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Abstract

Résumé :

La technique d’amplification a dérive de fréquence "chirped pulse amplification" (CPA)
a ¢té développée pour augmenter la puissance des impulsions issues d’oscillateurs a ver-
rouillage de mode, car I’énergie des impulsions n’étaient pas suffisantes pour des applica-
tions telles que la physique des champs forts et 1'accélération de particules. Depuis son
développement en 1985, elle a été utilisée dans une grande variété de systémes laser indus-
triels et dans des installations laser & ultra-haute puissance. Cette technique permet d’une
part de s’affranchir de ’accumulation de phase non linéaire qui entrave la compression
d’impulsions et d’autre part de maintenir la fluence des impulsions en dessous des seuils
de dommages induits par laser aux composants. Dans cette thése, nous développons des
systémes laser CPA a la longueurs d’onde de 2.05 um avec une puissance moyenne élevée
et une énergie élevée, en commencant par le développement du laser a 2050 nm jusqu’a
la conception et la mise en ceuvre de 'étireur, des amplificateurs et du compresseur
d’impulsions.

Dans la premiére section de la thése, nous introduisons les principaux concepts de
physique et les phénoménes nécessaires a la compréhension de la technique d’amplification
par dérive de fréquence et au développement du laser a fibre & 2050 nm. Cela inclut la
dispersion, I’automodulation de phase et la diffusion Raman.

Dans la deuxiéme section de la thése, nous présentons le développement d’un laser
entierement fibré a maintien de polarisation et accordable sur plus de 170 nm, de 1880 nm
a 2050 nm, via le phénomene de décalage de fréquence solitonique (Raman soliton self-
frequency shift, SSEF'S). Notre systéme est basé exclusivement sur des fibres disponibles
commercialement. Nous avons caractérisé le laser en termes de puissance, de spectre
et de durée d’impulsion, et nous avons inclus une étape de post-compression qui repose
sur des effets non linéaires pour atteindre une durée inférieure a 100 fs sur toute la
plage djaccordabilité. Les simulations sur la post-compression de solitons montrent la
polyvalence du laser, qui permet de personnaliser la durée de I'impulsion sur une plage
spectrale donnée, ou alternativement a une longueur d’onde particuliére.

Dans la troisiéme section, nous avons testé le laser accordable dans une grande variété
d’architectures d’étirement et de compression adaptées au CPA. Nous avons examiné les
fibres et les réseaux de Bragg en volume étiré (CVBG) en tant que dispositifs d’étirement
d’impulsions, ainsi que les paires de réseaux de diffraction et les CVBG en tant que com-
presseurs d’impulsions. Nous discutons la maniére de dimensionner une paire d’étireur-
compresseur en tenant compte de la phase non linéaire et de l'effet de rétrécissement du
gain qui se produit pendant 'amplification d’impulsions, ainsi que de I’évaluation des
performances de 1’étireur-compresseur. Deux systémes laser d’amplification a dérive de
fréquence ont été concgus et présentés, le premier visant des impulsions fs & large bande
avec une puissance moyenne élevée, et le second systéme visant des impulsions ps a haute
énergie. La technologie peu mature dans la région spectrale de 2 um et la faible disponi-
bilité de dispositifs d’étirement adaptés entravent la compression d’impulsions a cette
longueur d’onde.

Dans la derniére section de la thése, nous avons étudié les performances des fibres
co-dopées Tm:Ho en configuration d’amplification. Nous discutons des principaux défis
de ces fibres, notamment les effets de transfert d’énergie, la disponibilité des sources de
pompage qui donnent lieu a deux schémas de pompage principaux : le pompage par diode



et le pompage intra-bande, ainsi que les limitations en termes de taille de fibre. Nous
avons testé les fibres dopées Tm:Ho, y compris les fibres a coeur large pour 'amplification
d’impulsions & bande étroite et a large bande.

Keywords: laser a fibre, amplification d’impulsions & la dérive de fréquence, optique
non linéaire, auto-décalage solitonic , thulium-holmium fibers

Abstract:

The chirped pulse amplification (CPA) technique was developed to power scale the pulses
from mode-locked oscillators as the pulse energy was not sufficient to target applications
such as strong field physics and particle acceleration. Since its development in 1985 it
has been applied in a wide variety of commercially available laser systems and ultra-high
power laser facilities. The technique allows to circumvent the accumulation of non-linear
phase which hampers pulse compression and allows to maintain the fluence of the pulses
below the laser induced damage thresholds (LIDT) of components. In this thesis we
develop CPA laser systems operating at 2.05 um wavelengths with high average power
and high energy starting from the development of the seed laser up to the design and
implementation of the pulse stretcher, amplifiers and pulse compressor.

In the first section of the thesis we introduce the physics background and phenomena
required for understanding the chirped pulse amplification technique and the development
of the seed laser. This includes dispersion, self-phase modulation and Raman scattering.

In the second section of the thesis we present the development of an all-fiber polar-
ization maintaining laser tunable over 170 nm, from 1880 nm up to 2050 nm via Raman
soliton self-frequency shift (SSEFS). The system is based on exclusively commercially avail-
able standard fibers. We have characterised the laser in terms of power, spectrum and
pulse duration and we have included a post-compression stage that relies on non-linear
effects to reach the sub-100 fs duration across the whole tunability range. Simulations of
the soliton post-compression shows the versatility of the laser which allows to customise
the pulse duration over a spectral range or for a particular wavelength. We believe that
the laser is a versatile and robust alternative to Tm and Tm:Ho oscillators.

In the third section we have tested the tunable laser in a wide variety of stretching
and compression architectures suitable for CPA. We have investigated fibers and chirped
volume Bragg gratings (CVBG) as pulse stretching devices and grating pairs and CVBGs
as pulse compressors. We discuss how to dimension a stretching-compressor pair taking
into account the non-linear phase and gain narrowing effect that takes place during pulse
amplification and how to evaluate the stretching-compressor performance. Two different
chirped pulse amplification laser systems have been designed and presented, the first one
targets broadband fs pulses with high average power and the second system targets high
energetic ps pulses. The non-mature technology in the 2 ym spectral region and the weak
availability of suitable stretching devices hinders pulse compression at this wavelength.

In the last section of the thesis we investigated the performance of Tm:Ho co-doped
fibers in amplification configuration. We discuss the main challenges of these fibers in-
cluding the cross-relaxation effects, the availability of pump sources which gives rise to
two main pumping schemes: diode pumping and in-band pumping and the limitations in
terms of fiber size. We tested Tm:Ho doped fibers, including LMA for narrowband and
broadband pulse amplification.

Keywords: fiber laser, chirped pulse amplification, non-linear optics, soliton self-
frequency shift, thulium-holmium fibers
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Introduction

Ultrafast fiber lasers have developed very rapidly over the last decades thanks to sev-
eral breakthrough technologies causing a revolution on the laser industry. The increasing
demand of Ytterbium (Yb) and Erbium (Er) high power fiber lasers caused an improve-
ment on the fiber drawing processes and favoured the developing of all type of fibered
components being at present the most mature and widely established technology. It was
not until the last years that the 2 um spectral region attracted attention and fiber lasers
around 2 um wavelength started to be developed and studied. This was motivated by the
potential of these sources to surpass in power 1 pum Yb lasers and the numerous appli-
cations they find in science, medicine and industry. This includes driving high efficiency
non-linear crystals such as ZGP, opaque to light below 2 um in optical parametric os-
cillator (OPO) and amplifier (OPA) architectures [1]. In medicine they are suitable for
surgery and for two- or three-photon microscopy via frequency conversion providing a
tunable driving laser |2, 3]. In industry they are used for material processing of polymers
(drilling, cutting...) which can only be achieved with such long emission wavelengths due
to polymers’ optical properties.

At present, the generation of fs pulses in the 2 um spectral region mostly relies on
fiber mode-locked oscillators due to their versatility and robustness with a wide variety
of mode-locking techniques such as the use of saturable absorbers, SESAMs or non-linear
polarization evolution (NPE). These oscillators produce either pulses in the picojoule
energy level or pulses with higher energies that require further pulse compression outside of
the cavity and/or intracavity free-space components. As active medium, mainly Tm, Tm-
Ho and Ho doped fibers are employed providing different discrete emissions wavelength
(~ 1.8 um —2.05 um, ~ 2 —2.2um and ~ 2.05 — 2.2 um respectively) but such broad
emission spectra can be exploited not only to achieve ultrashort fs pulses but also to
build tunable mode-locked oscillators. This is accomplished by spectrally selecting the
emission wavelength of the laser by adding a tunable spectral filter within the modelocked
laser cavity [4, 5, 6]. Some filters include gratings |7], fiber tapers, interferometric filters
or NPE based filters [8] among others. Those systems deliver low output powers and
relatively long pulse durations due to a lack of dispersion control as the wavelength is
tuned. In addition, they are not truly tunable as intracavity components need to be
manually adjusted.

An alternative to femtosecond mode-locked oscillators allowing continuous wavelength
tunability relies on Raman scattering through soliton self-frequency shift (SSFS). The
generated soliton pulses are spectrally tunable with transform limited pulse duration at
the nanojoule energy level. In addition, soliton pulse energies and durations can be
predicted as they are strongly dependent on the fiber properties such as dispersion and
nonlinear coefficient which is why a large amount of work has been reported on the control
and tailoring of specialty fiber properties leading to specific solitonic pulses. One can cite
for instance, custom photonic crystal fibers (PCF), tellurite fibers, GeO2-doped fibers,
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dispersion managed fibers and even Bragg fibers. PCF fibers allow for high non-linearities
and anomalous dispersion in very small fiber cores making them the ideal candidates to
achieve SSF'S in short pieces of fiber. A tunable laser from 1700 nm up to 2100 nm based
on custom-made PCF and a dispersion compensating fiber delivering sub-100 fs pulse
duration has already been demonstrated [9]. However, to reach such short pulse durations,
the fiber lengths needs to be adjusted depending on the operating wavelength which in
the end makes the system not truly tunable. If longer operation wavelengths are desired,
changing the fiber matrix from fused silica to tellurite can be beneficial to reduce the
losses as wavelength increases. Sub-100 fs pulses tunable from 1560 nm up to 2400 nm
have already been demonstrated in suspended core tellurite fibers thanks to their higher
transparency and high non-linearities achieving large shifts in wavelength [10]. Those
fibers allow for large wavelength shifts with ultrashort pulse durations however, if higher
energetic pulses are required, large mode area fibers are a must and Bragg fibers can
be used for that purpose. In custom Bragg fibers, MW peak powers have already been
demonstrated with sub-100 fs pulses and energies as high as 250 nJ with good beam
quality [11]. The SSFS technique allows for continuous tunability of the pulses in spectral
regions were there are no available gain media to build fiber lasers and the only way to
generate light at those particular wavelengths is by relying on non-linear effects such as
frequency conversion techniques and SSFS (see Fig.1a).
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(a) Emission bandwidth of main active ions and (b) Pulse FWHM as function of wavelength for
spectral coverage of optical fibers in near infrared SSFS laser sources in the 2 um spectral range.
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Figure 1: Spectral coverage of mode-locked oscillators and laser sources based on the SSE'S
and pulse duration of SSFS laser sources for different fiber technologies (PCF, Tellurite
and fused silica). Data extracted from [12, 13, 14, 15, 16, 17, 18, 19, 20|

Even though such fibers have led to impressive performances in terms of tunability, en-
ergy or power, and pulse duration, they are also associated with severe practical challenges.
First of all, availability remains restricted to laboratories with specialty fiber drawing ca-
pabilities. Specific soliton pulses need adjusted fiber dispersion and non-linearities which
yields to an optimization of the fiber drawing process. Then, splicing to commercial fused
silica fiber components might be complex, not only because of the geometry, but also
because of the material which eventually yields to partially fibered architectures with
free-space sections. At the same time, they may not necessarily be polarization maintain-
ing and for most of the applications, especially those that require frequency conversion,
polarization control is a must. Therefore, what it is proposed in the first part of this the-
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sis, is the development of an all-fiber polarization maintaining (PM) tunable laser which
based on exclusively commercially available standard fused silica fibers and components.
This approach to generate light in the 2 um region is advantageous as it is based on 1.5 um
fiber laser technology which is more mature, there is a wider variety of fibers and compo-
nents therefore is a more reliable laser than Tm, Ho or Tm:Ho mode-locked oscillators.
Since SSFS in standard fused silica fibers delivers tunable pulses with duration above

100 fs

(see Fig.1b), a post-compression stage to broaden the spectrum and compress the pulses
allowed to reach sub-100 fs pulses over the 1880 nm up to 2050 nm wavelength without
the need of adjusting the length of the non-linear or dispersion compensating fibers [21].
This simple architecture is an appealing alternative to mode locked oscillators and a
potential seed laser for amplified laser systems in the 2 ym spectral region.

In Chapter 1, the different physical phenomena related to ultrashort pulse propagation
in Kerr and dispersive mediua are introduced. Then, in Chapter 2, the development and
characterization of the tunable laser system is presented and results are supported with
simulations.

The present state of the art in modelocked laser oscillators at around 2 um wavelength
in terms of pulse duration and pulse energy is shown in Fig.2a and Fig. 2b. From 1.85 um
up to 2 um, Tm based fiber lasers are well established with pulse durations well beyond
100 fs except for the work of Biao Sun et all which consisted of a fiber oscillator with dis-
persion control outside of the cavity, an amplifier and a NL compression stage afterwards
to reach 65 fs pulses at 1.98 pm making the system quite complex even though it was all-
fibered [22]. The approach of employing passive fibers for SSFS and NL pulse compression
turns to be superior when it comes to achieve ultrashort pulses compared to non-linear po-
larization evolution (NPE), saturable absorvers (SA), saturable absorver mirrors (SAM)
and semiconductor SAM mirrors (SESAM) modelocking techniques which are the most
widely employed in Tm fiber oscillators. Pulse energies of such oscillators is limited by
the core size of the fibers and the required non-linear phase to achieve modelocking there-
fore, it is common to obtain higher energies with longer pulses yet the energies obtained
with our laser system is quite high taking into account the pulse duration and the fibers
employed as can be seen in Fig.2b. For wavelengths from 2 um up to 2.1 um, lasers based
on bulk technology offer pulse durations below those obtained with our tunable system
reaching durations and as short as sub-50 fs long pulses. This is attributed to the fact
that dispersion control in the cavity can be adjusted at will by the use of chirped mirrors
allowing the operation of the laser in the solitonic regime. In addition, bulk lasers have the
possibility to implement Kerr-lens modelocking (KLM) as modelocking technique which
has proven to be one of the most efficient techniques to achieve ultrashort pulses. This
combined together with new host materials such as CALGO [23, 24, 25, 26|, CNGG [27]
and LCLNGG [28] among others [29, 30, 31, 32] offering broadband emission bandwiths
when Tm:Ho co-doped is applied allows for ultrashort pulse durations. The beam size can
be adjusted within the cavity of the system which results in lower fluences on SAMs and
SESAMs which offers the possibilities for alternative materials and in principle allowing
for higher pulse energies out of the oscillators and in particular for thin disk lasers. Such
systems offer impressive performances yet they have some drawbacks. For instance the
fact that they need to be realigned from time to time and that they are quite expensive
as those systems based on Tm, Tm:Ho and Ho are usually pumped by either Ti:Sapph
CW lasers or Tm fiber laser systems except for the work of Anna Suzuki et all in which
they achieve 88 fs pulses in a diode-pumped Tm,Ho:CLNG laser at 2090 nm [30].

12



800 + 10?

L4 ® Our Work @ Ho Bulk 7 ® Our work ® Ho Bulk
® Tm Silica TmHo Bulk ® Tm Silica TmHo Bulk
@ Ho Silica e Tm Bulk ® Ho Silica ® Tm Bulk 0
— 600 TmHo Silica 1| ® TmHo Silica L]
g b 1o .. o
= £ e ®
T .
= 100 . B 0l .* RN o
= . * g 10 ;'*_.,d._-k—*——"—‘ S
2 * .“ & ° . *
:E ° e @ [ ]
200 - ) & o * e 10-14 o
]
[ o !
® L) ]
1.85 1.90 1.95 2.00 2.05 2.10 1.85 1.90 1.95 2.00 2.05 2.10
Wavelength {(um) Wavelength (um)

(a) Pulse FWHM as function of wavelength for (b) Pulse energy as function of wavelength for
different oscillator laser technologies around 2 um  different oscillator laser technologies around 2 um
wavelength. wavelength.

Figure 2: Pulse duration and pulse energies of oscillator laser sources at 2 um wavelength
for different technologies including fiber and bulk. Data extracted from: [22, 23, 24, 25,
26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49,
50, 51, 52]

Unfortunately, the generated pulses from mode-locked oscillators or from SSF'S laser
systems don’t have high enough energies or intensities for certain applications and pulse
amplification is required. For instance, the generation of pulses in the mid IR requires high
power fs pulses to achieve substantial amount of light from difference frequency generation
in non-linear crystals or for efficient amplification with high conversion efficiencies in OPA.
The generation of supercontinuum in the mid IR also requires high intensities and this
can only be achieved by strongly seeding highly non-linear specialty fibers. By amplifying
the fs pulses either on fiber or bulk amplifiers higher output powers and energies can be
obtained rapidly reaching the onset of non-linear effects such as self-focusing or to such
high intensities that can damage the gain medium and optical components in the laser
chain limiting the output power of amplified fs pulses. To surpass these limitations, the
chirped pulse amplification (CPA) [53] technique was developed in which the fs pulses
are stretched in time to hundreds of ps or even to ns duration reducing the peak power
by several orders of magnitude. Afterwards pulses can be safely amplified and later re-
compressed to recover the initial pulse duration. This technique has been widely used in
Yb fiber lasers and in bulk Ti:sapphire lasers and amplifiers however, applying it to laser
systems in the 2 um region has several advantages for power scaling.

There has already been work around the development of CPA systems at 2 um using
usually a mix of fiber and bulk technology (see Fig.3. Below 2 um wavelength we find Tm
fiber based systems most of them operating at high repetition rates (~ M H z) reaching
powers as high as 1 kW with hundred to few hundred fs pulse durations [54|. As soon as
high subsequent amplification stages are employed to achieve either high average power
or high energies with low repetition rate, pulse durations start to increase due to gain
narrowing increasing the transform limited duration unless NL compression or multipass
cells are employed to further reduce the pulse duration after amplification. Those Tm
based systems are limited to wavelengths below 2 um and to relatively low energies of
tenths to hundreds of uJ except for regenerative amplifiers based on Tm:YAP technology
capable of reaching the mJ energy level [55]. Beyond the 2 um wavelength we find CPA
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systems based on Ho:YLF and Ho:YAG emitting at 2.05 um and 2.09 um wavelength
respectively. These materials offer long lifetimes of few ms, high gain, low quantum
defects and relatively broad spectral BW. The systems mostly consist of a low energy
high repetition rate seeder whose repetition rate is reduced and pulses are amplified in
bulk amplifiers, usually regenerative amplifiers. Thanks to the high gain obtained at low
repetition rates energies as high 260 mJ can be achieved with Ho:YLF based system at
kH z repetition rate [56]. There are very few or none laser systems operating at around
1 MHz or even higher. That is why we target such regimes by exploring CPA based
on Tm:Ho co-doped fibers as they can be a potential alternative to bulk systems at a
relatively high repetition rate. The target performance of our Tm:Ho doped fiber CPA
laser systems have been included in Fig. 3 with the present state or the art in terms of
energy as function of the repetition rate.
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Figure 3: Pulse energy as function of the laser system repetition rate including the target
performances in this work. Data extracted from: [54, 55, 56, 57, 58, 59, 60, 61, 62, 63,
64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87,
88, 89, 90, 91]

Compared to 1 pum technology, the long emission wavelength allows for the use of
bigger fiber cores, which is of paramount importance for power scaling, while ensuring
single-mode operation, a must for most of the applications. CPA lasers are limited by non-
linear effects such as self-phase modulation (SPM) which degrades pulse compression, self-
focusing which cause damage of the optical components and transverse mode instability
(TMI) which degrades the beam mode in optical fibers. All these mentioned effects
are wavelength dependent and by doubling the emission wavelength to ~ 2 um, SPM
is reduced by a factor 2, self focusing limit increases by a factor 4, and TMI threshold
increases by more than a factor 2 compared to ~ 1 um technology [92|. This means that
2 um lasers have the potential to overcome the peak powers of Yb doped fiber amplifiers.
In this thesis, two different CPA architectures have been designed and studied.

In Chapter 3, a high repetition rate, high average power CPA laser at 2050 nm is
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designed to target sub-350 fs pulses with ~ 40 W average power (see Fig. 3.17). Sev-
eral stretching-compression systems are tested including fiber stretchers, chirped volume
Bragg gratings (CVBGs) and grating pairs. Matching the dispersion of the stretcher and
compressor is of paramount importance to achieve optimal pulse compression specially
those that are grating based as high-order dispersion terms become more and more im-
portant as the wavelength increases. Results on pulse stretching and compression are
presented and supported with simulations.

High repetition rate systems can deliver high average power however, the energy con-
tained on each pulse is relatively low. To achieve highly energetic pulses, the repetition
rate of the system needs to be reduced before amplification. This is quite challenging
in all-fiber CPA laser systems because high energy pulses are prone to accumulate a
large amount of non-linear phase worsening pulse compression. This takes place even
for ~ ns pulses due to being confined in fibers whose mode field diameter is between
7pm up to ~ 40 um in single mode operation and therefore, very high intensities are
quickly reached. That is why, most of low repetition rate systems at 2 um wavelength are
based on solid state amplifiers either Ho:YLF or Ho:YAG. They are seeded by fiber lasers
(mode-locked oscillators, SSFS lasers or supercontinuum souces) with reduced repetition
rate and stretched pulses to be then amplified in regenerative amplifiers before further
power scaling in single or double pass bulk amplifiers [67, 59]. Overall, very low energies
in the ~ nJ range are seeded into the regenerative amplifier however this is compensated
by a large number of passes through the gain medium reaching high gain up to ~ mJ
levels. The main inconvenience of regenerative amplifiers is that they can operate in two
regimes, in single pulse operation and in two-pulse operation [78, 74]. This is due to
the long upper-state life-times of the gain media which yields to a phenomena known as
bifurcation instability between these two regimes |71]. Depending on the configuration of
the regenerative amplifier (repetition rate, number of round-trips...) the equilibrium in
single pulse operation, while achieving high gain and low noise, can be very complex to
reach. Therefore, an alternative to avoid regenerative amplifiers is the use of fiber CPA
font end delivering high energy pulses capable of directly seeding single and multi pass
bulk amplifiers avoiding the use of regenerative amplifiers

In Chapter 3 we also present a low repetition rate, high energy fiber CPA laser at
2050 nm as an alternative to the regenerative amplifier configuration for further power
scaling in Ho:YLF solid state amplifiers. Pulse stretching and compression is achieved
with the use of large aperture CVBGs and the repetition rate of the system is reduced
by pulse picking using an AOM. The system has been designed to achieve 10 W output
power at 1M H z repetition rate which corresponds to 10 pJ pulse energies with compressed
pulses in the 1 — 2ps long duration (see Fig. 3.17). The laser would serve as seed for
further energy scaling in Ho:YLF bulk amplifiers, as pump source for optical parametric
chirped pulse amplification (OPCPA) using non-oxyde crystals [56, 87, 88| and for high
harmonic generation.

High average powers and energies are only possible when efficient pulse amplification
is achieved. In the 1 um spectral region, Yb fiber technology allows for high power scaling
due the availability of high power, high brightness multi-mode diodes at 940 nm and
976 nm. High efficiencies are achieved due to the low quantum defect Yb lasers and
amplifiers have which, combined with the wide variety of doped standard and large mode
areas (LMA) fibers, ~ kW powers can be achieved from single emitter lasers. In the
2 um spectral region, the main active ions include Tm and Ho emitting light from ~
1.8 um — 2.05 um, and ~ 2.05 — 2.2 um respectively. Both Tm and Ho can be used
to amplify light at 2.05 um however the limited availability of high power pump laser
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sources and PM doped fibers reduces the efficiencies of lasers and amplifiers. Tm fibers
can be pumped with either high power multi-mode diodes at 793 nm or fiber lasers from
1.5 pm —1.85 um while Ho can only be pumped with Tm lasers. Low efficiencies with high
thermal loads are expected for Tm lasers limited to the stokes limit of 33 % when pumped
at 793 nm however, thanks to the 2 for 1 cross-relaxation process, efficiencies above 60 %
can be achieved which is of paramount importance for power scaling. Unfortunately,
amplification in Tm fibers at 2.05 um is difficult due to the low emission cross-section at
such long wavelengths. To circumvent this problem, Tm:Ho co-doped fibers are employed
taking advantage of the pumping schemes for Tm fibers including the cross-relaxation
effect and the long emission wavelength of Ho doped fibers.

In the last chapter of the thesis, Chapter 4, the amplification of pulses at 2.05 um
employing Tm:Ho co-doped fused silica fibers is presented and discussed. Particular
attention is paid to the cross-relaxation effect as function of the input power in amplifiers
as it can improve the efficiency almost by a factor 2. Other effects such as the fiber
amplifier and pump diode temperatures were also investigated. A wide variety of pulses
(fs, few ps and hundreds ps) were amplified in several configurations (co-propagation,
contra-propagation and free space) focusing on the temporal and spectral quality of the
pulses to asses if Tm:Ho co-doped fibers are suitable for broadband pulse amplification.

Finally, the conclusions recalling the main achievements and results during this thesis
are presented with a discussion on future perspectives.
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The GREAT Project

This thesis is part of an European project known as the GREAT (Grating Reflectors
Enabled laser Application and Training) project. It focuses on the conception, fabrication,
characterization up to the implementation of grating waveguide structures (GWS) for
tayloring the spectral, temporal and spatial properties of light.

Compared to traditional diffraction gratings, a GWS is a combination of sub-wavelength
gratings into a planar waveguide (see Fig.4) and they offer improved diffraction efficiencies
theoretically as high as 99.9% and higher induced damage thresholds provided that they
are well designed. Their working principle is based on resonant diffraction effects in which
the grating couples the light into the waveguide according to the Eq.1:

Nepr = sin(0) + %m (1)

Where n.s¢ is the effective refractive index of the coupled mode, 6 is the angle of
incidence into the GWS, X is the wavelength of the light, A is the period of the sub-
wavelength grating and m is the diffraction order. Due to the nature of the coupling
condition which depends on wavelength, polarization, refractive index and geometrical
parameters of the GWS those devices can be implemented in laser systems enabling ap-
plications such as: wavelength division multiplexing and laser diode stabilization, pulse
compression and stretching taking advantage of the dispersive effects of GWS and polar-
ization shaping of light including radial and azimultal polarization that can be obtained
by adjusting the geometry of the GWS.
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(a) Diffraction grating. (b) Grating Waveguide Structure (GWS).

Figure 4: Schematics of diffraction gratings and grating waveguide structures.

The mentioned applications are challenging and the laser systems involved are com-
plex therefore, to be able to control all the steps from the design up to the implementation
of GWS in laser systems, a consortium of scientific institutions including academic and
industrial partners was formed each of them having expertise in a particular area of the
GWS production chain (design, fabrication, characterization or implementation). In addi-
tion, a group of 15 early stage researchers (ESR) located in 4 different countries including
Germany, France, United Kingdom and Findland associated to the institutions of the
GREAT project worked jointly to complete their PhDs and to successfully produce and
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implement GWS in laser systems targeting the mentioned applications. More information
about the partners and the project can be found at http://itn-great.eu/.

My role in the GREAT project was the implementation of GWS for pulses compression
in chirped pulse amplified laser systems at 2.05 um wavelength. In most CPA lasers, the
gratings implemented in the laser chain are the most sensitive elements as the beam needs
to go through them 4 times therefore diffraction efficiencies above 95% are required to
achieve an overall compressor efficiency above 80%. In addition, the grating needs to
sustain high powers and/or energies as ultrashort femtosecond pulses with either high
average power or energy are incident on them which is why those are the most commonly
damaged elements in CPA systems. Developing GWS with diffraction efficiencies as high
as 99% with improved laser induced damage thresholds is of paramount importance for
scaling laser systems at 2.05um. The objective of the thesis is the development of CPA
laser systems at 2.05 um wavelength with either high average power or high energy in
which we can implement GWS for pulse compression.
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Chapter 1

Pulse Propagation in Optical Fibers

In this chapter the conventions and formalisms used to describe ultrashort pulses and
their propagation in optical fibers and dispersive media are presented. Ultrashort pulses
are usually considered to be optical pulses within few picoseconds (107? s) down to fem-
toseconds (107%%s). In order to have such short pulses, large bandwidths are required
hence the spectral domain plays an important role through the amplitude and the phase
of all the spectral components contained in the pulse as the amplitude and relative phase
between each single wavelength affects the pulse temporal shape and therefore duration.
Ultrashort pulses allow to reach very high peak powers and intensities as all the energy
of the pulse is contained in a short period of time. When those pulses are focused or
confined in a tiny space, which is the case for optical fibers, non-linear (NL) effects can
take place allowing to drive a large variety of phenomena such as the generation of new
frequencies, to generate solitonic pulses or to continuously shift the pulses in wavelength
among others.

In this chapter the physical phenomena related to ultrashort pulse propagation in a dis-
persive and in NL Kerr media are introduced with the basic notions and equations to
describe ultrashort pulses used all along the thesis.

1.1 Ultrashort Pulses: Temporal and Spectral Repre-
sentations
An optical pulse is an electromagnetic wave that can be described by its electric field.

The real electric field of an optical pulse propagating along the z axis reads in cylindrical
coordinates as:

E(r, z,t) = Ag(r, z,t)cos(wot — Bz + ¢(r, z,t))i (1.1)

Where Ay(r, z,t) is the amplitude which contains the temporal and spatial information,
wy is the carrier wave frequency and (3 the wave vector. In the absence of spatio-temporal

coupling, the temporal dependence can be separated from the spatial one. Optical fibers
exhibit cylindrical symmetry and it is common to work with the complex amplitude of
the electric field:
A(r, z,t) = AgF (1, z,t)e®* ™) H(t)el (V) e =182 (1.2)
The complex electric field can be then decomposed in three different contributions:

e The transverse spatial component: F(r,z) = F(r, z)e/%:(?)
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e The temporal component H(t) = H(t)e/?t®
e The propagation constant P(z) = e 972

In single mode optical fibers, which are the optical fibers used all along the thesis
unless specified, the spatial mode is the LF,; and can be approximated by a Gaussian
mode with high accuracy [93]. Taking this into account, the spatial dependence will be
ignored to work exclusively with the temporal component that, for convenience, will be
written as:

E(t) = & (t)e’*® (1.3)

This expression is more convenient for pulse manipulation and in case the electric
field is required, it can be obtained by taking the real port of the complex amplitude of
the field E(t) = Re[€(t)]. Ultrashort pulses’ duration is strongly linked to their spectral
content, not only in terms of amplitude also in phase. The temporal and spectral domain
are related to each other through the Fourier transform:

E(w) = FYUEW) = /_ " eemtdr (1.4)

E(t) = FlE(w)] = % /_OO E(w)e " dw (1.5)

Hence in the spectral domain and by analogy to the electric field description in time,
the complex amplitude reads:

E(w) = E(w)e??™ (1.6)

The complex amplitude in the temporal and in the spectral domain will be used along
the thesis and will always be expressed as an amplitude &y(t) and & (w) and its respective
temporal and spectral phase ¢(t) and ¢(w).

It is also important to remind that what is most frequently measured in the lab are the
temporal intensity I(t) = |E(¢)|* using either FROG [94] through the recovery of the field
or Autocorrelation techniques among others and the spectral intensity I(w) = |€(w)/?
using an optical spectrum analyzer. The spectral content of the pulse determines how
short the pulse can be and the spectral phase is a measure of the delays between the
spectral components, it contains the information of where a given spectral component is
located within the pulse in time. On the other hand the temporal phase contains the
information of the instantaneous frequency, that is the frequency of the pulse at a certain
time within the pulse temporal extent. The importance of the temporal and spectral
phase will be further discussed in the next section.

1.2 Dispersion in Ultrashort Pulses

The effect of dispersion comes from the fact that materials have a refractive index whose
value is wavelength dependent, this means that every wavelength propagating in a dis-
persive medium propagates at a different velocity which yields to frequency dependent
propagation delays affecting the pulse duration. The effect of dispersion becomes more
and more important as the spectral content of the pulses increases. For a nanosecond
pulse which has a very narrow spectrum, even though it suffers from dispersion, the effect
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is negligible as the change in refractive index is very small across the spectral bandwidth.
However, for ultrashort pulses with spectra spanning tenths of nanometers, dispersion
plays a very important role during propagation. The propagation delay or group delay
indicates at which time within the pulse the frequency w is "located" and is linked to the
spectral phase by the following expression:

T(w) = (1.7)

dw
Usually, the spectral phase ¢(w) is treated as a Taylor expansion around the carrier
frequency wy as:

do 1 [ d%* , 1 [(d% 3
ofu) = otun) + (G) (w5 (55) o § (G5) Gomwt
(1.8)
The expansion can be rewritten in a more compact way by substituting the derivative

terms ¢, = (dn¢)w0:

dw™

gzﬁ(w) = §b0 + gbl(w — ’UJ()) + %@(w — w0)2 + é¢3(w — ’LU())3 + i@(w — w0)4 + ... (19)

The zero order term ¢ is known as the carrier envelope phase or carrier envelope
offset phase (CEP) and it is related to the delay between the optical phase and the pulse
envelope. The CEP is relevant for few cycle pulses however such short pulse durations
are not reached within this work and CEP term will be ignored. The first order term
¢1 is known as the group delay and is the time delay linked to pulse propagation, the
time it takes a pulse to travel from one location to another. The GD does not affect the
pulse duration itself. The following expansion coefficients ¢, the group delay dispersion
(GDD), ¢35 the third order delay dispersion (TOD), ¢4 the fourth order delay dispersion
(FOD) and so on are known as dispersive terms and they affect the pulse shape and
duration. GDD broadens the pulse as it is a frequency dependent linear delay. TOD is
responsible for producing a tail of pre or past pulses. Even terms have symmetric effects
in the pulse while odd terms are asymmetric. In this work, up to fourth order dispersion
coefficient has been taken into account for the study of dispersion in optical pulses. Before
treating the dispersive terms one by one it’s important to make few clarifications when it
comes to deal with dispersion in optical fibers.

An alternative description for the dispersion usually used in fibers, is to work with the
spectral phase per unit of length [95]. This is equivalent to do a Taylor expansion on the
propagation constant:

B(w) = Blwog) + <%)w (w—wp) + % (%) (w —wp)* + % (%) (w —wp)® + ...
i ” " (1.10)

Again, the expansion can be rewritten by substituting the derivative terms 3, =

(7). 0y
B(w) = Bo + Bi(w — wy) + %62(10 —wp)? + éﬁg(w —wp)® + 2—1454(211 —wp)t + ... (L.11)
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The spectral phase can be then obtained by multiplying the propagation constant
by the propagation length or fiber length L, ¢(w) = f(w)L. The first order term f; is
the inverse of the group velocity vg:

s 1
= (2= = 1.12
b <dw>w0 va ( )
dp ) ! c c 1
I e - - = 1.13
(). w ) o
Where the propagation constant is § = wm, c is the speed of light in vacuum and

n(w) is the effective refractive index. It’s important to remark that the effective refractive

index is due to the material refractive index, usually expressed using the Selmeier equation
[96] (see Eq.1.14), which takes into account material resonances in the ultraviolet (UV)
and IR for three different wavelengths (A,A2 and A3) and the waveguiding contribution
to the refractive index which comes from light propagation in waveguides (optical fiber).

AN? B)? C\?

V) =1
LG A Vi R Ui A Oy v

(1.14)

This implies that there are dispersive effects due to the material (material dispersion) and
dispersion due to the waveguide (waveguiding dispersion). The second term Sy is known
as group velocity dispersion (GVD) yet in practice, in optical fibers the dispersion value
D is commonly used:
dﬁl —27TC52
D= ="»
The dispersion value D is expressed in ps/(nmkm) and it tells what would be the
delay in time between two different wavelengths when propagated over an optical fiber
of length L. As an example, if a transform limited pulse with a bandwidth of 10 nm at
full width half maximum (FWHM) in intensity propagates in a 100 m long optical fiber
with dispersion D = 25ps/(nm km), the pulse will stretch and by the end of the fiber it
will be 2.5 ps long at FWHM. The higher order terms (3, 84 and so on are also known as
TOD and FOD per unit length.

(1.15)

All the components within the laser chain can modify the spectral phase of the pulses
affecting its temporal properties. In fact, the manipulation of ultrashort pulses consists of
properly manipulating the spectral phase with the suitable dispersive elements and this
is the core and main idea of the CPA technique as it will be seen in the second part of
the thesis.

1.2.1 Group Velocity Dispersion (GVD)

The GVD is the first dispersive coefficient in the Taylor expansion and is linked to the
dispersion parameter D by Eq.1.15. In fused silica optical fibers, two different dispersion
regimes can be distinguished, the normal dispersion regime (82 > 0 and D < 0) where
low frequency (red-shifted) components travel faster than high frequency (blue-shifted)
spectral components and the anomalous dispersion regime (82 < 0 and D > 0) which is
the other way around. The change from normal to anomalous dispersion takes place at
the zero dispersion wavelength \zp which is usually around 1.3 um. Since the dispersion
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experienced by pulses in an optical fiber comes from the material (D,,) and the wave-
guiding dispersion (D,,), which is always normal for single mode optical fibers [97], the
fibers can be engineered in order to taylor its properties and shift the zero dispersion
wavelength to longer values (dispersion shifted fibers) or flatten the dispersion curve
(dispersion flattened fibers) (see Fig.1.1a). The sum of the material and wave-guiding
dispersion is known as chromatic dispersion D¢ (see Fig.1.1b and Eq.1.16).

D¢ = Dy, + Dy, (1.16)
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(a) Dispersion for standard, dispersion flattened (b) Chromatic dispersion D., material dispersion
and dispersion shifted optical fibers D,,,, waveguide dispersion D,, and GVD for a stan-
tard telecom optical fiber

Figure 1.1: Fiber dispersion parameter D for different optical fibers and material, waveg-
uide and chromatic dispersion in standard telecom optical fiber.

Before analysing the effects of the GVD, it is important to introduce the instantaneous
frequency wj,s(t) which gives the carrier frequency at a time ¢ within the pulse and is
linked to the temporal phase ¢(t) by the following expression:

Winst(t) = wo — ag—g) (1.17)

To illustrate the effects of GVD, the propagation of a Gaussian pulse with pulse
duration 7 in a dispersive media is used as an example. Before propagation, the pulse in
the time and in the frequency domain read:

£(t) = = (#5) 00 (1.18)

w \2 .
E(w) = e~ (2%) eitw) (1.19)
Initially the pulse is transform limited ¢(t) = ¢(w) = 0. After propagating in a

dispersive medium of length L with only S (¢(w) = % B2 L(w —wy)?) the pulse in the time

domain can be calculated by Fourier transform and it becomes:
E(t) = e (3) gilatwobi) (1.20)

AByL

= 1.21
7o+ 4P3 12 ( )
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It can be seen from the equations that the instantaneous frequency of the the pulse
after propagation exhibits a linear chirp contribution w(t) = wy — 8(2(;}1}) = (wp + bt) and
that the pulse duration has changed to 7:

410265 \ 2
T = 7'0\/1 + <—032 ¢2> (1.22)
0

The pulse duration has increased in time due to the GDD acquired during propagation.
Please note that 7 and 7 refer to the field at 1/e? in intensity, and it is only used for the
development of the equations. In practice, the pulse intensity at full width half maximum
Trwam Will always be used in the examples and measurements unless specified. Both
values are related by the following relation: 7pwpy = /(2(n2)7. For a 100 fs pulse at
1560 nm, 35.6 nm BW that has propagated in a dispersive medium and acquired a total
GDD of ¢y = £5000 fs* (Fig.1.2b, 1.2d) the pulse shape changes according to Fig.1.2a,
and Fig.1.2c.
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Figure 1.2: Pulse intensity and spectra of chirped Gaussian pulses due to negative and
positive GDD.

The pulse stretched in time from 100 fs to 169.6 fs at FWHM independently of the
sign of the GDD. The main difference from positive to negative GDD (normal or anoma-

24



lous dispersion) is the frequency variation across the pulse w;,s () which is either linearly
increasing or decreasing. If the instantaneous frequency increases across the pulse, the
pulse is said to be up-chirped, this means that the low frequency components are leading
the pulse therefore red spectral components travel faster than blue ones (see Fig.1.3a).
This is the case for normal dispersion media. In the anomalous dispersion regime, the in-
stantaneous frequency across the pulse decreases and the pulse is said to be down-chirped.
The high frequency components are leading the pulse therefore blue spectral components
travel faster than the red ones (see Fig.1.3b). Hence the difference between Fig.1.2a and
Fig.1.2¢ is the time at which a particular wavelength is contained within the pulse and
this information can be obtained from the group delay 7(w). For the same amount of
GDD, the pulse duration of broadband pulses will be more affected than for narrowband
pulses.
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(a) Up-chirped. (b) Down-chirped.

Figure 1.3: Electric field of a chirped Gaussian pulse.

Adding GDD stretches the pulses and this is solely achieved by modifying pulses’
spectral phase using dispersive elements. If pulse compression is required after stretching,
this can be achieved by adding GDD with the opposite sign used to stretch. If normal
dispersive elements have been used to stretch the pulses, anomalous dispersive components
will compress them and the other way around.

1.2.2 Third Order Dispersion (TOD)

Third order dispersion (TOD) is the second dispersion term in the Taylor development
and is asymmetric as it has a cubic dependence with respect to the angular frequency
w. Pulse propagation in a fiber that has TOD affects the pulse shape and width. TOD
broadens the pulse in time and it also creates a set of secondary pulses with decreasing
energy as they walk away from the main pulse. It is a very detrimental term because
not only it broadens the pulse, decreasing its peak power, but also creates a series of side
pulses distributing the total energy between them.

For a 100 fs pulse at 1560 nm, AX = 35.6 nm bandwidth that has acquired a total
TOD of ¢3 = £10° fs* (p(w) = %qbg(w — wyp)?) the pulse shape is obtained by Fourier
transform and it changes according to Fig.1.4a and Fig.1.4c.

As can be seen in Fig.1.4b and Fig.1.4d, when the TOD signed is reversed, the tail of

the pulses generated are at the trailing edge of the pulse (¢3 > 0) or at the leading edge
(¢3 <0).
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Figure 1.4: Pulse intensity and spectra of chirped Gaussian pulses due to positive and
negative TOD.
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1.2.3 Fourth order dispersion (FOD)

The last dispersive term that is taken into account in this work is the fourth order dis-
persion term FOD (¢4). FOD creates a pedestal around the pulse, increasing its duration
and reducing the peak power. If a 100 fs pulse at 1560 nm, A\ = 35 nm bandwidth that
has acquired a total FOD of ¢, = £1.5-10° fs* (¢(w) = 5;¢4(w — wp)*), the pulse shape
is obtained by Fourier transform and it changes according to Fig.1.5a and Fig.1.5¢.
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Figure 1.5: Pulse intensity and spectra of chirped Gaussian pulses due to positive and
negative FOD.

The pulse has stretched from 100 fs to 171.8 fs duration regardless of the sign of the
phase and a small pedestal has appeared extending few hundreds of fs on both sides
of the pulse. As for the case of GDD, the main difference from Fig.1.5a and Fig.1.5¢ is
whether the low frequency or high frequency components are leading the pulse. Since the
effect of FOD is symmetric, it can be partially compensated with GDD slightly shortening
the pulse duration however the pedestal originated from FOD can’t be removed second
order dispersion.
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1.3 Ultrashort Pulse Propagation in a Kerr Medium

The optical Kerr effect or AC Kerr effect is a phenomena by which a material exhibits a
refractive index variation which is intensity dependent:

n(w, I) = n(w) 4+ nyl (t) (1.23)
®3)
ny = gm (1.24)

with ¢, the vacuum electric permittivity, ¢ the speed of light and x® the real part of
the third order susceptibility of the material [95, 98]. In general, this refractive index
variation is very small and in fused silica fibers is approximately ny ~ 2.7-1076¢cm? /W
[99]. For glass materials such as fused silica, ny is always positive provided that multi-
photon absorption is avoided by using wide bandgap materials [100] or limited intensities.
If a substantial refractive index variation is desired, high intensities are a must, that
means that high energetic ultrashort pulses confined in a tiny region are required, and to
this end optical fibers are ideal due to its long interaction lengths and small mode areas.

The Kerr effect is a NL process responsible of several NL phenomena such as self-
phase modulation (SPM), self-focusing and four-wave mixing among others. Some of
these NL phenomena such as four-wave mixing are very weak and can be ignored unless
phase matching conditions are met [98]. The only NL effects that will be considered
along the thesis are SPM, which originates from an intensity dependent phase shift, and
Raman Scattering [101], which is a process in which the photons interact with the medium
transferring part of its energy to a phonon. Both effects will be introduced and discussed
in the following sections ignoring dispersion effects unless specified.

1.3.1 Self-Phase Modulation (SPM)

Self-phase modulation is the consequence of having a time dependent refractive index
due to the Kerr effect. To describe this phenomena a Gaussian pulse with amplitude &
propagating along the z direction is used as example:
2
Et,z) = 506_(%> eJ (wot=52) (1.25)
Then its temporal intensity I(t) = |E(t)]*:

I(t) = |EW)? = |Eole = Lye = (1.26)

By direct substitution of Eq.1.26 into Eq.1.23 a time dependent refractive index is
obtained:

n(w, I(t)) = n(w) + nal(t) = n(w) + ngl()@_% (1.27)

The phase acquired during pulse propagation in the NL medium is also intensity
dependent:

o(t, 2) = —%nu(t))z - —%n(w)z - %ngf(t)z (1.28)

Where the first term is a linear contributions to the phase and the intensity dependent
term is the NL phase contribution (¢nz = “2nyl(t)z). The intensity dependent refractive
index results in a time dependent phase change and this is known as self-phase modulation.
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Thus the intensity dependent refractive index changes the phase of the wave itself as
function of time (see Fig.1.6a). The instantaneous frequency of the pulse after propagation
over a distance z = L is then:

2

Wingt (t) = aqg_it) = wp — %Lag—ff) = wo + —chofjlo Lte™ = (1.29)

Eq.1.29 shows that the instantaneous frequency across the pulse is changing with
respect to the carrier frequency wy which yields to up-chirped pulses. For ¢t ~ 0 the
frequency variation is linear with time w(t) — wp o< ¢ (linear chirp) while for ¢ >> 7 the
instantaneous frequency is the carrier frequency wy. Between those limits there are two
turning points such that 83?9 = 0. This takes place at t; = :I:\/ii (see Fig.1.6b). Then,
the maximum broadening due to SPM (Awgpy) defined as the instantaneous frequency

variation between these two turning points is:

AU],S'PM = Winst L — Winst __T = 2\/Z2)w0n2IOL X nQIL (130)
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Figure 1.6: Temporal phase and instantaneous frequency of a Gaussian pulse after prop-
agation in a Kerr medium (fused silica) over 10 m.

The newly generated frequencies can also be observed on the spectrum of the pulse.
SPM was simulated by propagating a Gaussian pulse (250 fs, ANy = 14.3nm and )y =
1560 nm) in a Kerr medium (fused silica fiber) over L = 10 m. The evolution of the pulse
spectrum has been plotted every 2m of fiber in Fig.1.7.

As the pulse propagates more and more frequencies are being generated and the new
spectral components start to appear in the spectra. It can be seen that the spectra
is modulated and this is because there is always delay between two identical generated
frequencies in time (see Fig.1.6b). The interference depends on the phase difference and
as the BW increases more wavelengths are interfering with each other increasing the
modulations. SPM is increasing the bandwidth of the pulse potentially leading to shorter
pulses. SPM does not modify the temporal pulse shape or duration and since dispersion
effects are being ignored so far, the input and output pulses have the same duration but
the spectral content has changed. The input pulse was transform limited while output
pulse is up-chirped yet both having same pulse duration. The newly generated spectral
content is obviously spread in time and therefore dispersed. Dispersion compensation
will shorten the pulse duration and this can be achieved by propagating the pulses in
an anomalous dispersive medium. For instance, SPM is a technique that allows the
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Figure 1.7: Spectral evolution of a Gaussian Pulse in a Kerr medium (fused silica fiber)
for different fiber lengths L

generation of new frequencies that, combined with dispersion, can yield to ultrashort
pulses [81, 102, 103, 104].

It is important to remark that the generated bandwidth is proportional to L, the length
of the NL material which for optical fibers can be very long. Therefore the limitation for
SPM are losses and dispersion. Losses reduce the pulse intensity as it propagates and
eventually stop SPM. However, standard telecom fused silica fibers have losses below
1db/km in the near IR region and as low as 0.2dB/km at 1.56 ym [105]. This means that
the main limiting phenomena is dispersion. Dispersion will temporally stretch the pulse
as it propagates at rate that will increase as new frequencies are generated (increasing
bandwidth). On the other hand, as the pulse extends in time, the intensity of the pulses
reduces until SPM ceases. In the absence of SPM only dispersive effects will remain during
pulse propagation. It is very useful then to define two quantities, the dispersion length
Lp and the NL length Lyp:

2

-
Lp = ﬁ (1.31)
1
NL = Py (1.32)
WoTg
Y(wp) = (1.33)
CAeff

Where 79 is the field half width half maximum (1/e) pulse duration, P is peak power,
7 is the NL coefficient and A,y is the effective mode area of the fiber. As the frequency
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increases, the NL coefficient v increases due to a higher photon energy while a higher
effective area A,y decreases the energy density and the NL coefficient. These quantities
can be used to know whether dispersive or NL effects play a dominant role during pulse
propagation over a length L. Four different cases can be distinguished:

o [ << Zyr and L << Lp Neither dispersive nor NL effects play a significant role,
the pulse remains unchanged both in time and frequency.

e [ << Znr and L ~ Lp Pulse propagation is governed by dispersion and NL effects
are negligible.

o L ~ Zyr and L << Lp NL effects dominate and SPM will modify the optical
spectrum of the pulses with negligible temporal shape change.

e [L> Zyr and L > Lp Dispersion and NL effects act together.

The most interesting regime is when dispersion and NL effects act together. In this
situation is it possible to potentially spectrally broaden and compress the pulses simul-
taneously, this is known as NL pulse compression and this technique is used later in the
thesis to generate sub-100 fs pulses [64, 106, 107|. It can also happen that dispersion
and NL effects balance each other. In such case, pulses propagate without changing its
duration or spectrum. This is known as solitonic propagation and cooperation between
dispersion and SPM can only happen in the anomalous dispersion regime. The resulting
pulses are known as solitons and have a set of properties and characteristics that make
them very interesting [108].

1.4 Solitonic Propagation

A soliton is a pulse that propagates without changing neither its temporal or spectral
properties in a lossless fiber as a result of the perfect balance between dispersion in the
anomalous regime and non-linearities (SPM). SPM broadens the spectrum producing up-
chirped pulses while dispersion in the anomalous regime (D > 0) yields to down-chirped
pulses. SPM and anomalous dispersion compensate each other when the non-linear length
(Eq.1.32) and the dispersion length (Eq.1.31) are equal. The soliton order N is defined
as:

2 Lp _VTgPO

= 2 = 1.34

Lnc 18 (134

For N = 1 there is perfect balance between dispersion and non-linearities and fun-
damental soliton pulses are obtained. The condition Lp = Ly sets the soliton en-

ergy (Esor = Potpwmum/0.88) and pulse duration according to the fiber properties
(ng, B2, Acss) as can be seen on Eq.1.35:

_ 2Ba| _ |Ba|AAcss
T

TNoT

Esor (1.35)

The soliton energy is proportional to the mode area A.ss, the wavelength A and the
group velocity dispersion 5. For a fixed pulse duration, if high energy solitons are desired
fibers with a large mode area and large anomalous dispersion must be used. It is the other
way around to generate ultrashort solitons. For a fixed pulse energy, small mode areas
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and small anomalous dispersion is required. Ultrashort and high energy solitons can also
be obtained. As pulse duration decreases, the bandwidth of the pulses increases and the
dispersion effects become more and more important. To balance out dispersion, SPM has
to increase by increasing the energy of the pulses [108, 109|. According to Eq.1.35, it
should be possible to taylor the soliton energy and duration by selecting the optical fiber
with the right properties (ng, 52, Acrr). At the same time, the properties of the soliton
are also dependent on the initial pump pulses as they need to evolve as they propagate
to adjust its energy and duration such that Lp = Lyy.
The temporal shape of soliton pulses can be expressed as:

2¢

E(t) = Eysech (i) B (1.36)

To

Where & is the amplitude, 7y is field half width half maximum (1/e) and f is the
GVD. For the soliton pulses, the intensity FWHM is 7pwgyy = 1.7637. Solitons are
transformed limited as long as dispersion and SPM balance each other. For sech pulses,
the time bandwidth product is Atepw gy Awrw gy = 0.315. The pulse duration is in-
versely proportional to the bandwidth and since the target pulse duration is sub-100 fs
pulses, large bandwidths are expected (tenths of nm). Such short pulse durations and
large bandwidths give rise to an additional non-linear phenomena which is of particular
particular importance for soliton pulses which is Raman Scattering and manifests as a
continuous shift in wavelength known as soliton self-frequency shift (SSFS).

1.4.1 Soliton Self-Frequency Shift

Raman Scattering is an inelastic NL process where there is an exchange of energy between
the photons and the NL medium. In this process, a signal photon will interact with the
medium transferring part of its energy to generate a phonon and a photon that has
been downshifted in frequency. The downshift is determined by the vibrational modes of
the medium and is known as Raman shift. In fused silica fibers, which is an amorphous
material, the vibrational modes are very broad and the Raman gain extends up to 40T H z
with a peak at 13.1THz as depicted in Fig. 1.8 [101, 110]. The Raman gain can be
expressed as:
_ JrRwo

gr(w —wp) = Cn(wo)x(3)]m[h(w — wp)] (1.37)

Where f, is the Raman material contribution and h(w — wy) is the Fourier transform
of the Raman response h(t). The Raman gain gr and the Raman response h(t) for fused
silica are shown in Fig.1.8.

Raman Scattering is a very fast process in the fs range and exhibits a threshold-like
behaviour. It takes place provided that the pulses have a high enough peak power, other-
wise it can be ignored. As the pulse propagates, Raman scattering takes place generating
photons ~ 13T Hz away from each frequency contained in the pulse. Since pulse are
very broad, the generated photons 13T Hz away by the high frequency components of
the pulse, still fall within the pulse bandwidth which makes the process stimulated. The
high frequency components act as pump for the low frequency ones which results in a
continuous red-shift in wavelength as the pulse propagates [95, 111].

As the soliton frequency shifts and reaches longer wavelengths, the rate at which
the shift takes place slows down. There are several mechanisms that slow down SSFS
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Figure 1.8: Raman gain spectrum and Raman response. Data taken from [101].

such as propagation losses and the intrinsic losses due to Raman scattering which is an
inelastic process. As the wavelength shifts, there is an increase of the mode field (MFD) in
fibers with wavelength, further reducing the pulse intensity, and an increase in the pulse
dispersion (becoming more anomalous). All this phenomena combined reduce SSFS until
it stops. If propagation continues, eventually SPM won’t be able to balance an increasing
dispersion and the pulse will start to chirp loosing its soliton pulse shape. The rate at
which SSFS initially takes place is proportional to:

dv 1
dz > 7

This means that the shorter the input pulse, the larger wavelength shift [112]. As the
bandwidth of the pulses increases, the spectra will further overlap with the Raman gain
gr increasing Raman scattering and consequently SSFS. At the same time, a shorter pulse
means higher NL effects and enhanced Raman scattering. This is illustrated in Fig.1.9
were the the propagation of a 120 fs and 60 fs soliton pulses in fused silica fiber has been
simulated.
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Figure 1.9: Spectrum of a soliton pulse undergoing SSF'S in fused silica fiber.

In Fig.1.9a it can be seen that the 120 fs soliton barely shifts in 15m of fused silica
fiber while the 60 fs soliton pulse has shifted almost 30 T'H z as depicted in Fig.1.9b.
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1.4.2 Soliton Generation and High Order Solitons

Higher order solitons are generated when N > 1. In this situation dispersive effects dom-
inate over NL effects (Lp > Lyp) and competition between dispersion and non-linearities
takes place as the soliton propagates. Due to the competition between dispersion and
non-linearities, higher order solitons temporal and spectral properties change periodically.
When the NL effects dominate, the pulse broadens spectrally as new frequencies are being
generated by SPM and is compressed in the temporal domain until dispersion dominates.
When dispersion dominates, the pulse stretches in time and the spectra narrows due to
spectral narrowing until NL takes over. This takes place periodically provided that the
high order soliton is not perturbed. This has been illustrated in Fig.1.10 where a N = 2
soliton (1.56 um, 100 fs) propagates in fused silica fiber to illustrate the balance between
dispersion and NL effects.
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(a) Pulse shape as function of propagation length. (b) Spectrum as a function of propagation length.

Figure 1.10: Pulse shape and spectrum of a N = 2 soliton (1.56 um and 100 fs) as
function of propagation distance in fused silica fiber.

This periodic behaviour doesn’t last long and the high order soliton fissions into fun-
damental solitons and a residual pulse [95, 113]. As the high order soliton propagates,
Raman scattering and (3, which have an asymmetric behaviour, perturb the pulse pro-
ducing soliton fission. Each of the generated fundamental solitons will Raman shift and
behave accordingly to fundamental solitons properties. Just before soliton fission which
takes place at a distance of Ly ~ Lp/N, the pulse reaches its shortest duration and peak
power propelling the first ejected soliton to longer wavelengths compared to subsequent
generated solitons. This is because the pulse duration of the subsequent generated solitons
increases and their energy decreases [113]. This has been illustrated in Fig.1.11 where the
propagation of a high order soliton (600 fs 1.56 um and 5n.J) in fused silica fiber is shown
in time and frequency.

Fig.1.11a shows temporal evolution of the pump pulse and the generated solitons.
As the soliton shifts in wavelength, the refractive index changes and so does the group
velocity of the pulse. This is why the fundamental solitons generated have a delay with
respect to the input pulse at 1.56 ym. On Fig.1.11b there is the spectral evolution of the
pump pulse were it can be seen the two fundamental solitons generated an the residual
pump pulse.

Fundamental soliton pulses are very robust and stable, specially when it comes to
their generation. If the pump pulse is far away from fulfilling the condition Lp = Ly,
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Figure 1.11: Temporal and spectrum evolution as function of propagation length for a
600 fs, bnJ at A\g = 1.56 um (192.17 T H z). in fuse silica fiber.

which means that N > 1, the pulse will adapt its energy and pulse duration until the
soliton is formed or it will eventually fission in one or more fundamental solitons that can
then be separated using filters or dichroic mirrors. Optical pulses will always evolve into
a soliton in the anomalous regime provided that their peak power is enough to trigger
SPM. The generation of soliton pulses is a simple process that allows to generate pulses
in the 100 — 300 f's pulse durations or even shorter provided that the fiber has been wisely
chosen [18, 114, 115, 116]. In addition, SSFS process is dependent on the energy and
duration of the pump pulse which can be controlled by adjusting the laser parameters.
This means that it is possible to generate transform limited widely tunable ultrashort
pulses at wavelengths not accessible by the known gain media. In the next chapter of the
thesis the development of a tunable laser source exploiting the SSFS is effect presented.
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Chapter 2

Sub-100 fs all-Fiber Polarization
Maintaining Tunable Laser

The generation of light pulses in the 2 um spectral region usually rely on fiber-mode-locked
oscillators using saturable absorbers, SESAMs or non-linear polarisation rotation. They
are based on Tm, Tm:Ho or Ho doped fibers and produce either pulses in the picojoule
energy level or pulses with higher energies that require further compression outside the
cavity and/or free-space intracavity optical components.

An alternative to femtosecond mode-locked oscillators is to rely on Raman scattering
through SSFS. As it has been shown in the previous chapter, fundamental soliton pulses
are spectrally tunable, with transform limited pulse duration and they have nanojoule en-
ergy levels in standard telecom fibers. They are very easy to generate and their properties
can be taylored and predicted by adjusting the fiber parameters.

The objective of this chapter is to present the different elements and experiments that
yielded to the development of a seed laser for CPA laser architectures in the 2 ym spectral
region and how to further shorten the pulse duration below 100 fs by balancing NL effects
and dispersion in optical fibers.

2.1 The Er Modelocked Oscillator

A 40 MHz, SESAM modelocked Er-doped fiber ring laser oscillator was used as pulse
seeder. The gain medium is a fused silica Er-doped fiber core pumped by a frequency
stabilised pump laser diode at 976 nm. The oscillator exclusively contains polarization
maintaining (PM) components. In this work the oscillator is considered as a black box
(schematics are not presented) that has been characterised in terms of power, pulse du-
ration and spectrum.

The average power of the oscillator has been measured and is presented in Fig.2.1a
and goes from 1.3mW up to 2mWW. Usually, the output power of SESAM modelocked
oscillators is low due to the low damage threshold of SESAMs with pulses in the pJ
energy level. As the oscillator output power increases the spectrum is also changing
and this is illustrated in Fig.2.1b. The laser operates at 1558 nm wavelength and the
bandwidth measured at FWHM increases with pump power from 5.74 nm up to 7.79 nm.
The oscillator is working in the solitonic regime, that means that the total net dispersion
in the cavity is zero and that the output pulses are soliton pulses. As the pump power
increases, the energy of the pulses and output power increase and according to Eq.1.35,
the pulse duration has to shorten which imply larger bandwidths. On Fig.2.1b a set of
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Figure 2.1: Power and spectrum out of the Er oscillator as function of pump power.

narrow peaks can be observed on the soliton spectra known as Kelly sidebands. They are
the result of the interaction between the soliton and the dispersive wave generated by the
circulating soliton [117, 118]. As the soliton energy increases so does the non-linearities in
the cavity. The Kelly sidebands become more pronounced as the variations on the pulse
spectrum and shape along the cavity increase due to dispersion, increased NL effects and
gain in the cavity [119].

The oscillator output power is limited between 1.29 and 2mW. When power is de-
creased the oscillator is not modelocking anymore and it operates in Q-switched regime
while beyond 2mW output power, it becomes unstable and switches between one and
two pulses operation at 40 M Hz and 80 M Hz. Two different working points were set for
the oscillator at 1.61 mW and 1.91 mW output power. The pulse shape was characterized
using an Autocorrelator (APE Pulse Check) and the spectrum using an optical spectrum
analyser (Yokogawa AQG6375 OSA). Pulse durations and spectras along the thesis have
been measured using those devices unless specified. The measured optical spectrum and

pulse durations are illustrated in Fig.2.2 and Fig.2.3 for 1.61mW and 1.91 mW output
power.
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Figure 2.2: Autocorrelation trace and spectrum out of the Er oscillator at 1.61 mW output
power. In orange, the ACT fit for sech pulses and in red the TL ACT.

The oscillator delivers almost transform limited pulses 400 fs and 349 fs for the mea-
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sured bandwidths of 6.5 nm and 7.5 nm respectively. It is important to recall the different
relative amplitude of the Kelly sidebands compared to the main peak at 1558 nm, ~ 11dB
and ~ 3.5dB. This makes a difference when it comes to amplification as they can sub-
stract an important amount of gain from the soliton pulse and influence the SSF'S in laser
systems [120].
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Figure 2.3: Autocorrelation trace and spectrum out of the Er oscillator at 1.91 mW output
power. In orange, the ACT fit for sech pulses and in red the TL ACT.

2.2 The Er Amplifier

Pulse amplification is a must before addressing the SSF'S stage as the amplifier will be used
to adjust the pulse parameters in terms of energy and control the wavelength shift of the
pulses. To this end, an Er-doped fiber amplifier was developed. The gain medium consists
of an Er-doped fused silica fiber (Er110-4/125-PM LIEKKI, 6.5 um MFD, —22 ps/nm km
and 0.2 NA). The fiber has normal dispersion and is highly doped which is suitable for
ultra-fast pulse amplification as high gain can be achieved with short fibers for minimal
non-linear effects. The amplifier is core pumped with two single mode laser pump diodes
at 976 nm either in co-propagation, contra-propagation or in both ends.

2.2.1 Single Mode Pump Diodes for Er Amplifier Core Pumping

Three different single mode pump diodes have been tested and characterised in terms of
power and spectra, and they are referred as CHP, CVB and G&H pump diodes. The
power and spectra as a function of the pump current is presented in Fig.2.4.

The measured powers are shown in Fig.2.4a and the maximum powers obtained are
1W for the CVB, 860 mW for the G&H and 750 mW for the CHP pump diodes. The
optical spectra of the CVB and G&H diodes are illustrated in Fig.2.4b and Fig.2.4c
respectively for different output powers. As the output power of the diodes is increased,
the wavelength is shifting for the G&H while is kept stable for the CVB diode. This
is because the CVB and CHP pump diodes are fiber Bragg gratings (FBG) stabilised
while the G&H pump diode is not. The lack of FBG allows for the wavelength to drift
and is accompanied by a higher sensitivity of the diode to temperature variations which
reduces the output stability in terms of power and wavelength potentially affecting the
Er amplifier. The CVB pump diode was chosen because of a more stable performance
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Figure 2.4: Pump diodes’ output power and optical spectrum.

and a higher output power compared to the CHP and G&H pump diodes. The available

pump power is then 2W equally split to pump the Er amplifier in co-propagation and
contra-propagation.

2.2.2 Single Side Pumping Er Amplifier

The amplifier gain medium was studied in terms of output power for different fiber lengths
in both configurations co and contra-propagation by splicing two wavelength division
multiplexers (WDM) at the input and output of the doped fiber and by performing a
cutback on the active fiber. The oscillator was set at 2mW output power (340 fs pulses).

Results

are summarised in Fig.2.5.
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Figure 2.5: Output power out of the Er amplifier in co and contra-propagation configu-
rations as function of the pump power.

Depending on the pumping scheme, for the same pump power different fiber lengths
are optimal for each configuration due to the population inversion distribution along the
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fiber. In a co-propagation pumping scheme, the population of atoms in the excited state
is high at the beginning and decreases along the fiber due to pump absorption. The exact
opposite situation takes place in contra-propagation scheme, high inversion at the end of
the fiber while low inversion at the beginning. The different output powers for the same
amount of fiber length comes from the gain the input pulses can extract from the fiber.
In a co-propagation scheme, the majority of the gain is situated at the beginning of the
fiber where there is more population inversion however, the input signal power is low and
it cannot extract all the available gain. On the other hand, for the contra-propagation
scheme, at the beginning of the fiber the input signal is low but at the same time the
available gain is low and the signal grows slowly. By the end of the fiber where there is
the maximum available gain, the signal power is higher and efficient energy extraction
is achieved. An optimal doped fiber length of 0.75m was obtained in co-propagation
which yielded to a 15.31% slope efficiency. In contra-propagation, a maximum slope
efficiency of 20.12 % versus the pump power was obtained for a fiber length of 0.85m.
It is important to note that best performances are obtained when there is some residual
pump light that has not been absorbed and this is because of re-absorption. Active gain
mediums and more specifically glasses such as fused silica, due to the Stark effect and
homogeneous broadening, the discrete emission and absorption lines broaden yielding to
a continuum allowing amplification of ultrashort pulses due to large emission bandwidths.
In quasi three level systems such as (Er, Yb and Tm), absorption and emission cross
sections overlap to some extend and this means that the active medium can absorb light
at the signal wavelength. This absorption is proportional to the population of atoms in
the ground state which decreases as the active medium is pumped. If re-absorption takes
place the efficiency of the amplifier will reduce as the amplified signal is being re-absorbed.
This affects particularly the pulses as they are being slowly red shifted in wavelength if
re-absorption becomes important. By adjusting the fiber length for a given pump level,
the wavelength at which the amplifier has maximum gain and efficiency can be adjusted.
For a fixed pump power, a short piece of fiber will have maximum gain and efficiency for
wavelengths in the blue side of the emission spectra while a long piece of fiber will have
it on the red side. This is why a cut-back on the active fiber allows for the maximization
of the output power for a given configuration.

Overall, the contra propagation scheme is usually better in terms of efficiency and
reduced non-linear effects. This is because the pulse intensity is low over the amplifi-
cation fiber and very high in the very last section while in co-propagation signal peak
power is high all along the fiber. However, co-propagation is more practical specially
when clad pumped. Optimisation of the amplifier is performed in an easy way by cut-
back method while in contra-propagation, clad pumping requires implementing a pump
stripper after each cutback measurement performed. Also for very high power lasers, high
power combiners are required with ideally short fiber lengths to reduce non-linearities in
passive fibers. The effect of non-linearities in amplifiers and its effects are of paramount
importance for CPA laser systems and will be discussed later in the thesis.

The amplifier has to be designed to match powers compatible with a SSFS stage
capable of shifting the pulses from 1560 nm up to 2100 nm. The higher the average power
reached for a given pulse duration, the longer in wavelength the pulse will shift. To achieve
such performance a double side pumping configuration was chosen.
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2.2.3 Double Side Pumping Er Amplifier

The two side pumping scheme was adopted for the final configuration of the Er amplifier
with 1.2m active fiber length. The fiber is slightly longer for either co or contra prop-
agation however, by pumping on both sides simultaneously the maximum output power
compared to co and contra-propagation individually can be surpassed if required. At the
same time, the gain distribution along the fiber and the non-linearities during amplifica-
tion can be adjusted by modifying the pump powers on both sides. This is beneficial to
adjust the pulse parameters before the SSFS stage in terms of power and pulse duration.
The same output power can be achieved with several configurations for both pump diodes
which would be beneficial to fine tune the pulse duration before SSF'S. With the knowl-
edge acquired a second amplifier was prepared, which was optimised in terms of splicing.
The schematics are presented in Fig.2.6a.

The Er amplifier consists of two WDMs, two 1 W pump diodes (CVB) and an isolator
(ISO) which has been included compared to the previous study of the Er doped fiber
to correct for any polarization issues derived from the Er amplifier. The average power
obtained out of the amplifier is shown in Fig.2.6b.
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Figure 2.6: Er amplifier architecture and amplifier output power.

In Fig.2.6b the output power as a function of the total pump power (this means pump
power in co and contra-propagation) is shown. What it has been done to distribute the
power is first pump up to 215mW in contra-propagation and then start increasing the
co-propagation pump diode up to 931 mW. This choice was based on the results that
were obtained later on in terms of the maximum wavelength that could be achieved in the
SSFS stage. The amplifier allows to reach same output power with different pump diodes
configurations however the resulting pulse duration is different due to dynamics (gain and
NL effects along the doped fiber) which can yield to different shifts in wavelength. Based
on the results obtained in Fig.2.5, it is clear that the amplifier is saturated and linear
behaviour in terms of output power as function of pump power should be obtained and
that not having a suitable fiber length just reduces the efficiency. However, a roll-over
effect in power can be observed due to the fact that an ISO has been included in the
setup which has losses and a recommended operation bandwidth of £15nm. If it is used
outside the operation bandwidth the losses start to increase and its isolating properties
decrease and this is what is happening in the amplifier. Ultrashort pulse amplification
quickly gives rise to SPM and as the bandwidths become larger (> 30 nm at FWHM, see
Fig.2.7) the losses at the isolator increase.

The SSFS rate is dv/dz o 1/7* therefore, it would be of interest to achieve pulse
durations below the 400 fs provided by the oscillator. To shorten the pulses, SPM and
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non-linear pulse compression is combined. Amplification of the 400 fs pulses in the normal
dispersion Er fiber yields to SPM and to pulse stretching due to dispersion. SPM is
beneficial as potentially shorter pulses can be obtained however, the dispersion needs to
be compensated and pulses compressed. Pulse compression takes place in the WDM and
ISO passive fibers, the PM1550XP, which has anomalous dispersion. As the pulse is being
compressed, SPM is taking place simultaneously due to an increase in intensity allowing
for further pulse compression. This process stops when a soliton is generated and the
SSE'S process starts. It is important to note that the passive fibers used to compress the
pulses have been shortened as much as possible so that the generation of the soliton pulse
and SSFS effect takes places after the isolator and as close as possible to the non-linear
fiber included for that purpose. The spectra of the pulses after the amplifier measured
at the isolator TAP (see Fig.2.6a) are shown in Fig.2.7 for different powers. The SPM
modulation effect can be observed on the measured spectra without any signal of SSF'S.
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Figure 2.7: Spectrum out of the Er amplifier for different output powers showing the
development of SPM.

The amplifier delivers a maximum average power up to 160 mWW using slightly more
than 50% of the available pump power. It was decided not to keep increasing the pump
power to avoid developing a soliton before the isolator as its energy would be substantially
decreased due to having a wavelength far beyond the operation wavelength of the isolator.
In order to improve the stability of the whole system, a 50 : 50 PM coupler between the
WDM and the contra-propagating pump diode was added. This is done to increase the
pump power by a factor 2 allowing the diode to work closer to its designed operation
power of 1 W output. Half of the pump power of the diode is dumped at the 50 : 50 PM
coupler.

The pulse durations have not been measured because at the output of the isolator
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there are already 2 pulses, the soliton and the residual pump at 1.56 um which are too
close in wavelength to separate them properly by means of filters or dichroic mirrors.
Pulse durations can be measured at the tap however they cannot be compared to the
pulses at the output of the isolator. This is because the propagation at the output of the
isolator depends on dispersion and non-linearities while at the tap, only about 1.1% of
the power is picked thus only dispersion plays a role. In addition the fiber length from
the ISO to the SSF'S stage is different to that of the tap.

2.3 Soliton Self-Frequency Shift Stage

To develop the SSF'S stage, a set of experiments were carried out to estimate and find the
suitable optical fiber and length to reach the target wavelength of 2.1 pm. This wavelength
was chosen because the laser can then seed the main active gain mediums in the 2 um
spectral region which are Thulium and Holmium.

An all-fibered PM tunable laser system based on exclusively commercially available
components would be of interest because of its versatility, robustness and accessibility.
Within the available telecom fibers in this particular spectral region, the most commonly
known and used are the PM1550XP and the PM1950. The PM1550XP from Coherent has
a 8.5 um core, a 10.1 um MFD @1550 nm and a 0.125 NA. It is a PM single mode optical
fiber and has a panda structure. The second fiber is the PM1950 fiber from Coherent
as well which has been specifically design for the 2 um spectral region. It is single mode
PM fiber with panda structure and a 7 um core, a 8 um MFD @1950 nm and a 0.2 N A.
These two fibers were chosen for the study mainly because of practical reasons. The
PM1550XP is widely used when it comes to producing all type of fibered components in
the 1.5 — 2 um wavelength which makes it attractive for splicing. It has been produced to
operate around the 1.5 ym wavelength and therefore should be suitable for the generation
of solitons in the vicinity of the operation wavelength. There are wide variety of providers
for this particular fiber therefore its properties can change from one to another. On the
other hand, the PM1950 has smaller core size and the core doping makes this passive
fiber suitable for non-linear processes and reduced losses at longer wavelengths, therefore
optimal for the generation of solitons between 1.9 um and 2.1 ym. Both fibers have a
small core size which should be beneficial for SSFS as it is usually a must among the
specialty fibers used to achieve large shifts in wavelength. They operate at two different
wavelengths, 1.5 um and 2 pm which opens the possibility for SSF'S combining the two
fibers. Bigger fibers can as well be used however, they offer reduced non-linearities and
more energetic input pulses are required to achieve substantial SSFS. The use of panda
fibers is preferred compared to the use of specialty fibers such as PCF to avoid splicing of
specialty fibers with complex geometry to the panda structure of telecom fibers. Since the
fiber parameters play an important role on the SSF'S, both fibers were simulated before
experimentally testing them.

2.3.1 Simulation of PM1550XP and PM1950 fibers

To further understand the SSF'S in optical fibers, the fiber properties involved in the SSF'S
process were simulated, that is the MF'D which is linked to the NL effects, the GVD (3,
and the mode overlap with the core which is linked to losses in the fiber. To this end, the
fiber cross section geometry was measured. This included the core size, the boron stress
rods size and their relative position from one to another (see Fig.2.8a and 2.8b). Then
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COMSOL was used to compute the waveguide eigen-modes to obtain the parameters
mentioned above by solving the propagation equations. The simulations provide the
effective refractive index of the fiber which is then used to calculate its properties. Based
on the obtained results, the parameters were slightly adjusted (core size and/or NA) of
the fiber to match with the datasheet and provider’s information [121|. The results for
the PM1550XP and PM1950 fibers are shown in Fig.2.9.

Fast Axis Fast Axis

J—» Slow Axis J—, Slow Axis

(a) Measured fiber cross-section geometry for the (b) Measured fiber cross-section geometry for the
PM1550XP fiber. Fiber clad is 125 ym diameter. ~ PM1950 fiber. Fiber clad is 125 uym diameter.

Figure 2.8: Measured cross-section geometries for the PM1550XP and PM1950 fibers.

The MFD, GVD and field to core overlap were computed for the fast and slow axis of
the fibers. Fast or slow axis can be selected by setting the polarization of the light aligned
with either one or the other yet the slow axis, which is the one were the polarization of
the light is aligned with the boron stress rods, is the commonly used one. In terms of
MFD, the PM1550XP is substantially bigger compared to the PM1950 fiber and it goes
from ~ 9.9 um at 1.5 um to ~ 12.9 um at 2.1 um. For the PM1950 the MFD increases
from ~ 6.9 um at 1.5pum to ~ 8.7um at 2.1 um. The increase in MFD is only of 2 um
compared to the 3 um of the PM1550XP and this is of paramount importance specially
taking into account that the main parameter is the mode effective area A.;; oc MFD?.
Higher MFD implies that the energies of the generated pulses will be higher and that the
SSF'S rate will be smaller. This is because when the seed pulse is injected into the SSFS
fiber, way higher intensities are achieved propelling the generated soliton further away. At
the same time, the increase of the MFD with wavelength will slow down the SSF'S as the
non-linearities decrease. Therefore longer shifts in wavelength should be obtained with
the PM1950 fiber and higher energetic solitons with the PM1550XP. From slow to fast
axis the trend is the same and bigger MFDs are obtained so a reduced shift rate should
be expected in the fast axis and solitons with slightly higher energy [14].

The GVD ps of both fibers is similar, the PM1950 is slightly less dispersive (less
negative dispersion) therefore shorter solitons in pulse duration are expected compared to
the PM1550XP. High non-linearities (SPM) can be compensated with dispersion however,
if dispersion is low, large BW are required to balance out SPM and efficiently compress
the pulse. In any of the fibers, the dispersion is not changing much from one axis to the
other therefore there is no benefit from using fast axis instead of the slow axis.

The fourth parameter calculated is the mode overlap and is the ratio between the A. s
of the mode, the LFy; and the core area. The higher the mode overlap the less losses
the fiber will experience due to bending [122]. The overlap for the PM1550XP at long
wavelengths such as 2.1 um is ~ 60.9 %, almost 10% lower compared to PM1950 fiber
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with a 68.8 %. Therefore, if the PM1550XP fiber is used, larger bending radius have to
be applied compared to the PM1950 to reduce the losses. This is important as tenths of
meters of fiber may be required to shift from 1.56 ym up to 2.1 um.

In principle, the simulations confirm that the PM1950 fiber is more suitable to achieve
large shifts in wavelengths through SSFS with fs pulses. In addition, due to being
designed at 2 um, reduced losses are expected in the fiber allowing for larger shifts in
wavelength. The main benefit of using the PM1550XP fiber is the higher energy of the
solitons. To confirm the simulations, the fibers were tested and the solitons characterized.

2.3.2 SSFS in PM1550XP and in PM1950 Fibers

In order to determine which fiber or combination of fibers is more suitable for the laser,
they were tested for the generation of soliton pulses that were characterised in terms
of power, wavelength tunability, and pulse duration while performing a cutback on the
fibers. The experimental setup used to perform the study is shown in Fig.2.10.

@illator

40 MHz,1.61 mW

402 fs Pump Diode Pump Diode
1W,976 nm 1W,976 nm
M4 M5 M1
% 0SA /)
Pulse Check L1

Autocorrelation % H <\“ H /
M3 A2 Wedge  Filter M2

Figure 2.10: Experimental setup for studying the SSF'S in an optical fiber.

The OSA was used to record the spectrum of the solitons from which the solitons’
central wavelength was calculated for different powers out of the Er amplifier. The soliton
power and the pulse duration as function of the wavelength was measured with the help
of a free space filter to remove all residual light from the Er amplifier and select only the
soliton. Once all the data was gathered, a piece of fiber was removed and we repeated the
process until a total length of about ~ 5m was cut. By doing this, the trend the soliton
pulses have in terms of power, pulse duration and how fast they shift in wavelength per
meter of optical fiber could be observed. This tells how suitable the fiber is to target
long wavelengths and how many meters of fiber are required to reach 2.1 um wavelength.
The first fiber studied was the PM1550XP and ~ 8.7m were spliced right after the Er
amplifier isolator. The summarised results for the PM1550XP fiber are shown in Fig.2.11.

In Fig.2.11a the mean wavelength of the solitons is shown for different input powers
and the rate at which they shift per meter of PM1550XP optical fiber. As it can be seen,
as the power of the Er amplifier increases, the shift rate increases from 6.2nm/m up to
9nm/m. As the soliton shifts, the dispersion, the MFD and the losses increases (inelastic
process). Therefore, the intensity is slowly decreasing until SSFS stops. If propagation
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Figure 2.11: Summarised results on SSFS using PM1550XP optical fiber.
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continues, the TL duration is eventually lost as SPM cannot sustain dispersion and the
pulses stretch in time. Higher powers allows the soliton to shift further away in the fiber
reaching longer wavelengths for the same amount of optical fiber [95]. In Fig.2.11b the
soliton power and energy is plotted as function of the wavelength. For a given input
power, shorter wavelengths correspond to shorter fiber lengths. The power of the soliton
increases with wavelength and the measured energies range from ~ 0.7nJ at ~ 1625 nm
up to ~ 1.545nJ at ~ 1720nm which is 2 orders of magnitude higher compared to the
pulse energy delivered by the Er oscillator. The pulse duration (FWHM) is deducted
from an ACT assuming a sech pulse shape. Except for the low power solitons, the SSF'S
mechanism produces pulses with a stable duration around 105 fs in the range 1660 nm
up to 1760 nm as depicted in Fig.2.11c. To illustrate some of the spectras recorded and
the pulses measured, the measured optical spectrum for the solitons after 7.5m of fiber
have been included in Fig.2.11d, where the four generated solitons and the residual light
at 1560 nm from the Er amplifier can be distinguished. Fig.2.12 shows the ACT of the
solitons for 7.5m of NL fiber.

Simulations on SSF'S in fibers can also be performed to cross-check the results. By
using the simulated dispersion parameters 5 and (3, the MFD and the measured input
soliton pulses (spectrum, power and ACT) the evolution of the pulses in the PM1550XP
fiber can be predicted with great accuracy. This was tested for the soliton pulses generated
for 93.17mW out of the Er amplifier. As input pulse the measured data for the solitons
at 1.7 um was used. The results are shown in Fig.2.13
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length. lated (Sim) spectrum after propagation over 3.8 m
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Figure 2.13: SSFS simulation in PM1550XP fiber for input 105 fs pulses at FWHM, cen-
tered at 1700 nm and 1.376 n.J. This corresponds to the measured solitons for 93.17 mW
power out of the Er Amplifier.

In Fig.2.13a the spectrum of the soliton pulses is shown as function of the PM1550XP
fiber length. To compare the input and output measured spectra with the simulated ones,
they have been plotted in Fig.2.13b. As can be seen, the simulations are very accurate
such that over 3.8 m the shift in wavelength is almost exact. The pulse ACT is not shown
but is maintained constant due to the solitonic propagation.

Based on the presented results, reaching 2.1 ym will require to add at least 20m of
fiber assuming a constant rate of 9nm/m which is not realistic. Specially taking into
account that losses in fused silica increase with wavelength. Increasing the input power
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up to 160 mW will certainly will help but the N** order generated soliton will fission in 2
or 3 fundamental solitons whose isolation would be difficult therefore, a different strategy
was adopted.

Splicing 4.58 m of PM1550XP to ~ 6.8 m of PM1950 was chosen to test the later
fiber in the high loss spectral region and long wavelength side. A combination of both
fibers seems a good approach as each fiber would operate in the spectral region they were
designed for. By doing this, the SSF'S in the PM1950 can be evaluated and compared
to the PM1550XP fiber to know which one offers a faster SSF'S and choose whether to
use a combination of both fibers or just one of them. The optical spectrum, power and
pulse shape were measured for different input powers and fiber lengths following the same
procedure as before. The results obtained are summarised in Fig.2.14.
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Figure 2.14: Summarised results on SSE'S using PM1950 optical fiber. The fiber lengths
used are 4.58 m of PM1550XP fiber and the cutback was done to ~ 6.8 m of PM1950 fiber
spliced to the PM1550XP fiber.

In Fig.2.14a the solitons’ wavelength for the different input powers as function of the
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fiber length and the rate at which they shift per meter of fiber is presented. Compared to
the previous case, with the PM1950 fiber the SSF'S rate is higher even though there are
losses due to splicing two different fibers. Up to 15.8 nm/m and what is more important,
higher shift rates at the same wavelengths for lower input powers from the amplifier.
That is 9.4 nm/m between 1.65 and 1.68 um with the PM1950 for 46.63 mWW from the Er
amplifier compared to the 8.2 nm/m within the same spectral region for 63.11 mW from
the amplifier for the PM1550XP. For fiber lengths beyond the 5m long, the SSFS rate
is reduced due to the splicing of two pieces of PM1950, that is why the SSFS rate for
63.11 mW input power is smaller than expected. If the measured data for that particular
input power for lengths longer than 5m is ignored, the value 12.6 nm/m is obtained. As
predicted by the simulations of the fiber parameters, SSFS in the PM1950 fiber allows to
reach longer wavelengths compared to the PM1550XP. In Fig.2.14b the soliton power as
function of the wavelength and input power are depicted. Compared to the PM1550XP,
the powers are substantially lower for the same wavelength, almost by a factor of ~ 1.7
which is linked to the reduction of the mode field area by a factor ~ 2. In Fig.2.14c
the pulse FWHM was measured using an autocorrelator. On average, 100 fs pulses are
obtained which are shorter than those obtained with the PM1550XP fiber. This can
further explain the larger shift in frequency according to Eq.1.38. As predicted by the
simulations, the pulse durations in the PM1950 fiber are slightly shorter compared to the
PM1550XP and is attributed to a reduced dispersion. To illustrate some of the spectra,
the measured optical spectrum for the solitons half way through the cutback in Fig.2.14d
have been included, where three contributions can be distinguished: the evolving solitons,
the residual light at 1560 nm from the Er amplifier and a small amount of light 150 nm
on the blue side of the solitons. This light is due to the soliton in the PM1550XP fiber
and the generated soliton in the PM1950. Due to the splicing, there is a discontinuity
in MFD, S, and nsy hence the soliton needs to adjust its energy and pulse duration. For
completeness, the measured ACT in Fig.2.15 have been included for the solitons whose
spectra were shown in Fig.2.14d.
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Figure 2.15: Measured ACT for the generated solitons after 4.58 m of PM1550XP and
2.75m of PM1950 fiber for the different input powers Pjy.

To evaluate the accuracy of the simulated parameters for the fibers to some extend,
the equation Eq.1.35 can be evaluated for both fibers for the characterised solitons. By
substituting the measured pulse durations and energies and the simulated dispersion [,
and MFD, the non-linear refractive index n, can be obtained which for fused silica fibers
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should be between, ny ~ 2.7 — 3.2 - 1072m? /W. For both fibers the non-linear refractive
index obtained was ny ~ 3.3 - 1072°m? /W which is slightly higher than expected but still
reasonably accurate and therefore accurate simulated values for the dispersion and MFD.

The PM1950 fiber has some advantages compared to the PM1550XP. It offers enhanced
SSE'S rate and shorter pulse durations however, the power of the solitons is smaller (see
Eq.1.35). Using exclusively the PM1950 fiber would allow to reach longer wavelengths
within a shorter fiber length. Therefore, for the final configuration, the PM1950 fiber was
used exclusively.

2.4 SSFS Tunable Laser

The architecture of the tunable laser system is depicted in Fig.2.16a. A 40 M Hz FEr-
doped SESAM modelocked oscillator generates 1.61 mW 400 fs transform limited pulses
at 1.56 um. The oscillator working conditions are different compared to the previous
section (2mW, 340 fs) to decrease the influence of Kelly sidebands on the SSF'S which
allows us to slightly increase the Raman shift [119]. To increase the pulse energy, an Er-
doped amplifier (1.2m LIEKKI Er110-4/125) bi-directionally core-pumped is used. The
amplifier output power is set by adjusting the co-directional pump laser diode current
while keeping the other pump fixed. The variable power ranges from 100 mW to 160 mW
out of the amplifier as estimated via a tap power measurement. The soliton self-frequency
shift takes place in two pieces of PM1950 fiber (7 um core, 8 ym MFD @1950 nm, 0.2 NA,
36 ps/nm km) separated by a WDM filter. The pulses out of the Er amplifier can generate
two solitons and the WDM filter has been set at a particular position within the two pieces
of fiber to ensure that only the long wavelength shifted soliton goes through the WDM
filter while the short wavelength soliton is rejected with the residual pump through the
reflected port.

Oscillator & Fiber Amplifier

Oscillator

Pump Diode Pump Diode,

40 MHz, 1.61 mW
1W,976 nm 1W,976 nm

402 fs

Characterization

==

Power Meter,
Autocorrelation,
FROG, OSA

WDM  ggFS Stage
Filter

(a) SSFS tunable laser architecture.

Figure 2.16: SSFS tunable laser architecture

The SSFS spectra have been measured with the optical spectrum analyzer and are
displayed on Fig.2.17a for different input powers out of the Er amplifier. Water absorption
lines can be observed between 1.8 um and 1.92 um. As the WDM filter rejects all radiation
below ~ 1.80 um, the pulse wavelength tunability extends from 1.8 um up to 2055 nm
simply by adjusting the pump power of the Er amplifier. Longer wavelengths are out of
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Figure 2.17: Measured optical spectrum of the soliton pulses as function of Er amplifier
output power and average power of the solitons as function of wavelength

reach with this configuration due to excessive losses of fused silica above 2 um. Note that
pulses with wavelengths below 1.8 um are available at the reflected port.

The average power of the solitons is displayed on Fig.2.17b as a function of the central
wavelength and varies from 21 mW up to 43.5mW. As shown in the previous section,
the energy of the solitons and hence the power, is well defined and depends on the fiber
properties (f2,n2,A.7s) according to Eq.1.35. As the wavelength shifts, §, increases and
so does the mode area hence the energy of the soliton increases.

The laser architecture is based on exclusively polarization maintaining components
and the polarization was evaluated by measuring the polarization extinction ration (PER)
which is defined as the ratio between the power in the slow axis and the fast axis, which
in dB is expressed as:

PER(dB) = 10logig (&> (2.1)
Pr

Where Pg and Pp are the power in the slow and fast axis respectively. In order to
measure the amount of power on each axis a polarizer or half-waveplate and polarization
beam splitter (PBS) is used to separate both polarizations. The measured PER as a
function of the soliton wavelength is shown in Fig.2.18a. The PER is above 19dB for
wavelengths below 2 um decreasing slightly with 15.5dB at 2033nm and 17.5dB for
2055 nm. Characterising the PER of fibers is complex as it depends on the input light
properties, the alignment with the fiber axis, the fiber length, the coiling or even the
environmental conditions which can add some stress induced birefringence but, in the
end, the output light polarization is what matters [123]. The PER of the light out of the
isolator sets the input quality in terms of PER which is ~ 22dB. The alignment of the
input light with the PM1950 fiber slow axis is as accurate as the fiber splicing machine
is (Fujikura FSM 100-P or Fujikura FSM 100-P+). Slight miss-alignments on the fiber
stress rods from one fiber to another degrade the polarization. Splicing fibers designed
for the 2 um spectral region becomes more complex due to the dopants included in the
fused silica matrix. This is because the alignment procedure of the splicing machines
use cameras and imaging systems to observe the contrast between the core, the clad and
the stress rods and based on the images the alignment is performed. This ultimately
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yields to angle mismatch 0.2 — 1.3° from fiber to fiber that has always been maintained
below 0.8°. The polarization maintaining properties of the fiber are strongly linked to
the fiber birefringence Ang and the beat length defined as Ly = A/Ang. The higher
the birefringence, the shorter the beat length and the better the polarization maintaining
properties of the fiber. Typically, telecom fibers in the 2 um spectral region have a beat
length which is longer compared to the well established 1 pum fiber technology. For the
PM980XP (@1 um) fiber the beat length is 2.7mm, for the PM1550XP (@Q1.56 um) is
5mm and PM1950 (@1.95 um) is 5.2mm. The variation in the PER is a combination of
the mentioned factors and due to the polarisation maintaining properties of the WDM
filter used.
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Figure 2.18: Measured PER and pulse FWHM of the soliton pulses as function of wave-
length.

Pulse durations were estimated from an autocorrelator (APE PulseCheck) measure-
ment assuming a sech pulse which was fit to the measured ACT to obtain the pulse
FWHM. To verify the results, measurements were crosschecked with a FROG (MS-FROG,
FemtoEasy). The pulse duration as a function of the soliton’s wavelength is depicted in
Fig.2.18b. The soliton duration remains mostly constant with a minimum pulse duration
of 161 fs at 1960 nm and a maximum of 240 fs at 1830 nm. The pulse duration increases
as the wavelength decreases because of the filter used to reject the pump and the sec-
ond soliton. The bandwidth of the filter is narrowing and attenuating the soliton pulse at
1830 mm and in the end due to narrowing and losses along propagation, the soliton cannot
keep the balance between dispersion and non-linearities and broadens in time. The mea-
sured values using an autocorrelator agree quite well with those obtained using FROG.
The differences from FROG measurement to autocorrelator was always below 10 fs which
corresponds to 10 — 13% deviation. The difference in pulse duration is attributed to the
FROG spectrometer resolution (1 nm) which can slightly affect the pulse duration during
the acquisition which then is mapped into the reconstruction algorithm. It is important
to recall that the measured pulse durations are longer compared to those obtained when
studying the properties of the PM1950 fiber (see Fig.2.14). The differences can come from
the fact that a different fiber spool was used which may have slightly different parameters
(dispersion, MFD and ny) and the fact that the experimental conditions are different. In
the previous case the pump pulse was a soliton generated in the PM1550XP fiber at an
already shifted wavelength but now the pulses come directly from the Er amplifier and
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Figure 2.20: Measured ACT for soliton pulses at 2050 nm, 2033nm, 1960nm and
1918 nm.. In blue the measured ACT, in orange the ACT for the sech fit and in green,
the transform limited (TL) ACT.

the added PM WDM filter to reject the second generated soliton also plays a role in the
SSE'S by adding losses.

In Fig.2.19 the measured and reconstructed spectrograms have been included with
the retrieved pulse shape for the solitons at 2050 nm, 2033 nm, 1960 nm and 1920 nm
wavelength. To compare, the measured ACT for the same pulses measured with the APE
autocorrelator are depicted in Fig.2.20. As it can be seen in Fig.2.19, measured and
retrieved spectrogram are identical and the retrieved pulse shapes are almost transform
limited as it can be deduced by the residual phase which is mostly flat within the pulse.
It can be seen how close to the TL duration the pulses are in Fig.2.20 where the measured
ACT is almost identical to the TL pulse depicted in green.

Pulse durations for SSFS in standard telecom fibers are usually above the 100 fs
and cannot reach 2.1 ym wavelength in a single SSFS stage due to increasing losses in
fused silica fibers. In order to overcome the limitations different approaches can be used.
Longer wavelengths can be achieved provided that an extra amplifier (Tm or Tm:Ho) is
included half way the SSF'S stage to boost the energy of the pulses to overcome the losses
and further shift in wavelength. If the amplifier is properly set and adjusted in terms
of dispersion, highly efficient SSFS can be achieved reaching up to 2.4 um wavelength
[13, 124, 125, 126, 127|. If a single SSF'S stage is desired, specialty fibers can be used with
taylored properties such as increased Raman scattering [128|, controlled dispersion and
non-linearities to shorten the pulse duration and increase rate at which SSF'S takes place.
This approach has been widely used and studied and large amounts of work have been done
around photonic crystals (PCF), tellurite fibers, GeO,-doped fibers [129, 130], dispersion
managed fibers and even Bragg fibers. PCF allows to reach very high non-linearities
by reducing the core size while still having an anomalous dispersion [2, 9, 116, 131].
Tunable pulses from 1700 nm up to 2100 nm with durations below 100 fs pulses have
been demonstrated in custom-made and commercially available PCF fibers . The only
inconvenience for this approach is that the fiber lengths needed to be adjusted depending
on the operation wavelength for optimal performance [9]. Tellurite fibers are also of
interest because they offer high transparency in the near IR up to mid IR and high non-
linearities. Tunable pulses from 1560 nm up to 2400 nm with durations below 100 fs have
been demonstrated [10]. PCF and tellurite fibers are good alternatives but they have the
inconvenience that fiber splicing is very complex and sometimes require free space injection
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and may not be polarization maintaining fibers. This is also the issue with Bragg fibers,
they allows to reach MW peak powers with highly energetic pulses due to their large
mode areas with durations below 100 fs in non-PM fibers provided that they are seeded
with CPA laser systems [11]. If specialty fibers are not an option, a higher power Er
laser can be used. Er CPA laser systems can produce highly energetic ultrashort pulses
that when injected in fused silica fibers can yield to large SSFS tunability [3, 132]. The
approach chosen to further reduce the pulse duration of the solitons while maintaining the
tunability and the commercially available components was to rely on non-linear effects,
SPM for spectral broadening and non-linear pulse compression (SPM and dispersion) to
compress the pulses.

2.5 NL Spectral Broadening and Compression

In order to reach the sub-100 fs pulse duration a spectral broadening and compression
stage consisting of two fibers with opposite dispersion was included. The first fiber is the
PM2000D (~ 8c¢m long, 2.1 um core diameter, 4 um MFD @Q2 pum, 0.4 NA and —55 +
10ps/nm - km). The fiber has a large normal dispersion due to its small core which
is dominated by the waveguide dispersion overcompensating the fused silica material
contribution to dispersion. Due to the small MFD, the short pulse durations and high
intensities, SPM will occur and spectrally broaden the spectra. The second fiber is a
17.5cm of PM1950 with high anomalous dispersion compressing the pulse while further
broadening as the pulse gets shorter (NL pulse compression). Taking this into account,
the fiber laser architecture is depicted in Fig.2.21. The pulses have been characterised
once again after the spectral broadening and compression stage. The measured spectra
are shown in Fig.2.22a.

Oscillator & Fiber Amplifier

Oscillator

Spectral Broadening
and Compression

WDM " ggFS Stage
Filter

Figure 2.21: Architecture of the sub — 100 fs tunable laser.

The spectra of the pulses have substantially broadened compared to the soliton pulses
in Fig.2.17a. The spectra FWHM as a function of wavelength for the soliton and post-
compressed pulses are shown in Fig.2.22b. For the soliton pulses at 2055 nm they have
spectrally broadened from 26.3nm up to 71.4nm after post-compression which is 2.7
times larger at FWHM. Such large bandwidths allows to sustain pulses whose duration is
below 100 fs.
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Figure 2.22: Measured Optical spectrum and spectrum FWHM as function of wavelength
for the post-compressed and soliton pulses.

The pulse output powers of the spectral broadening and compression stages are plotted
in Fig.2.23a. As it can be seen, the powers have dropped substantially and only 77% of the
soliton power remains at the output of the spectral broadening and compression stages.
Due to a large mismatch between the PM1950 and PM2000D fibers in terms of core
size, MFD and NA, splicing losses reduce the power transmitted from the PM1950 to the
PM2000D fiber. At the same time, the mating sleeves used to connect the fibers further
reduce the power transmitted. The measured power varies from 15mW up to 33.8 mW
with the wavelength following the same trend as the solitons’ power.
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Figure 2.23: Measured average power of the post-compressed pulses and pulse ACT, TL
ACT and pulse FWHM for sech pulse shape as function of wavelength.

The pulse duration of the post-compressed pulses have been measured using an auto-
correlator. In Fig.2.23b the transform limited duration At%E. .., and the pulse FWHM
assuming a sech shape AtPECH —are shown as function of the wavelength. Assuming
a sech pulse shape pulse durations below the 100 fs are obtained from 1886 nm up to
2050 nm with a minimum of 81 fs for pulses at 1940 nm and 1960 nm. The measured
ACT of the post-compressed pulses are shown in Fig.2.24. In this situation, the pulses
are far away from being TL as the ACT measured values are 20 fs to 30 fs longer in time.
This can be because the lengths of the PM2000D and PM1950 fibers, are not matched in

length to perfectly balance dispersion and/or because the non-linearities that generated
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the BW required to sustain such short pulses, have produced a NL phase that cannot be
compressed using fibers. Fiber lengths can be adjusted provided that the residual phase
can be measured shortening the pulse duration however, residual non-linear phase to get
to the transform limited duration cannot be compensated.

The main issues with ACT measurements is that the measured pulse duration can be
obtained assuming the pulse shape is known (Gaussian, sech, Lorentzian...). To avoid
under estimation of the duration, alternative measurement techniques such as FROG
have to be used. FROG measurements were tried for the post-compressed pulses and the
results for the shortest pulse 81 fs pulses at 1960 nm are shown in Fig.2.25.

As it can be seen, the measured and reconstructed spectrogram do agree quite well
and so does the measured and reconstructed ACT and the measured and reconstructed
2w optical spectrum. It must be noted that even though they match any discrepancy can
have an important impact on the reconstructed pulse shape, specially when pulses are
that short. The retrieved pulse duration was Atpw gy = 92.2 fs which is slightly longer
than what expected for sech pulses (81 fs) and for Gaussian pulses (88 fs) according
to the measurements taken with the autocorrelator which corresponds to discrepancies
between 5 — 12%. The main issue observed is that the reconstructed optical spectrum of
the pulses has shifted in wavelength and become narrower compared to the one measured
with the optical spectrum analyser (see Fig.2.25). This doesn’t necessarily mean that
the measurement is wrong, it can be that the spectral components that have not been
measured or retrieved are contained in a long pedestal that cannot be resolved due to
limited resolution of the spectrometer or that there is an important amount of light that
is not contributing to the pulse duration. Another reason can be that the FROG is mainly
analysing the doubled light at 2w to reconstruct the pulse. For the pulses analysed at
1960 nm, an important part of the spectrum suffers from water absorption which may have
an impact on the frequency doubling slightly shifting the mean wavelength of the frequency
doubled pulses. Any of the mentioned explanations are valid yet very hard to verify or
measure with the commercial device. Ideally, alternative measurement techniques that can
retrieve pulse shape and duration such as D-scan could be used to cross-check the results
[133]. When the FROG measurements were performed for the SSFS laser, the spectral BW
was accurate to =1 nm and +2nm for the measured main wavelength. When the post-
compressed pulses were characterized at other wavelengths the same issue was observed.
The reconstructed pulses were longer than those measured with autocorrelator (it gets
worse as wavelength decreases as we get into the water absorption spectral region) and the
measured BW were substantially narrower compared to measurements with the OSA. The
FROG trace was measured twice and the same results were obtained for all the measured
wavelengths. The Autocorrelation measurements were as well repeated with a different
device and no change was observed hence we are confident on the measured values using
the autocorrelator as it’s a much simpler and robust technique. In addition, the measured
ACT using FROG agreed very well with the one using APE autocorrelator. So in the
end it is complex to identify whether the discrepancy on the FROG measurements come
from a physical phenomena such a long pedestal in the pulse or from the reconstructed
algorithm which usually gives longer retrieved ACT and narrower BW.

To further understand the dynamics that take place in the spectral broadening and
pulse compression stage and to cross-check the measurements and results obtained with
FROG, simulations were performed using the commercially available FiberDesk software.

o8



3 ]

8 1.00 — ARAW =155fs

_@‘ 0.75 1 — Sech Fit

o - Atff;=132fs

Q

E 0.50 A

o

N 0.251

©

E 000 = ‘ | . .

= -0.4 -0.2 0.0 0.2 0.4
Delay (ps)

(a) ACT Ao = 2050 nm
Ati“eﬁﬁHM =96 fs

3
= 1.00 — ARV =138fs
ol 0.75 1 — Sech Fit
4 AtJ =113 fs
a
£ 0501
el
N 0.251
©
E 000 = ‘ | . |
= -0.4 -0.2 0.0 0.2 0.4

Delay (ps)

(¢) ACT Xy = 1995 nm
sech —
A3 = 85 fs

3 ]
© 1.00 — AR =128fs
l — Sech Fit
£ 0.75
2 Atft, =99 fs
[
E 0.50 A
o
N 0.251
©
£ 000 = ‘ | . .
= -0.4 -0.2 0.0 0.2 0.4

Delay (ps)

(e) ACT X = 1941 nm
sech _
A3 =81 fs

3
8 1.00 — ARAW =149 fs
_@‘ 0.75 1 — Sech Fit
§ - Atlhr=121fs
E 0.50 A
o
N 0.251
©
E 000 = ‘ . . .
= -0.4 -0.2 0.0 0.2 0.4

Delay (ps)

(g) ACT Ay = 1886 nm
Atsseh =98 fs

Normalized Intensity (a. u.) Normalized Intensity (a. u.) Normalized Intensity (a. u.)

Normalized Intensity (a. u.)

1.001 — AfAW =147 fs
0.75 4 — Sech Fit
— AfE =127 fs

0.50
0.25 4
000 1 T T T T T

-0.4 -0.2 0.0 0.2 0.4

Delay (ps)

(b) ACT Ao = 2028 nm
At%elflﬁHM =90 fs

1.001 - AfAV =129 f5
0.75 4 — Sech Fit
AtJEr=100fs

0.50

0.25

0'00 L T T T T T
-0.4 -0.2 0.0 0.2 0.4

Delay (ps)

(d) ACT Ao = 1963 nm
Aty =81 fs

1.001 — AfAW =1321s
0.75 1 — Sech Fit
At]kr =107 fs
0.50
0.25
000 1 T T T T T
-0.4 -0.2 0.0 0.2 0.4
Delay (ps)
(f) ACT Ao = 1914 nm
sech _
A3 = 84 fs
1.001 — AfAW =176 fs
0.75 4 — Sech Fit
- AtfE =153fs
0.50
0.25
000 1 T T T T T
-0.4 -0.2 0.0 0.2 0.4
Delay (ps)

(h) ACT Ao = 1856 nm
Atssch, =117 fs

Figure 2.24: Measured ACT of the post-compressed pulses. AtEAY is measured the ACT
at FWHM, AtZL, is the ACT of the transform limited pulse at FWHM and A#3¢h,,,, is

the pulse FWHM for sech pulses.



320 320
-?E 315 -§ 315
E E
< 310 < 310
") [
o c
S 305 9 305
o o
v 1S
& 300 & 300
295 295
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4
Delay (ps) Delay (ps)
(a) Measured spectrogram. (b) Reconstructed spectrogram.
-~ 1.09 — FROGYEAS 5 1.07 — Atrwrm =922fs |
3 ©
5 0.8 1 FROGHES <, 0.8 1
- £
= — AutocolFAS u
Q 0.6 1 § 06
3 £
N 0.4 5 0.4
T N
£ 02 © 0.2 -
2 E
0.0 2 0.0
-300 -200 -100 O 100 200 300 —-400  -200 0 200 400
Delay (fs) Time (fs)
(¢) Measured (MEAS) and reconstructed (REC) (d) Retrieved pulse shape.
MEAS _ REC  _
ACT. Atppss = 126 fs Atpgse = 135 fs and
ANEAS =129 fs.
35 100 Aveas =657THz 7 5 L0 sa
3 Aveec = 6.32THz 5 i r1.0
< 0.8 REC < 0.8 | Retrieved
= o —
G G E
2 0561 S 0.6 L0.5 =
= = 3
5 044 5 044 g
N / \ N r0.o o
@ 0.2 \ @ 0.2
g / N e
S 0.0 i N~ S 0.0 0.5
295 300 305 310 315 320 1800 1900 2000 2100
Frequency (THz) Wavelength (nm)
(e) Measured (MEAS) and retrieved (REC) 2w (f) Measured and retrieved spectrogram.
spectrum.

Figure 2.25: FROG measurements of the post-compressed pulses at A = 1960 nm.
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2.5.1 Modelling the PM2000D and PM1950 Fiber Parameters

To perform the simulations, the physical properties (MFD, 5, 85 and nsy) of both fibers,
the PM2000D and PM1950 fibers, had to be modelled.

The dispersion and MFD of the PM2000D fiber could not be estimated based on
fiber geometry as done in the previous section because it was not possible to observe
and measure the size and relative position of the core and the boron stress rods on the
microscope due to their small sizes. Hence, the MFD value was taken from the datasheet
and slightly adjusted for the simulations. The dispersion of the fiber was measured to
first order (/3) by performing a cutback on a 120 m spool of PM2000D fiber and 3 was
taken from literature, where the dispersion of the fiber had already been measured. By
measuring the pulse duration and spectrum of the pulses the dispersion parameter D
could be measured and S5 could be calculated according to Eq.1.15. The results and the
experimental setup are show in Fig.2.26.
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(a) Dispersion measurement setup. PD: photodi- (b) Dispersion parameter D.
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spectrum analyser.

Figure 2.26: Setup to measure fiber dispersion parameter D at Ag = 2050 nm for the
PM2000D fiber and PM2000D dispersion parameter D values. Dispersion data taken
from [134].

Pulse durations in the hundreds of ps regime can be measured using a fast photodi-
ode (ET-4000, BW> 12GHz) and a fast oscilloscope or a triggered sampling scope. A
sampling scope was used to measure the pulse which was triggered with the Er amplifier’s
isolator tap directly connected to a fast enough photodiode to measure the repetition
rate of the laser (40 M Hz). The soliton pulses at 2050 nm (43.5mW, 26.6 nm BW and
172 fs) were used to measure dispersion at that particular wavelength. The spectra of the
pulses was measured with the OSA and the dispersion as function of the cut fiber can be
obtained by dividing the pulse FWHM and the spectrum FWHM for the different fiber
lengths and performing a linear fit to recover D (ps/nmkm). In Fig.2.27, the measured
pulse shape and spectrum is shown after removing 20 m of fiber together with the linear
fit for the dispersion parameter D.

As can be seen in Fig.2.27, the spectra of the pulses broadened from ~ 26.6 nm up to
almost 80 nm BW and in time the pulses have stretched up to ~ 435 ps. The propagation
is non-linear which means that the rate at which the pulses stretch in time increases as
they propagate due to an increase of BW. Due to the small MFD, the non-linearities take
place over the first few meters of fiber. To make sure that the dispersion is measured
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Figure 2.27: Measured pulse shape and optical spectrum after cut-back of 20m of fiber
and calculated dispersion parameter D

PM2000D PM1950
g () 019 g (Z) 00884
Bs (%’) 20000174 By (%3) 0.00040464
MFD (um) 4.1 MFD (um) 8.5
ng (em?/W) 2.7-107'% ny (em?/W) 2.7-1071

Table 2.1: Simulation parameters for pulse propagation in PM2000D and PM1950 optical
fibers.

in the linear regime in which non-linear effects are avoided, the cut-back was performed
ensuring that the spectrum FWHM was constant, otherwise the measurement would loose
accuracy. The measured dispersion parameter value was D = —62.5 £ 2.2 —2°— which
compared to literature is well below for pulses propagating in the slow axis of the fiber,
Dprr ~ —45 22— [134]. Although a large discrepancy in the dispersion parameter, it
still falls within the manufacturer trust region (see Fig.2.26b) and the measured value was
used for the simulations. TOD (f33) was calculated from the literature dispersion curve
by calculating fB2(w) and its first derivative (see Eq.1.15 and Eq.1.10).

It is worth mentioning that even though scanning the SSF'S laser would provide the
dispersion parameter D as function of the wavelength and therefore 53 by derivation of s,
some limitations on the technique and equipment would have made it difficult to obtain
accurate results. In the end, the main issue would have been the accuracy to measure
pulse durations and this is linked to the BW of the photodiode 12.5 GH 2 which yields
to resolutions of up to ~ 30ps. If precise fiber dispersion values are required, alternative
and more accurate techniques that rely on supercontinuum laser sources [113, 135] that
can scan the whole spectral region at once in combination with interferometers can lead
to very accurate dispersion data [134, 136]. The summarised values used to simulate
the PM2000D fiber can be found in Table.2.1 which also includes the parameters for the

PM1950 fiber taken from COMSOL simulations (see Fig.2.9 in the previous section 2.3.1).
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2.5.2 Simulation on Spectral Broadening and non-linear Pulse
Compression

The pulse shape and spectral evolution along the spectral broadening and compression
stages for the soliton pulses at 2050 nm (43.5mW, 26 nm BW and 172 fs) is show in
Fig.2.28a and Fig.2.28b respectively. As it can be seen, in the PM2000D fiber, there is
spectral broadening due to SPM which combined with dispersion leads to pulse stretching
up to 460 fs at FWHM. The simulated bandwidth at the end of the PM2000D fiber is
~ 40nm. Pulse FWHM and spectrum FWHM as function of fiber length has also been
computed and is shown in Fig.2.29a and Fig.2.29b.
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Figure 2.28: Simulated temporal and spectral pulses at 2050 nm along the spectral broad-
ening and compression stage. Fiber splice location is dashed in red.
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It can be observed that for a longer piece of PM2000D, besides further pulse stretching,
the bandwidth would keep increasing at a reduced rate as the peak power decreases and
it would eventually reach a maximum value of ~ 80 nm as observed when measuring the
PM2000D fiber dispersion over 120m (see Fig.2.27). On the second fiber, the PM1950,
pulse compression occurs in combination with further spectral broadening until the fiber
end in a process known as non-linear pulse compression. The pulse reaches a minimum
in duration few centimeters before the end of the fiber which means that there is margin
for improvement and that the dispersion between the PM2000D and PM1950 fiber is not
perfectly balanced. Adjusting the fiber length would definitely improve the performance
at 2050 nm however, the system is tunable and what is won in pulse duration on one
side of the tunability range is lost on the other. This is because dispersion is wavelength
dependent hence what is usually done is to optimise the system taking into account dis-
persion and NL effects around the center wavelength within the tunability range obtaining
a short pulse over a broad spectral range. PM2000D fiber has a quite flat dispersion which
makes it suitable for ultrashort pulse stretching (see Fig.2.26b) but this is not the case
for the PM1950 fiber (see Fig.2.9d) which means that it is not possible to minimize pulse
duration all along the spectral tunability range. In Fig.2.30 the measured and simulated
autocorrelation traces (ACT) and spectrum respectively are illustrated showing a good
agreement.
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Figure 2.30: Simulated and measured autocorrelation trace and spectrum for compressed
optical pulses at 2050 nm.

In Fig.2.30 a dip starts to develop in the simulated spectrum at the mean wavelength
of 2050 nm which is due to the accumulated non-linear phase. This marks the onset
of typical modulations observed due to self-phase modulation. The onset of SPM dip
is the main difference in the simulated and measured spectrum as in terms of FWHM
they are almost identical. Regarding the pulse duration, a slightly longer pulse was
obtained compared to the measured values. Discrepancies are mainly due to the fact that
fiber properties for both fibers have been simulated or partially characterised instead of
performing a full characterization of the parameters involved in pulse propagation. The
behaviour observed for pulses at 2050 nm can be extrapolated to pulses all along the
tunability range from 1850 nm up to 2050 nm. Due to different powers, pulse durations,
bandwidths and fiber parameters, the results will differ from one to another but they will
obey the same trend and physics in terms of spectral broadening, pulse stretching and
non-linear pulse compression.
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Taking into account the simulated pulse dynamics, one can argue that even shorter
pulses can be obtained if the PM2000D fiber is used exclusively provided the pulses are
compressed externally by other means using a grating compressor or a prism compressor
for instance. If a ~ 1.3m of PM2000D optical fiber is used, 71.4nm BW and 5.7 ps
stretched pulses should be obtained that then can be compressed using a Treacy compres-
sor at Littrow incidence angle down to 90 fs. Pulse propagation and pulse compression
were simulated and the results are summarised in Fig.2.31.

2751 —e— AtIREACY | 50 e — 25 lines/mm
—-— Measured ACT = < 058 400 lines/mm
2501 L40 B Iy — 800 lines/mm
b w
n ['F) B -
= 2251 300 E 0.6 Measured
v c =
E < o 0.4
= 2001 H20 E T
<] N
i k=] ‘© 0.2
175 105 g
150 M= T 1, 2 0.0
0 200 400 600 800 -0.4 -0.2 0.0 0.2 0.4
Grating Lines/mm Time (ps)
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Figure 2.31: Simulated post-compressed pulses using a Treacy compressor with custom
grating lines/mm.

As the grating lines/mm decreases, better pulse compression is achieved. This is be-
cause the ratio of % in the compressor approaches the % ratio of the PM2000D leading
to optimal phase compensation. At the same time, as the lines/mm decrease, so does
the Littrow angle of the gratings and for few lines/mm the incidence on the gratings is
almost at 90° (see Fig.2.31a). For a Treacy compressor with 25 lines/mm the ACT has
been shortened by 6 fs compared to the measured value using fibers for pulse compres-
sion. The simulated normalized ACT obtained using a grating compressor with different
lines/mm are shown in Fig.2.31b. There is almost no improvement when using a Treacy
compressor compared to fiber compression. In addition, for the simulation only dispersion
has been considered but not diffraction efficiency and as the lines/mm decrease so does
the diffraction efficiency of the gratings as it is proportional to the amount of illuminated
lines by the beam.

Typically, grating compressors consist of gratings with few hundreds lines/mm making
them highly dispersive. They are used to compress pulses from hundreds of ps to fs pulse
durations. For such short stretched pulse durations in the few ps regime they are not
convenient and prism compressors are commonly used. They are way less dispersive
compared to grating based compressors which makes them particularly useful for intra-
cavity dispersion control in bulk laser or to compress stretched pulses in the ~ ps duration.
Compression by means of a prism pair has not been simulated however it’s equivalent to
compress with gratings with very few lines/mm. It has already been shown that the
improvement is not that much compared with fiber compression and that there is a limit
in terms of how further pulses can be compressed due to the accumulated non-linear phase
as can be seen in Fig.2.31a. In addition, since the dispersion of the fiber is changing with
the wavelength, the compressor has to be adjusted as the wavelength is tuned which is
not the case when using a fiber to compress the pulses.
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The advantage of the system is that it can be customized by adjusting the fiber lengths
of the PM2000D and PM1950. If longer pulses are required shorter fibers have to be used
reducing the NL effects and the spectral broadening. If shorter pulses are desired this
can also be done by increasing the length of PM2000D fiber and by increasing the fiber
length of PM1950 fiber accordingly to compensate for the extra dispersion. By doing
this higher BW is generated in the PM2000D fibers which yields to stronger non-linear
pulse compression generating even more BW and in the end shorter pulses. The only
drawback of this approach is that as the BW increases the system becomes more sensitive
to dispersion and more precise adjustment is required which in the end means that shorter
pulses will be achieved within a smaller tunability range or that the pulse duration will
change substantially from one wavelength to the other. If the tunability properties of
the laser are not going to be exploited, one can try to adjust fiber lengths to obtain the
shortest possible duration for a given wavelength which will be below 80 fs in duration
according to the simulations and the measured data. Further spectral broadening can
also be achieved by optimising the power injection into the NL spectral broadening and
compression stage by splicing instead of using mating sleeves or by improved splicing
between the PM1950 and PM2000D fibers which are very dissimilar. Higher powers
would be then injected increasing the NL effects generating shorter pulses. It is also
important to recall that as soon as the accumulated non-linear phase exceeds ~ 7 rad the
characteristic spectral modulations from SPM will start to develop such as those shown
in simulations in Fig.2.30.

The splicing between the PM 1950 and PM2000D fibers was improved and the mating
sleeves were replaced to improve the power injection into the post-compressed stage.
This resulted in reduced losses and therefore higher output powers and increased non-
linearities. Since the fiber lengths were kept constant, the balance between dispersion
and non-linearities is different which modified the pulse durations all along the tunability
range and the wavelength at which minimum pulse duration was obtained. The pulses
were characterised and the results are summarised in Fig.2.32.

The measured optical spectrum has broadened for all the post-compressed pulses and
a dip characteristic of SPM has developed (see Fig.2.32a). The spectrum of the post-
compressed pulses generated by the 2055 nm solitons is now 85.2nm BW which has in-
creased by 13.8nm due to an increase in output power of ~ 4.3mW compared to the
previous values (see Fig.2.32b). The measured ACT has significantly reduced for wave-
lengths between 1910 nm and 2030nm (see Fig.2.32b). As an example, the measured
ACT for the post-compressed pulses at 2050 nm and 1960 nm have been also included
(see Fig.2.32c and Fig.2.32d).

The combination of SSFS with NL spectral broadening and compression is an attrac-
tive and versatile approach to generate fs pulses within the tunability range of the laser.
Thanks to the non-linear compression stage, pulses between ~ 170 fs down to ~ 60 fs
have been demonstrated just by adjusting the fiber lengths for spectral broadening and
non-linear compression. The system allows for optimization over a certain bandwidth
or for a particular wavelength. The system is compact, polarization maintaining and is
based on exclusively commercially available fused silica fibers and components making this
technology easily accessible. It is an appealing alternative to Tm, Tm:Ho and Ho fiber
oscillators in the 2 um spectral region due to its tunability, the short pulses delivered and
the higher energies in the ~ nJ level obtained. The laser system will be then used in the
next sections as seed laser source for a high average power fs CPA laser at 2.05 uym and as
seed laser for high energy CPA lasers with ps long pulses and 10 uJ energies compatible
with Ho:YLF crystals for further power scaling.
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Chapter 3

The Chirped Pulse Amplification
Technique

The generation of ultrashort pulses from a modelocked laser oscillator, either fibered or
bulk, usually produces pulses with not enough energies or intensities for certain applica-
tions and pulse amplification is required. At the same time, the amplification of ultrashort
pulses rapidly reaches the threshold for NL effects that are undesired or detrimental for the
laser such as self-focusing or to such high intensities that can damage the gain medium or
optical components in the laser chain. The chirped pulse amplification (CPA) technique
was developed to amplify optical pulses circumventing laser induced damage threshold in
optical components and NL effects.

At first, one can try to increase the beam size as the peak power of the pulses increases.
This means bigger optical fibers, lenses and optical components that need to be scaled ac-
cordingly as the amplification process takes place. This has practical limitations in terms
of optics size which limits the scalability of the system and the price of the components.
Therefore, alternative to reduce the intensity is by stretching the pulses in time and this
is the core of the CPA technique.

Given an ultrashort pulse laser, the pulses can be stretched in time using highly
dispersive elements such as gratings, chirped Bragg gratings (CBG) or optical fibers. The
idea is to add a controlled amount of dispersion stretching the pulses to few hundreds
ps up to ns time-scales reducing the peak intensities few orders of magnitude. Once
the pulses have been stretched they can be safely amplified up to the desired energy
level. Finally, compression takes place using highly dispersive elements compensating the
dispersion introduced by the stretcher and amplifiers obtaining ultrashort fs pulses. This
is schematically presented in Fig.3.1.

In practice, the CPA technique consists of properly dealing with dispersion and the
phase the pulse acquires along the laser chain (the linear and non-linear phase). Given the
initial residual phase of the laser oscillator ¢,, one has to properly balance the dispersion
added by the pulse strecher ¢g, the dispersion of the amplification chain ¢, and the
compressor ¢¢ dispersion so that after compression the net dispersion is as close as possible
to zero. The better the dispersion is balanced, the shorter the compressed pulse is. At
the same time, as the target pulse duration decreases, more orders in dispersion need to
be taken into account (¢o, @3, ¢4...). It is then particularly important to design the pulse
stretcher and pulse compressor accordingly as their contribution to dispersion (in absolute
value) is way more important than the contribution from the oscillator and pulse amplifiers
(¢ps ~ ¢c >> ¢, , ¢a) [137]. The NL effects that will occur along the amplification need
to be taken into account as well as they will set the minimum stretched pulse duration
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Figure 3.1: Chirped Pulse Amplification (CPA) technique.

which will depend on the target energy or power level of the laser.

This technique has been widely used in large laser facilities where ultra-high intensities
are achieved with petawatts peak power levels and also in many commercially available
lasers where ultrashort pulses with moderate to low powers are required. The CPA tech-
nique has become very popular and relevant such that in 2018, the physics nobel price
was given to Gérard Mourou and Donna Strickland for the development of the CPA. In
their work they demonstrated the combination of SPM to generate ultrashort pulses with
dispersion in optical fibers to achieve pulse stretching. Then the pulses were amplified in
Nd:glass amplifiers and re-compressed in a grating-based compressor [53].

In this section of the thesis the aim is to present the design and development of
two fiber CPA laser systems at 2.05 um based on Tm:Ho co-doped fibers for either high
average power operation with ultrashort fs pulses or for high pulse energy operation with
ps pulses.

3.1 High Average Power Tm:Ho CPA Architecture

CPA lasers operating at 2050 nm are of interest for frequency conversion techniques such
as parametric amplification which benefits from non-linear crystals with large non-linear
coefficients and high damage thresholds. Some of those crystals such as ZGP cannot be
used with the well established Yb and Ti:Sapphire technology and laser systems lasing at
longer wavelengths are required. As an alternative, Tm and Tm:Ho based lasers have the
potential to deliver high powers with high efficiencies thanks to the 2 for 1 cross-relaxation
effect which combined with the CPA allows for ultrashort pulses with high average powers.
The CPA laser that has been designed is depicted in Fig.3.2.

The system is seeded with the tunable sub-100 fs laser presented in section 2.5 and then
pulses are stretched in a highly dispersive stretcher. Several stretching devices have been
considered such as fiber Bragg gratings, chirped volume Bragg gratings and optical fibers
however, given the limited availability of these components, only optical fibers and chirped
volume Bragg gratings have been investigated for pulse stretching. As gain medium in the
2 um spectral region there are only two options which are either Tm or Ho ions. Tm:Ho
co-doped fibers were chosen as gain medium as they offer longer emission wavelengths
compared to Tm doped fibers and benefit from the Tm pumping schemes involving laser
diodes. The drawback however is the weaker availability of PM co-doped Tm:Ho fibers
and the core size options. To the best of our knowledge, there is only 6/130 Tm:Ho doped
fibers and large mode area (LMA) fibers with either 20/300 or 25/300 sizes. The lack
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Figure 3.2: Architecture of the high average power CPA laser system.

of intermediate fiber sizes combined with the low efficiencies usually achieved makes gain
distribution and power scaling along the system complex therefore, a pre-amplifier and
a main LMA fiber amplifier have been included yet alternative options will be discussed
along the next sections. Finally, as a highly dispersive compressor two options have been
tested, either the use of gratings in the well known Treacy compressor configuration or
the use of CVBGs.

In the next subsections the different available highly dispersive systems are presented
including their advantages, the drawbacks and how to dimension a stretcher/compressor
pair including several practical examples applied to the high average power CPA laser.
The high energy CPA laser is presented afterwards followed by the pulse picking technique.
The discussion on the gain medium choice and pulse amplification performance is mainly
discussed in the last chapter of the thesis.

3.2 Highly Dispersive Optical Systems

Dispersion can be achieved by propagating pulses in a material which has wavelength
dependent refractive index such as optical fibers or by propagating each wavelength con-
tained in the pulse through a different optical path. To this end, the fibers, diffraction
gratings, prisms and chirped Bragg gratings (CBG) are the most commonly used disper-
sive elements.

Optical fibers are not a convenient approach when working with short pulses (> 100 fs)
because very long lengths are required to stretch up to hundreds of ps. This is because [,
is fixed and is usually very low compared to other dispersive elements. The ¢3 /¢, ratio is
quite small compared to the devices used to compress the pulses as they usually rely on
dispersion by angular spreading of light that yields to high ¢3/¢s ratios. In addition, as
the pulse becomes shorter, higher order terms such as ¢, start to play an important role.
The lack of degrees of freedom in the system when stretching using optical fibers makes
pulse compression very complex even with custom dispersive optics designed according to
the fiber dispersion for pulse compression.

Gratings and prisms rely on diffraction and refraction [138| respectively to angularly
disperse the spectral content of the pulses allowing for different optical paths and hence
pulse stretching or compression. Gratings are high dispersion components commonly used
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to compress or stretch from fs up to hundreds of ps or even more provided that they are
geometrically large enough. On the other hand, refraction yields to smaller separation
angle between adjacent wavelengths therefore prisms are less dispersive than gratings.
They are commonly used in cavities to precisely adjust the net dispersion of modelocked
laser oscillators or used for pulse compression from few ps to sub-100 fs duration [139].

Bragg gratings are optical devices which exhibit a periodic refractive index variation
that allows for high reflectance of a particular wavelength or BW. If an aperiodic variation
is applied instead, a chirped Bragg grating (CBG) is obtained producing large group delays
as each wavelength within the BW is being reflected at a different location within the CBG
either stretching or compressing the pulses. CBGs are widely used in CPA and have been
developed in fibers as chirped fiber Bragg gratings (CFBG) and in bulk photo thermo
refractive (PTR) glass as chirped volume Bragg gratings (CVBG).

The mentioned highly dispersive elements are the most widely used in the CPA tech-
nique and among them, gratings, fibers and CBG are the ones that have been used in the
thesis and the ones that will be presented in the next sections. It is worth mentioning that
alternative dispersive elements that rely on different physical phenomena such as spatial
light modulators (SLM) [140], dispersive filters that use the acousto-optic effect [141] or
chirped mirrors [35], for fine adjustment of GDD can also be used for dispersion control
in a wide variety of scenarios.

3.2.1 Chirped Bragg Gratings

The refractive index of fused silica fibers can be modified when exposed to UV light as it
exhibits a photo-induced refractive index change known as photosensitivity. The origin of
this phenomena is the presence of oxygen deficient bonds Ge-Ge, Si-Si and Ge-Si that can
absorb UV light and emit an electron locally modifying the refractive index of the glass.
The change in the refractive index is usually low and in order to obtain a substantial re-
fractive index variation, several techniques including Ge doping, B doping, hydrogenation
and flame brushing have been developed to enhance photosensitivity. Taking advantage
of this phenomena, one can selectively illuminate particular regions along the optical fiber
to imprint a permanent periodic grating in the fiber core creating a fiber Bragg grating
(FBG) [142].

Given a reflective FBG with a uniform period A, reflection takes places for the Bragg
wavelength \p that satisfies the following equation:

)\B = 2nAng (31)

Where n 4y is the FBG average refractive index. The Bragg condition comes from mo-
mentum conservation (phase matching) between the incident wavelength (k; = 2mnayva/A),
the reflected wavelength (k. = —k;) that has the same magnitude but opposite direction,
and the FBG periodicity (K = 27/A) such that k; + K = k.. FBGs can then be used
as narrowband reflectors where the reflected wavelength A\g can be defined by properly
selecting the refractive index variation and periodicity of the FBG. Whenever the Bragg
condition is satisfied, the corresponding wavelength will be reflected while the rest will
be transmitted [95]. The main advantage of FBGs is their versatility as there are plenty
of parameters that can be engineered (refractive index variation, periodicity, modulation
depth and tilt) along the fiber length. This allows to create uniform FBGs that work
either in reflection or transmission, tilted gratings such that the lines are tilted allowing
to couple out of the core the refracted light and chirped Bragg gratings (CFBGs) which
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offer accurate dispersion control through an aperiodic pitch.

CFBGs are FBGs whose refractive index variation is aperiodic. It changes according
the desired dispersion properties. Their working principle can be understood as a super-
position of FBGs. Uniform FBGs allow for narrowband reflection hence one can argue
that a set of FBGs with different periods A placed one after the other will reflect a broad-
band spectrum and at the same time will add a certain delay between each frequency
component due to each wavelength propagating a different distance inside the fiber. In
practice what is done is to create a refractive index variation such as:

Sriess = Omess l1 + A(2)cos (%z + ¢(z>>] (3.2)

Where A(z) is the modulation depth, ¢(z) is the phase term and 27/A(z) is the
frequency term whose value is position dependent [143, 144|. By continuously changing
the CFBG period A a broad spectrum where each wavelength is reflected at a particular
position along the CFBG (see Fig. 3.3) is obtained. This simultaneously introduces a
phase delay from one frequency to another. If this period variation is well designed, custom
¢2, ¢3 and ¢4 can be taylored which make these devices the most popular pulse stretching
device in CPA laser systems. CFBGs also offer the advantage that their dispersion can
be slightly tuned by adjusting the temperature of the device expanding the fiber and
changing the period of the CFBG. This allows compensation of phase mismatches along
the laser chain adding extra degrees of freedom so that by adjusting the dispersion of the
CFBG and compressor, proper pulse compression is achieved. CFBGs have been widely
used in CPA as pulse stretcher and not that much in pulse compression configuration due
to the high powers of the compressed pulses inside the fiber. To this end, this technology
has also been applied to volume Bragg gratings (see Fig.3.3).
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Figure 3.3: Chirped Fiber Bragg Grating and Chirped Volume Bragg Grating working
principle.

The development of chirped volume Bragg gratings (CVBG) came with the develop-
ment of PTR which is a photo-thermo-refractive glass that can be manufactured in wide
variety of sizes from few mm up to few c¢m long and wide apertures enabling higher op-
eration powers compared to CFBG. It is a very convenient material particularly in the
2 um spectral region due to low losses as absorption is negliglible and scattering losses are
below 10% [145, 146]. As with CEFBGs, an aperiodic modulation of the refractive index
across the PTR glass yields to a stretching or compression device. They can be used
either to compress, stretch or both simultaneously provided that stretching is achieved
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by propagating light through one side of the CVBG and compression by illumination
through the opposite end (same with CFBGs). CVBG and CFBGs are monolitic de-
vices, very robust, insensitive to vibrations and very compact compared to diffraction
grating based stretching/compressor devices. The limitations in terms of operation BW
and stretching/compression of CVBGs are linked to fabrication challenges yet they can
stretch/compress pulses from ~ 100 fs up to hundreds of ps. The fabrication of large
aperture long CVBGs relies on large aperture holographic recording on PTR glass and
high uniformity and accuracy is required to achieve precise dispersion which turns out to
be complex. Hence an alternative to increase the pulse stretching/compression is to use
a two pass configuration by adding a tilt on the CVBG (see Fig.3.3).

In the two pass configuration, the stretching/compression doubles allowing for further
pulse stretching and compression. In addition, after the first pass through the CVBG, the
beam is elliptical and becomes spatially chirped (see Fig.3.3). This opens new possibilities
for pulse shaping through phase masks as the spectral content of the pulse is spread
transversely to the propagation direction [147]. The spectral content is put back together
after the second pass through the CVBG. The maximum average power and energy of the
compressed pulses that the CVBG can sustain is limited by the onset of NL effects and
more specifically SPM.

In this thesis, due to the lack CFBG providers with the desired properties in terms of
dispersion and BW at 2050 nm, CVBGs were chosen as pulse stretchers for high average
power and high energy CPA laser systems. For the high average CPA laser, the first
CVBG with custom ¢3 was produced so that the dispersion could match as close as
possible the grating compressor. For the high energy CPA laser that requires stretching
to the ns timescale, CVBGs were used for both, stretch and compress the pulses in a two
pass configuration.

3.2.2 Diffraction Gratings

A diffraction grating is an optical element which contains a periodic structure that diffracts
light depending on the periodicity and the wavelength of the incident light. Given a
diffraction grating with G'p the groove density, that is the number of lines per mm, d the
grating period (d = 1/Gp) and 6 the incident angle with respect to normal incidence,
the diffracted beam 6p for a given wavelength A and diffraction order m is:

A
sinl}fy = sinf; + % (3.3)
Usually, the diffraction order m = —1 is the most commonly used as this configuration

yields to maximum diffraction efficiency which takes place for an angle known as Littrow
angle (see Fig.3.4a) [148, 149]. At Littrow angle 65, the incident and diffracted angle are
equal (#; = —0p) hence:

A
2d

Whenever an optical pulse (broadband) is sent into a grating, the different spectral
components will diffract with a different angle forming a continuum in 6p. This angle
dependence with wavelength is the responsible of dispersion as it produces different optical
paths for each wavelength. The dispersion of the grating increases with the number of
lines/mm as the diffracted angle increases hence the dispersion of the gratings can be
controlled by adjusting the grating period and incident angle. If a second grating, parallel

sinfh = (3.4)
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to the first one, is added at a certain distance G, dispersion stops and a large elliptical
beam spatially chirped (spectral content changes across the beam) is obtained. If a
second pass through the grating pair is performed, the dispersion introduced is doubled
yet a round uniform beam is recovered. This grating pair configuration is known as
Treacy compressor [150] and is used to compress pulses in CPA laser architectures. The
schematics for the Treacy compressor using transmission gratings is shown in Fig.3.4b.
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Figure 3.4: Diffraction grating and Treacy compressor schematics.

As we can see in Fig.3.4b, in a grating based pulse compressor the optical beam goes
through the grating pair twice using a roof mirror to slightly shift the height of the beam
and a pick-up mirror to extract the pulses. This means that if the diffraction efficiency
of the gratings is low, most of the power will be lost during compression. For a 90%
diffraction efficiency, after 4 pass through the gratings, only 65% of the input power is
recovered. The diffraction efficiency of a grating depends on the pattern used to create
the periodicity. The most commonly used or known are the blazed gratings which have
a sawtooth profile [151]. Maximization of the diffraction efficiency for a given order
mostly consists on minimizing the amount of existing orders m (propagating modes) that
verify the grating equation (Eq.3.3) [152, 149]. Hence gratings are usually designed for
a particular wavelength and angle of incidence according to the groove density (Littrow
angle). As the incident angle moves away from the Littrow angle the diffraction efficiency
of the grating decreases. In general, the diffraction efficiency can be calculated by solving
the Maxwell equations which depend on the polarization of the beam, the refractive index
of the grating and the blazing profile. From a geometrical point of view, it is important
to keep the periodicity of the grating constant as any deviation from grating to grating
will cause spatial chirp on the beam. This is particularly complex especially as the lasers
power increase and the pulse duration shortens (larger BW) which quickly scales the
size of the grating due to large stretching factors, broadband pulses and higher fluences.
The first grating needs to sustain high power ultrashort pulses after compression and
the resulting fluence needs to be reduced by increasing the beam size as gratings are
usually the limiting optical component in laser chains in terms of laser induce damage
treshdold (LIDT) [153, 154]. At present, available gratings with efficiencies above 95%
can be purchased with a wide range of materials (dielectric, metallic and polymer based),
working in reflection or transmission with sizes limited to ~ 1m long [152, 154].
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The Treacy compressor is the most widely used grating based compressor and the
dispersion introduced can be calculated according to the following equations [155, 156]:

G = ot (3.5)

= et <0 (36)

¢3 = ;—jab(l + %) >0 (3.7)

e i
% - w% [4 i ;S;TZ:?H@Z * (i:;)z (14 tan®6p(6 + 5tan299))] >0 (3.10)

Where G is the distance between gratings, G, is the distance travelled by the central
wavelength \g between the two gratings, 6; and 0p are the incident and diffracted angle
at the central wavelength, d is the grating period, wy is the angular frequency associated
to the central wavelength (wg = 2me/\g) and c is the speed of light. To illustrate how the
different phase orders change with the parameters that can be experimentally adjusted (6;
and G¢) the phase contribution of a Treacy compressor built with the available transmis-
sion diffraction gratings has been calculated. The gratings have 800 lines/mm gratings,
a clear apperture of 63 by 25 mm? and a diffraction efficiency of ~ 95% at Littrow angle
for Ay = 2050 nm which is the central wavelength. This is illustrated in Fig.3.5.

The dispersion introduced by a Treacy compressor always increases (absolute value)
with the distance between gratings G¢ independently of the dispersion order ¢, and re-
gardless of the incident angle as can be seen in Fig.3.5. Increasing the incident angle
always results in a reduction of the dispersion (absolute value) regardless of the grat-
ing distance G¢ and the dispersion order ¢,. The ¢3/¢2 and ¢4/p, ratios are always
independent of the grating distance G¢ and they increase or decrease (absolute value)
by reducing or increasing the incident angle respectively. At littrow, ¢3/¢2 = 16.67 fs
and ¢4/py = 459.7 fs*. These two magnitudes are coupled as ¢3 and ¢, depend on ¢
therefore, it is not possible to compensate both of them simultaneously.

When it comes to adjust the pulse compression what is usually done is to set the
grating initially at Littrow angle (6, = 55.08° for this particular case) and then adjust
the distance G¢ until ¢, of the laser chain is zero which corresponds to the minimum
pulse duration. Then, depending on the residual phase of the next high order term ¢s,
the incident angle is adjusted so that the ratio ¢3/¢s is modified and then G¢ is adjusted
again. This process is repeated until minimum duration is obtained (see Fig.3.5). If the
pulse stretcher is well designed, minimum corrections are required on the incident angle
and efficient compression can be achieved. Otherwise, large angle corrections will be
required which will lower the overall diffraction efficiency of the compressor as is moved
away from the Littrow angle. As it can be deduced by the parameters that can be
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Figure 3.5: Treacy compressor phase (¢9,p3,¢4 and %) as function of the incident angle
0; and G¢ for 800 lines/mm gratings.
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modified, it is not possible to adjust ¢s, ¢35 and ¢, simultaneously so that all orders are
zero. If ¢4 is also required to be zero, the stretcher needs additional degrees of freedom
so that adjusting the pulse stretcher and the compressor accordingly phase compensation
up to 4th order or even higher is achieved. As a rule of thumb, high order terms start to
become important when ¢, ~ (77)" where 7y, is the transform limited pulse duration
at FWHM.

Another important factor to take into account when building and designing the stretcher
and compressor pair is the BW of operation. In the Treacy compressor, the distance G¢
between gratings needs to be adjusted which eventually can yield to spectral clipping of
the pulses due to not having a large enough grating pair. This is particularly impor-
tant for ultrashort pulses as clipping the beam implies losses and can later affect the
re-compressed pulse duration and generate side pulses due to having sharp spectral edges.
The ACT for for Gaussian pulses (A = 2050 nm, AXpw gy = 50nm) have been simulated
when pulses are clipped due to a filter with BW AM which mimics the effect of clipping
using diffraction gratings. This is illustrated in Fig.3.6.
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(a) Optical spectrum of the compressed pulses and (b) ACT of the compressed pulses.

clipping filters.

Figure 3.6: Optical spectrum and ACT of the compressed pulses when clipped due to
grating size.

The transform limited ACT for the test pulses is Atacr = 175 fs assuming perfect
dispersion compensation. If clipping of the spectral content takes place at AApw gy =
50nm and 2AApw gy = 100 nm the resulting ACT broadens to At cr = 349 fs and to
Atsor = 206 fs respectively. Even with perfect dispersion compensation, clipping the
spectral content at AXpw s broadens the ACT by a factor 2. Therefore, it is important
to design the compressor so that at least 2ANpw gy can be allocated within the long
diffraction grating. The required grating length can be calculated using geometrical ray
tracing and the expression is:

tg(Opax — Op) tg(Onn — Op)
L= 11
Ge (sin(w/Q—QMAX) sin(m/2 — Opin) (3:11)
Where 6);4x and 0,7y obey the following equations:
. AMAX .
sinfyax = — sinf; (3.12)

77



)\MIN

sin@MIN = — sin@I (313)

Where Ayax and A\ysrn, according to Fig.3.6, are A\g= ANy s to allocate 2ANpyy g

Diffraction gratings are of paramount of importance within this thesis and the core of
the GREAT project in which grating waveguide structures (GWS) that is, the combination
of gratings and waveguides, are designed, build and implemented in laser systems to taylor
the temporal, spectral and spatial properties of light. Therefore, gratings will be the main
compression element used along the thesis to compress broadband pulses. The objective
is to compare the performance of standard diffraction gratings well stablished in CPA
architectures with the newly designed and implemented GWS from the project which
offer enhanced LIDT and aim for efficiencies as high as 99% for broadband pulses at
2.05 um. Hence the stretchers will always be matched or as matched as possible to the
grating pairs and GWS to be tested.

Designing a stretcher/compressor pair is complex as there is a compromise between
the gratings size, the BW of the pulses to allocate in the gratings, the compressor size as
G¢ can eventually become big and how much stretching is required to avoid NL effects
during amplification. So far the effects that the amplifiers can have on the stretched
pulses have been ignored but they can become important through the accumulated NL
phase if pulses are not long enough to avoid NL effects while amplification and through an
effect known as gain narrowing which reduces the BW of the pulses during amplification
shortening them in time. These two effects will be discussed and introduced later on in
the thesis.

The dispersion of the grating pair is always negative (¢o < 0) in a Treacy compressor
which implies that the pulse stretcher must have positive ¢ > 0. It can be shown
that positive ¢, can be achieved with a grating pair provided that an imaging system
consisting of two lenses (telescope) is included between the grating pair. This configuration
is known as Martinez stretcher [157] and is used to stretch pulses. The Martinez stretcher
is a complex configuration which suffers from chromatic aberration (specially in sub-100
fs pulses due to large BWs) as the pulses need to be incident on the lenses off axis
to allocate for the 2 pass configuration. An alternative grating based stretcher with
reduced chromatic aberrations is the Offner stretcher which uses convex and concave
mirrors instead making it more complex to align [158]. There has been lot of work
around pulse stretchers and compressors pairs that allow phase correction up to ¢5 [159]
or combination of multiple compressor systems, such as a Treacy compressor followed by
a prism compressor for fine tuning [160] or even GRISMs which are prisms pairs where a
grating has been inscribed in the prism surfaces [137, 155]. In this thesis only the Treacy
compressor has been studied.

Finally, it is worth mentioning the impact of material dispersion with particular atten-
tion to optical fibers. Fibers chromatic dispersion D¢ is the sum of two contributions, the
material dispersion D,,, and the waveguiding dispersion D,,. The material dispersion con-
tribution in the anomalous dispersion regime for fused silica fibers is such that ¢3’47 < 0
and ¢34T > 0 with same signs as the Treacy compressor. Usually, material dispersion
contribution is low compared to the stretcher or compressor itself (¢s ~ ¢c >> ¢yr) and
by slightly adjusting the angle and distance between gratings it can be compensated. If
the length of fiber used due to amplifiers and passive fiber components becomes impor-
tant, its effect needs to be taken into account in the design of the stretcher/compressor
pair. In general, material dispersion will always dominate over waveguiding dispersion
in standard fibers. The only situation when this is not the case is for high NA fibers
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with very tiny cores in which ¢9 and ¢3 can have any sign depending on the waveguiding
dispersion contribution. The stretchers and compressors which are grating based do offer
some degrees of freedom and can be adjusted, even the CFBG can be slightly tuned with
temperature or stress on the fibers but this is not the case for optical fibers dispersion.
The main difficulty is then obtaining accurate dispersion data for all the fibers involved
in the fiber CPA laser system.

3.2.3 Pulse Compression with a Fiber Stretcher and Treacy Com-
pressor Pair

The first approach to fully extract the potential of the tunable laser was to use a fiber
stretcher and a Treacy compressor. This has the advantage that the stretching device
is broadband and can be used to stretch pulses across the whole tunability range of the
laser therefore, if dispersion is properly managed, a tunable CPA laser can be in principle
achieved where the main limitation will be the amplification BW of the gain medium
and the gratings diffraction efficiency as the wavelength is tuned away from the central
wavelength. This configuration has some challenges. On one side the gratings need to be
adjusted as the wavelength is tuned and on the other side, the PM2000D stretching fiber
yields to NL effects as it broadens the spectrum as discussed in the previous chapter. The
first approach hence was to verify to what extent the pulses could be compressed after
stretching. If the NL phase achieved during pulse stretching and spectral broadening is
not significant, ultrashort pulses should be achieved. To perform this test the tunable
laser (40 M Hz, 43.5mW , Atpwuy = 170 fs, Ag = 2050 nm) was used as seed laser, the
PM2000D fiber as stretcher and a Tm:Ho clad pumped amplifier was included to increase
the power up to 0.5 W. The residual non-absorbed pump light at 793 nm was removed at
the pump stripper. The schematics are presented in Fig.3.7.

Tunable o \
SSFS Laser Characterization

43.5mW, 170 fs Grating

PM2000D

2050 nm ] Roof
Mirror
|sca
Pump Dicde Compressed .
COMB 8W,793 nm Pulses ~.
"

Pick-up
D-Shape
Mirror

L u )
Pump Nretche a2 8 K’ L
Stripper Pulses s Grating

Figure 3.7: Pulse stretching and compression setup for fiber stretcher and grating com-
pressor pair. COMB: signal and pump beam combiner.

Tm:Ho
6/130

The stretched and amplified pulses were characterised in terms of optical spectrum
(see Fig.3.8a) and duration. Before amplification, pulses had AXpwpyar ~ 79nm BW
and were Atpw gy ~ 460 ps long while after amplification the measured BW and pulse
duration was AApw gy ~ 56 nm BW and ~ 300 ps respectively. As amplification occurs,
gain narrowing takes place in the Tm:Ho amplifier and the BW of the pulses is reduced
shortening the stretched pulse duration in time. Whenever a pulse stretcher is designed,
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gain narrowing needs to be taken into account as the required stretched duration needs to
be increased so that after gain narrowing, the desired stretched pulse duration is obtained.
This is sometimes hard to predict and techniques such as spectral beam shaping [161, 72|
in grating based stretchers [58, 85| or the use of CBG with sharp spectral edges can
help to prevent gain narrowing in amplifiers. The main dispersive term that yields to
pulse stretching is ¢9 which is a linear chirp therefore, pulse duration will shorten due
to gain narrowing approximately by the same ratio as the BW decreases. The stretched
pulses went from Atpw gy ~ 460ps to Atpw gy ~ 300 ps which is ~ 1.5 times shorter
after amplification and the BW has reduced almost by the same factor, from 79.33 nm to
56.51 nm, which is ~ 1.4 times less BW. The slight differences comes from the fact that
pulse stretching is taking place simultaneously with non-linearities (SPM) in the fiber
increasing stretching as the new frequency components are being generated.

The grating compressor was aligned with the help of thermal cards due to lack of
an existing viewing device in the 2 um spectral region and a camera (WinCamD-IR-BB)
was used to observe the beam ellipticity after compression as it indicates miss-alignment
grating to grating and roof mirror to grating pair [162, 163]. If the compressor is well set,
the optical spectrum and pulse duration should be constant (no spatial chirp) across the
beam. This was verified using the Mozza which is a free space slit based spectrometer
which allows us to scan the beam across the slit.
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and amplified pulses at 0.5 W. compression.

Figure 3.8: Pulse duration and optical spectrum of the fiber stretched pulses after com-
pression.

The compressed pulses are shown in Fig.3.8b and they exhibit the characteristic ACT
shape of pulses with large amounts of residual ¢3. The Treacy compressor was aligned
at Littrow angle (~ 55.08° for 800 lines/mm gratings) and showed a diffraction efficiency
of 89% after the 2 pass through the grating pair. Before trying to adjust the incident
angle on the gratings to improve compression by adjusting ¢3/¢ ratio, calculations on
the observed ¢3 and the required rotation angle for proper dispersion compensation were
performed. Given the measured pulse duration of Atpwgy ~ 300ps, 56 nm BW at
FWHM and assuming that ¢, is the only responsible of pulse stretching, the grating
distance should be G¢ = 20 em at Littrow angle. The resulting ACT taking into account
the highe order dispersion terms (¢3 and ¢4) was computed as is shown in Fig. 3.9.

In Fig.3.9a the measured ACT and the simulated ACT are depicted assuming there
is only ¢3 left due to the grating compressor. It can be seen that the measured ACT and
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the simulated one agree quite well taking into account that perfect ¢5 compensation has
been assumed for the distance Go = 20 cm. In practice, G¢ can be slightly different as
perfect compensation of ¢, with such amount of residual ¢3 is complex which can explain
the differences in pulse FW HM. The agreement between simulations and experiment
show that the grating distances have been quite well adjusted to minimize ¢, and that
the measured pulse shape is due to the remaining ¢3 of the compressor. This means that
the ¢3 contribution from the fiber stretcher and amplifier is an order of magnitude smaller
compared to that of the grating compressor as it was later confirmed in [134] were the
dispersion of the PM2000D fiber was characterized. Even though there is still margin to
adjust the grating angle, in Fig.3.5 is shown that the ratio ¢3/¢o which at Littrow angle
is —16.67 fs can be reduced/increased, by a factor ~ 1.5 at expenses on the diffraction
efficiency. For the PM2000D fiber 83/ = —1.25 fs as shown in the previous chapter
(see Table 2.1) which is 1 order of magnitude below with large uncertainty as ¢3 could
not be measured and was extracted from literature [134]. Due to the large miss-match,
optimal pulse compression will never be achieved using the fiber stretcher and the Treacy
compressor. A tunable fiber stretcher based on CFBG would be ideal as the dispersion
of the CFBG can be adjusted by temperature tuning but unfortunately this was not
available. Even in the best scenario where perfect phase compensation up to third order
is achieved, the resulting ACT due to the residual ¢4 of the grating compressor (see Fig.
3.9b) gives 416 fs pulses at FWHM (Atscr = 692 fs), which is still 5 times longer than
the expected TL duration. The gratings used are highly dispersive which gives rise to
large high order phase terms which forces phase compensation up to ¢4. Reducing the
lines/mm of the gratings will help to reduce higher order terms (¢3 and ¢4) on expenses
of using bigger gratings and larger compressors as the distance between gratings needs to
be adjusted to make up for the reduced dispersion of the grating pair.
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(a) Measured ACT and simulated ACT with phase (b) Simulated TL ACT (¢(w) = 0) and ACT with
compensation up to ¢s. phase compensation up to ¢s3.

Figure 3.9: Simulated ACT using a Treacy compressor with phase compensation up to
third order (¢35 = 0)

According to the results obtained in terms of pulse compression the stretcher needs to
be replaced. To properly design the new stretching device, the phase miss-match ¢3/¢9
and potentially ¢4/¢y ratio between the stretcher and compressor has been taken into
account together with the gain narrowing effect which results in pulse shortening and the
accumulated NL phase. The NL phase plays a crucial role in CPA which can drastically
worsen pulse compression as it cannot be properly compensated. The total NL phase
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shift accumulated over an optical element with thickness L (length for optical fibers) is
calculated with the B integral (8;y) as:

or [L
Bin = Tﬁ nel(2) dz (3.14)
0

Where ny is the non-linear refractive index, A is the wavelength of the pulses and (2)
is the intensity. This expression can be applied to any optical medium even those who
exhibit gain such as optical amplifiers as the amplification across the gain medium will
be reflected in I(z). For pulsed laser systems in active fibers a distributed gain along
the fiber can be assumed as first approach. This means that the population inversion is
constant along the fiber and that there is no gain depletion. The approach allows for a
simplified equation that can be applied to estimate the total NL phase shift:

8TL2P0<G - ].)
a’tvllog(G/L)

Where F is input power, G is the linear gain, A is the wavelength of the pulses, 7 is the
pulse duration at FWHM and v is the repetition rate of the laser. The total accumulated
NL phase shift is commonly used in bulk laser systems such as regenerative amplifiers to
evaluate if there is risk of self-focusing which can damage the optical components. It is
always encouraged to maintain Sy as small as possible or at least below 7 rad for optimal
pulse compression [164].

Both effects, gain narrowing and the NL phase shift are relatively easy to adjust
provided that the whole system has been build and characterised which implies at least
an iteration on the design of the stretcher/compressor pair to compensate both effects
however, an initial estimation can show whether these effects will become important or
not. To evaluate the NL phase shift the output power out of each amplifier in the system
and the length of active and passive fiber lengths have to be estimated. As first approach,
calculation of the NL phase accumulated exclusively due to the optical amplifiers was
performed. This sets a minimum pulse duration constrained by the NL phase shift, the
grating size and the gain narrowing effect which takes place in both, pre-amplifier (6/130
Tm:Ho co-doped fiber with 7.37 um M F D) and large mode area (LMA) fiber amplifier.
A quick investigation on the 25/300 Tm:Ho co-doped LMA fiber (21.6 um M F D) showed
further gain narrowing down to AApwpa ~ 41nm. Given the grating size (63mm
by 23mm clear aperture) required to allocate 41 nm BW pulses, pulse compression of
up to 330ps long pulses while allocating 2A\ within the grating size can be achieved.
Considering that gain narrowing reduces by a factor 2 the input BW (from ~ 80nm
to 56 mm and then to 41nm), stretching up to 660 ps long is required. Once the pulse
duration is known, the accumulated NL phase shift can be computed. With such long
pulses the total accumulated NL phase shift calculated with the distributed approach
gives for the pre-amplifier 0.356 rad when amplifying 430 ps pulses from 20 mW up to
5W level, at 2050 nm and 40 M H z repetition rate in 3.5m of active fiber. In practice, it
will be slightly lower (0.235rad) as amplification up to ~ 3 may be enough to seed the
LMA amplifier. For the LMA amplifier, 3 m of active fiber with 330 ps pulses and identical
repetition rate and wavelength yields to 0.796 rad for amplification from 3 W up to 45 W
level. Considering that the available pump power is 100 W, 45 W output power is a quite
optimistic estimation as efficiencies of the order of ~ 45% would be required which for
Tm:Ho fibers is very high. Therefore the NL phase shift and output power will be smaller.
Overall, the accumulated NL phase shift is below < 1rad without taking into account

Bin ~ (3.15)
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the contribution from the passive fiber components. Stretching up to 660 ps to achieve
up to 45 W output power would allow for proper pulse compression after amplification.
Nevertheless, it is always better to keep passive fibers short to minimize their contribution
to the NL phase.

There exist several mitigation strategies to reduce the NL phase or the gain narrowing
effect. Some of them are linked to a redistribution of the gain in the amplifiers, to the
use of circular polarization instead of linear polarization [165] but one can always rely
on further pulse stretching and replacing the gratings by bigger ones. Gain narrowing
can also be prevented or its effects reduced by the use of spectral shaping which can
simultaneously compensate the NL phase as well as achieving optimal pulse compression
with a higher accumulated NL phase [72, 166]. There have been demonstrations of high
quality pulse compression with a NL phase of ~ 3rad for high average power CPA laser
systems reaching the kW average power level around 2 pum [167]. It should be noted
that the residual NL phase is effectively an uncompensated phase which will have a more
important effect on broadband ultrashort pulses compared to narrowband pulses.

3.2.4 Pulse Compression with a CVBG stretcher and Treacy Com-
pressor Pair
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Figure 3.10: Pulse stretching and compression setup for CVBG stretcher and grating
CoOmpressor pair.

To improve pulse compression the stretching device was replaced by a CVBG due to
the lack of a provider capable of producing the matched CFBG to our grating pair. A pair
of CVBG from Optigrate were produced for the first time with a custom amount of ¢
trying to match the grating compressor pair. They are centered at 2050 nm wavelength,
had a BW of ~ 62nm, a reflectivity of ~ 90 % and stretching factor of ~ 8 ps/nm and
¢35 ~ 0.22ps® and 0.23 ps®. They are 5cm long and had an aperture of 5 by 5mm. In
order to make pulse compression easier and less sensitive to uncompensated phase, the
SSE'S laser which delivers 170 fs pulses and has a narrower BW was used instead. This is
important as the different dispersion orders ¢,, start to become important when ¢,, ~ 77,
hence narrower BW leads to longer pulses and therefore less sensitive to uncompensated
phase. This is specially important for higher order dispersion terms decreasing their
impact on pulse compression. Since the alignment of the grating pair was complex as it
is hard to identify whether miss-alignments come from grating to grating or from grating

83



pair to roof mirror as both appear as an elliptical beam in the camera after compression,
a folded compressor was built. A set of flat mirrors were glued to produce a pair of roof
mirrors so that a single grating folded Treacy compressor could be used provided that the
beam fits in the grating. Both roof mirrors were aligned using an He-Neon laser before
gluing them and pre-aligned in the grating compressor using as well the visible laser. This
configuration is illustrated in Fig.3.10 and was chosen because is simpler, more compact
and easier to adjust .

A circulator (CIR) was used to get in and out of the CVBG in a free space propagation
section and then pulses were amplified in a Tm:Ho amplifier to increase the power to ~
0.5 W. Due to the losses added by the CIR, the soliton pulses adjusted their pulse duration
and spectrum which resulted in narrower bandwidths and slightly longer TL pulses. Out of
the CIR the pulses are At = 155 ps long with a spectral width of AX = 17.66 nm as shown
in Fig.3.11. Optimization was carried out by adjusting the roof mirror to grating distance
and then the incident angle until optimal pulse duration was achieved or substantial loss
in the diffraction efficiency was observed (overall compression efficiency below 50%). The
measured autocorrelation traces and amplified optical spectrum are shown in Fig.3.12.
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(a) Optical spectrum before and after stretching (b) Measured pulse duration after pulse stretching
on CVBG. The small ripples or modulations on on CVBG.

the spectrum are due to the non-perfectly flat re-

flectivity of the CVBG.

Figure 3.11: Measured pulse duration and optical spectrum of the stretched pulses using
CVBG with custom ¢ andgs.

It can be seen that the measured ACT has a small pedestal spanning from —10 ps up to
10 ps and that the ACT does not show any substantial variation as the incident angle and
the grating distance is adjusted. The measured optical spectrum has developed a set of
modulations that may come from the amplification of the small ripples in Fig.3.11 or from
a secondary pulse generated in the CIR due parasitic reflections in the components as they
were designed to operate at 2000 nm wavelength over a narrow spectral band. According
to the calculations, optimal pulse compression in terms of ¢s and ¢3 simultaneously is
achieved at ~ 62° provided that the CVBG with the largest amount of ¢3 is used. The
problem in this configuration is that the angle is quite far away from Littrow and the
diffraction efficiency starts to decrease substantially specially taking into account that the
grating is designed to have maximum efficiency at 1980 nm and 52.4° angle of incidence.
Due to this, the compressor efficiency beyond 61° is below 50 % which is the reason why
further optimization of the pulse by increasing the grating angle was not performed.
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Even though pulse compression has improved with the use of CVBGs, their dispersion
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Figure 3.12: Measured ACT of the compressed pulses and amplified optical spectrum.

was limited by the fabrication capabilities as it was the first the provider had to monitor
and measure ¢3 in a quite complicated situation as large spectral BW and stretching
was required. A larger amount of ¢3 during manufacturing in a accurate way could not
be introduced in the design nor measured. For the CVBG with the largest ¢3 the ratio
¢3/de = —12.9 fs calculated with the datasheet information. This means that operation
of the grating compressor at ~ 62° would yield to optimal pulse compression however,
based on the measured stretched pulse, the CVBG ¢3/¢ ratio should be ~ —11.8 fs as
the measured stretching factor is ~ 8.8 ps/nm (At = 17.66 x 8.8 = 155ps). In Fig.3.13a
we have plotted the ¢3 phase difference between the CVBG and the grating compressor as
function of the incident angle on the grating. For the particular ¢3/¢, ~ 11.8 fs ratio, the
grating angle needs to be adjusted even at a more extreme angle of ~ 65° further reducing
the diffraction efficiency. Simulations on pulse compression for TL Gaussian pulses (AX =
17.6 nm, A = 2050 nm) under the same conditions for stretching and compression were
carried out and the results are shown in Fig.3.13.

As the incident angle increases the residual ¢s; decreases while ¢, increases due to
the grating compressor (see Fig.3.13a) improving pulse compression (see Fig.3.13b). For
0 ~ 65° the TL duration is recovered only limited by ¢4 which is already playing a role
with relatively narrowband pulses. The main difference observed as the incident angle
is adjusted is the improvement in compression at the bottom of the pulse which in the
measurements (see Fig.3.12a) is not easy to see due to the pedestal. At the same time,
simulations suggest that for the same angles, the measured pulses are a slightly longer
than expected which means that further optimization in terms of grating distance could
have been done.

Further pulse compression cannot be achieved as the overall Treacy compressor diffrac-
tion efficiency is ~ 50%. Pulses as short as AtGPAT™ ~ 1.1 ps which corresponds to 777 fs
Gaussian pulses have been measured, ~ 2.58 times longer than the TL case of 301 fs as-
suming Gaussian pulses. The best approach to maintain the use of gratings for pulse
compression would be to slightly modify the lines/mm the gratings have by reducing
them such that the ¢3/¢, ratio could match the CVBG stretcher dispersion. Alterna-
tive, the GWS could be tested in the same configuration hoping for a higher diffraction
efficiency at higher incident angles allowing for improved pulse compression with reduced
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Figure 3.13: Calculated residual ¢3 and ¢, for the CVBG and Treacy compressor pair
and the resulting simulated ACT.

losses. Otherwise the compressor or stretcher needs to be replaced once again. Since un-
fortunately GWS for pulse compression at 2.05 um wavelength were not produced within
the GREAT project, pulse stretching and compression was tested with the use of the
CVBGs pair.

3.2.5 Pulse Compression with a CVBG stretcher and Compressor

Pair.
MIRPULSE \

Characterization

8W, 793 nm
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o] |} HE TJovee
Pump /\ retche 2 A4
Stripper Pulses

Figure 3.14: Pulse stretching and compression setup for CVBG stretcher and compressor
pair.

The approach of using a pair of CVBGs to stretch and compress pulses have been
widely used in the past specially when it comes to CPA systems with low repetitions
rates, high energies and TL pulses of the order of ~ 1ps. This is because ps pulses are
narrowband which means that they are less sensitive to dispersion and less care needs
to be taken into account when it comes to compensate the phase introduced by the sub-
sequent amplification stages, specially for bulk solid state amplifiers [67, 78, 71]. This
is very important as in this case there aren’t any degrees of freedom to adjust the com-
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pressor/stretcher which makes the system more compact, easier to align and thanks to
the large apertures of the CVBGs, high energetic pulses with large beams sizes can be
used. The setup to test pulse compression using the pair of broadband CVBGs is shown
in Fig.3.14.

The SSFS tunable laser was replaced by the MIRPULSE which delivers 120 fs soliton
pulses at 2050 nm, ~ 36 nm BW and ~ 48 mW average power. A section of PM2000D
fiber was included to compensate the dispersion introduced by the CIR, the isolator,
the Tm:Ho fiber amplifier and any dispersion miss-match between the stretching and
compressing CVBG. The compressed pulses are extracted out of the system using a com-
bination of a PBS and a quarter waveplate. The optical spectrum and the ACT of the
compressed pulses for different output powers out of the Tm:Ho amplifier were measured
after optimization of the PM2000D fiber length which was assessed by observation of the
pulse duration while cutting back the fiber till a minimum in duration is reached. The
results are shown in Fig.3.15.
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(a) Measured amplified optical spectrum. (b) Measured ACT for the compressed pulses for

different output powers out of the Tm:Ho Ampli-
fier. Poyr = 0.5W in blue, Poyr = 1 W in or-
ange and Poyr = 1.5 W in green.

Figure 3.15: Measured optical spectrum and ACT for the compressed pulses using a
CVBG pair as stretcher and compressor devices.

As the output power increases the modulations on the measured optical spectrum
became bigger while in the temporal domain, the increase in the output power shows an
increase on the side pulses measured at ~ £1.2ps delay slightly increasing the measured
At%CETAS at FWHM. For Gaussian pulses, the deconvoluted pulse durations range from
402 fs at 0.5W output power up to 425 fs at 1.5W output power. It must be noted
that the optimization of the pulse duration by cut-back of the PM2000D fiber is linked to
practical issues because of the fiber core size. The PM2000D fiber (2.1 um core diameter,
4 pm MFEFD @2 pym, 0.4 NA and —55+ 10 ps/nm - km) has a MFD twice as big as the core
size which means that the vast majority of the mode is outside the core of the fiber making
it very sensitive to bending and torsion substantially affecting its dispersion. This was
not appreciated when used as fiber stretcher as it was kept on the fiber spool however, as
the optimization takes place and the fiber is cut and coiled back again, variations in the
pulse shape were observed. Different pulse durations and shapes can be measured when
bending and more specifically when torsion is applied to the fiber limiting to some extent
the minimum pulse duration that can be achieved due to coiling back the fiber. The used
CVBGs can have a miss-match in ¢, which has been corrected using the PM2000D fiber
but the miss-match in ¢3 of 0.01 ps® cannot be compensated. Simulations were carried
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out to observe the effects in pulse compression for the actual pulses with 23.4nm BW
after the circulator and the expected pulses for which the system was designed (40 nm)
as shown in Fig.3.16.
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(a) Simulated ACT for compressed Gaussian (b) Simulated ACT for compressed Gaussian
pulses with AX = 23.4nm and residual phase pulses with A\ = 40nm and residual phase ¢35 =
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Figure 3.16: Simulated ACT for Gaussian pulses with A\ = 23.4nm and A\ = 40nm
with a residual phase of ¢35 = 0.01 ps3.

For the 23.4nm BW pulses, the pulse duration is slightly longer due to ¢3 however
for the 40 nm BW ones it doubles. The pulse ACT for the 23.4nm BW Gaussian pulses
is about 468 fs due to exclusively ¢3 which is very close to the measured ACT duration
of 570 fs for slightly narrower pulses (~ 20nm) which suggests that optimization of ¢
was quite accurate. The ideal solution would be to use the same CVBG as stretcher and
compressor simultaneously however, the aperture is too small to allocate two spatially
separated beams as re-injection into the system of the amplified pulses to be compressed
must be avoided. The broadband CPA laser system would achieve, in principle, better
pulse compression using the 23.4 nm BW pulses however, the stretching factor would not
be enough and the pulses would acquire a substantial amount of non-linear phase during
amplification which would limit pulse compression in the end. The only option would be
to adopt a two pass configuration on the CVBG at the expense of doubling the miss-match
introduced by the CVBG pair in terms of ¢3 worsening pulse compression as well.

Pulse compression of broadband pulses cannot be further improved with the available
stretchers/compressors either because of low diffraction efficiencies when using gratings,
due to important miss-match between stretcher and compressor or due to the maturity of
the stretching devices at 2 um when high order dispersion compensation is required. In
addition, the spectral modulation phenomena has appeared in all the tested configurations
accompanied by small side pulses and a pedestal next to the main pulse in the temporal
domain.

The origin of the spectral and temporal pulse degradation is complex and hard to
determine. They can come from the main laser which may be generating a main pulse
and a small but delayed copy of it that was not observed when characterising the seed
lasers. The problem can also be associated to a loss of coherence of the sources (tunable
laser and MIRPULSE) during the SSFS process [131, 168] and partially coherent pulses
may be not suitable for stretching, amplification and compression. Reflections from the
passive components (circulators and isolators) due to being designed at 2 um, 50nm
away from operating wavelength with broadband pulses can generate a replica of the
main pulse. Polarization issues that can come from splicing or from passive components
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as they can also generate such behaviour specially with large beat length fibers. If there
is a splice with a small angle from one fiber to the other, two pulses can be generated
with different group velocities due to propagating in different fiber axis (fast and slow).
After propagation along the fiber, they are delayed due to the fiber birefringence and
different group veolocities. This also applies to polarizing elements such as circulators
and isolators that rely on faraday rotators, waveplates and polarizing beam splitters.
Proper polarization rotation takes place for the designed wavelength provided that the
used optics are broadband enough and achromatic for the operation bandwidth with the
right anti-reflection coating. Splicing can also be the origin, if splicing is not properly done
reflections can take place and be amplified later on in the laser chain. The non-mature
technology at 2 um can also have an impact for instance on the CVBG stretcher whose
use at this wavelength is only used in research. This was investigated later in Chapter 4.

3.3 High Energy Tm:Ho CPA Architecture

High energy lasers in the 2 um spectral region can be used as pump lasers for optical
parametric chirped pulse amplification (OPCPA) taking advantage of the long emission
wavelength to pump high efficiency NL crystals [88, 87, 56]. In such systems, low repetition
rate lasers are employed with very high energy levels that cannot be exclusively achieved
with optical fibers and bulk amplifiers based on Ho:YLF or Ho:YAG crystals are employed.
The high energy CPA laser designed targets a relatively low repetition rate of 1 M Hz and
high energy ps long pulses with narrow bandwidths compatible with Ho:YLF amplifiers.
It aims to be a robust alternative to systems based on regenerative amplifiers and it will
deliver ~ 10 uJ ps pulses which corresponds to 10 W average power to be further amplified
in bulk Ho:YLF multi-pass amplifiers. The architecture of the laser is shown in Fig.3.17.
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PM2000D Trigger
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Generator

Stretched
Pulses
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Figure 3.17: Architecture of the high energy CPA laser system.

The system starts with the tunable SSFS laser (170 fs, 43.5mW average power,
40 MHz and 26.6nm BW) and then the pulses are stretched in a CVBG. Given the
target performance of the system in terms of energy, there aren’t many options to achieve
enough pulse stretching hence only narrowband CVBGs were investigated. This is be-
cause low repetition rate systems, when amplified in optical fibers, can extract substantial
amount of energy which yields to high NL phase accumulation therefore very long pulses
(~ ns range) are required. The function of the CVBG is twofold, on one side it will
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stretch the pulses in time and on the other it will act as a spectral filter. This is a must
for efficient amplification in the crystals as the vast majority of the light has to be con-
tained within the emission bandwidth of the Ho:YLF otherwise it will be absorbed or
not amplified. The process of filtering or clipping the optical spectrum is accompanied
by losses as an important amount of light is being removed by going from from 26.6 nm
BW at 2050 nm down to ~ 6 nm BW imposed by the narrowband CVBG. After pulse
stretching a section of PM2000D fiber has been included for fine adjusting of the dis-
persion along the whole laser chain before the first Tm:Ho clad pumped amplifier. The
fiber compensates for any miss-match between CVBGs in dispersion and will make up for
the dispersion introduced by the amplifiers and passive optical components. To reduce
the repetition rate of the laser, an acousto-optic modulator directly synchronised with
the seed laser is used to go from 40 M Hz down to 1 M Hz by selecting one pulse every
40 pulses within the pulse train. Two Tm:Ho amplifiers separated by an isolator and a
filter are used to increase the power to the 10 W level which correspond to 10 uJ pulse
energy. Finally, pulse compression takes place in CVBGs and pulses are extracted using
a free-space isolator.

3.3.1 Pulse Stretching and Compression of ns Pulses

The narrowband CVBG used for pulse stretching and compression has 6.2nm BW with
sharp edges (no apodization) centered at 2050 nm, 80 ps/nm stretching factor, 95% diffrac-
tion efficiency, 10 mm by 8 mm clear aperture and is 5 c¢m long. When used as spectral
filter, the resulting spectrum is pretty much squared as clipping takes place above 90%
maximum intensity level (see Fig.3.18a). The advantage of having a flat optical spectrum
with sharp edges is that it reduces gain narrowing during amplification but it has an
inconvenience in the time domain. The TL pulse corresponds to a sinc pulse shape which
consists of a main pulse preceded and followed by a set of small side pulses (see Fig.3.18b).
This has also an impact on the ACT which exhibits a small pedestal as can be seen in
the same figure. To prevent the sinc pulse shape, a filter was included on the design to
shape and apodize the spectrum and filter the ASE just before the LMA amplifier.
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(a) Simulated and measured input pulses spectrum (b)) Simulated seed (blue) and spectrally clipped
and CVBG bandwidth for spectral clipping. TL pulse duration (orange) and ACT of the
clipped pulses (green).

Figure 3.18: Spectrum, ACT and pulse shape of the spectrally clipped pulses used as seed
for the narrowband CPA laser.

The high energy CPA architecture has already been presented in Fig.3.17 and the NL
phase is estimated as for the high average power CPA laser with the distributed approach
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for the §; (see Eq.3.15). An initial stretched pulse duration of 1 ns pulses were considered
given that this was the longest pulse duration achievable by the available CVBGs in a
two pass configuration.

The first Tm:Ho amplifier consists of a 6/130 (7.37 M F'D) Tm:Ho co-doped fiber and
has to amplify up to ~ 625mW so that the maximum input power into the AOM of
450 mW is reached just after the isolator. Soliton pulses have a BW of 26.6 nm however,
solid state Ho: YLF amplifiers require a BW of ~ 6 nm and narrowing down the bandwidth
would be accompanied by losses of about ~ 90%. They are not only due to spectral
narrowing also due to the circulator, the diffraction efficiency of the CVBG in a two pass
configuration and the re-injection into the fiber giving about 5mW of seed power.

The total accumulated NL phase due to the first pre-amplifier was calculated to be
0.022 rad for 1ns pulses, 40 M H z repetition rate and 3.6 m active fiber length. The first
pre-amplifier contribution to the NL phase is negligible even for way shorter pulses due
to the high repetition rate with low power. After pulse picking, the expected remaining
power is 0.84 mW due to the reduction of the repetition rate (from 40 M Hz to 1 M H~z)
and losses of the AOM (10 dB insertion losses). Pulse picking using an AOM is further
described later on in this chapter and for the calculations only the maximum power the
device can handle and the insertion losses into the AOM are required. The main problem
when designing the high energy CPA comes right after pulse picking and is the power
scaling. To increase the power from 0.84 mW up to 10W, ~ 41dB of gain has to be
allocated (ignoring losses due to passive optical components) within the two available
amplifiers. This is quite complicated given the lack of intermediate active fiber sizes,
there is only 6/130 and then LMA fibers such as 20/300 or 25/300 and with such low
repetition rates a large amount of NL phase is expected. In addition, due to the low
power out of the pulse-picking stage, the amplifiers’ efficiency will decrease due to low
injection, specially in the first one. If amplification is not enough, the same problem may
occur on the subsequent LMA fiber amplifier if not seeded with enough power. The fiber
length of the pre-amplifier was assumed to be 3.6 m, identical to the high repetition rate
pre-amplifier given that mW power level is injected. The amplification from 0.81 mW
up to 400mW at 1 M Hz repetition rate, 1 ns pulses, in the 6/130 Tm:Ho clad pumped
doped fiber gives a total NL phase of 0.45 rad. Further pulse amplification can be achieved
however the gain is already 26.9 dB which is very high and can be risky to increase it as it
increase the chances of Q-switching. For the LMA fiber, the biggest fiber with the largest
MFD was chosen minimizing the NL effects. If the 25/300 Tm:Ho LMA (21.6 um MFD)
fiber with a total length of 3m is used to amplify from 400 mW up to 10 W with 1ns
pulses at 1 M Hz the calculated NL phase is 2.02rad. In total the NL phase due to the
amplifier fibers is 2.493 rad still below 7 rad. The gain can be slightly redistributed to
obtain 300 mW in the first fiber (6 pm) and then increase the power up to the 10 W in the
LMA fiber reducing the total NL phase by 0.243 rad to 2.25rad reducing the NL phase
accumulated in both amplifiers. Compared to the high average power CPA laser, the NL
phase is substantially higher due to pulses having higher energies. Given the situation the
only option to further decrease NL phase is by further stretching of the pulses however,
the maximum chirp rate that could be achieved by the manufacturer is ~ 80 ps/nm which
for 6.2nm BW gives ~ 496 ps pulses or twice this quantity in double pass configuration
reaching the ~ ns pulse duration. This is the limit for single stretching device.

The setup for testing pulse compression is illustrated in Fig.3.19. Compared to the
previously used setup using a pair of CVBG, the PBS and quarter waveplate were replaced
by a high power narrowband free space isolator used to isolate and extract the pulses after
compression. The system has been designed for double pass configuration through the
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Figure 3.19: Experimental setup used to test pulse compression with narrowband pulses.

stretcher and compressor CVBGs however pulse compression can be validated at first in
single pass. One of the things that have been noticed while aligning the system is that the
CVBG diffraction efficiency is not uniform across its clear aperture hence scanning of the
CVBG surface with the beam was performed to find a proper region with a smooth re-
injected optical spectrum as the one shown in blue in Fig.3.20a. As for the amplification of
broadband pulses in Tm:Ho fibers, the same modulation phenomena was obtained in the
spectrum which develops as the pump power increases (see Fig.3.20a and 3.20b). When
pulses are compressed, ACTs with structured pedestals and a main pulse are measured as
shown in Fig.3.21a. Proper pulse compression cannot be achieved if the PM2000D fiber is
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power levels. pulses in single pass configuration.

Figure 3.20: Measured pulse duration and spectrum of the stretched amplified narrowband
pulses at 40 M Hz

not included to compensate for the dispersion (f3;) introduced by the amplifier, combiners
and passive components. For such TL long pulses it is not required to take care of (5
as pulses are less sensitive to dispersion compared to fs pulses. This can be observed
in the measured ACT (At4E4%). Even though dispersion due to the fiber amplifier was
not compensated, the measured compressed pulse is quite close to the TL pulse duration
(At} L) and in accordance with the dispersion estimated from the amplifier and passive
components. A pedestal spanning up tenths of ps can as well be observed in the measured
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ACT. The origin is partially due to the spectrum shape with sharp edges and therefore
sinc behaviour as shown in Fig.3.18b. However, the pedestal is spanning several tenths
of ps which is too long for being exclusively due to the sinc behaviour of the pulse. It
can come from large amounts of ¢, from the CVBGs or can be as well related to the
modulation observed in the spectrum of the pulses yet the origin is hard to identify.
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Figure 3.21: Measured pulse duration of the compressed amplified narrowband pulses at
40 M Hz. AtAEEAS: measured ACT at FWHM, At4E,: TL ACT at FWHM and At&4990
pulse FWHM for Gaussian pulse shape.

To achieve highly energetic pulses, the repetition rate of the laser has to be reduced
before further amplification by selecting a pulse or pulses within the pulse train. The pulse
picking process is accompanied by loses therefore it is better to perform pulse picking
before further amplification to minimise the overall losses of the system.

3.3.2 Pulse Picking using an AOM

Pulse picking is the technique of reducing the repetition rate of a laser, that is to pick a
certain pulse or pulses within a pulse train while blocking the others. The most common
pulse picking devices are electronically controlled optical switches or gates and we dis-
tinguish two types, the electro-optical modulators (EOM) usually known as Pockels cells
and acousto-optic modulators (AOM). AOMs rely on the acousto-optic effect to generate
a refractive index variation in a material by inducing a mechanical strain generated by
an acousto-optic wave (radio-frequency wave). The refractive index variation generates
a grating across the material that deflects the light (Bragg diffraction) allowing the use
of AOMs as optical gates. While the radio-frequency signal is "on", the deflected pulses
pass through an aperture and are selected or "picked" and when the RF signal is "off",
the pulses are not deflected but blocked (see Fig.3.22). AOMs exhibit a relatively long
switching time (rise/fall time) which is the time it takes for the AOM to build the diffrac-
tion grating for efficient deflection of the light but they are suitable for fast switching at
high repetition rates (M Hz to GHz) which is the opposite to EOMs, fast rise/fall times
but slow switching. In this work only AOMs have been tested for pulse picking.

There are several considerations when it comes to selecting the suitable AOM for pulse
picking such as the repetition rate of the AOM, the rise/fall time, the diffraction efficiency,
the losses and the common characteristics associated with optical devices (dispersion,
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Figure 3.22: AOM working principle and configuration.

LIDT and operating BW). A fiber pigtailed AOM from Brimrose operating at 2050 nm
and 500 M Hz RF frequency was used. It has an operating BW of £30nm, a rise time of
5ns, 10 dB insertion losses, can sustain a maximum power of 450 mIW and the Bragg angle
is 81 mrad which yields to a total deflected angle of 162 mrad. The laser and the AOM are
synchronised using a photodiode to trigger the pulse delay generator (Tombak electronic
card from AeroDiode) which generates an electrical square gate with an adjustable delay,
repetition rate, duration and voltage that will enable the RF signal allowing to pulse pick
within the train of pulses (see Fig.3.22). The RF signal generated by the matched RF
source to the AOM provided by Brimrose was measured for different square gates lengths
generated by the Tombak. This is illustrated in Fig.3.23.
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(a) Measured RF signal for a gate At = 30.9ns, (b) Oscilloscope screen image of the gate (blue)
single acquisition frame. and the RF signal (yellow) for 25ns long gates.

Figure 3.23: Measured RF signal out of Brimrose RF signal generator for a 30.9 ns gate
and oscilloscope screen image of the gate and the delayed RF signal.

No matter the gate length, there was always present a residual signal after the main
RF oscillation which extends ~ 20ns with a smaller peak to peak voltage. The tiny
residual signal limits the suppression of adjacent pulses to the one selected from the
pulse train. Without a fast rising and falling time high diffraction efficiency in the AOM
cannot be quickly achieved and neither high extinction between adjacent pulses when the
RF signal is off. If the repetition rate of the laser is reduced but the extinction is not
enough, when amplifying the picked pulses, the adjacent pulses will grow worsening the
contrast obtaining a burst of a pair or few pulses with the repetition rate set by the gate
switching rate. The laser repetition rate is ~ 40 M Hz and pulses are ~ 1ns long. This
means that the gate has to be longer than the pulse width otherwise it would temporally
clip the pulses and, as rule of thumb, the gate should also be smaller than the period of
the laser of 25ns which automatically eliminates the investigated RF source. This is to
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ensure that only one pulse is allocated within the gate to avoid burst operation mode of
the laser. At the same time, it is important to center the gate with the pulse to be picked
maximizing the diffraction efficiency and the side pulse suppression as shown in Fig.3.24a
and 3.24b. In practice, if the gate and the pulse are well centered and synchronised, one
can argue that the gate can be almost twice longer however, the resulting transmission
window understood as the time the AOM deflects the beam for a given input gate, is the
result of the convolution of the time gate generated by the Tombak with the RF signal
generator and with the AOM response which always yields to effective longer transmission
windows than the initial gate set by the Tombak. That is why the gate has to be shorter
than the period of the laser system. The transmission window can be measured with the
use of an external continuous wave laser connected to the AOM by measuring the power
output with a fast photodiode to obtain the time response of the whole system. Due to
the reasons mentioned, the Brimrose RF source was replaced by a custom one that has
been characterised in Fig.3.25 allowing for pulse picking from 40 M Hz down to 1 M Hz
with high contrast as shown in Fig.3.24b.
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(a) Photodiode signal after pulse picking with gate (b) Pulse picked photodiode signal with high ad-
that is not centered with the picked pulse. jacent pulse suppression.

Figure 3.24: Measured pulse picked signals with an optimised gate size with and without
optimised delay for high adjacent pulse suppression.

In Fig.3.25a the trigger signal from the photodiode, the generated gate by the Tombak
and the resulting RF signal have been included. It can be seen that one gate is generated
each 40 pulses and that there is always present some delay between the trigger pulse, the
gate and the RF signal due to the electronics response. Even though the Tombak does
not generate a perfectly squared pulse, the RF signal has fast rise/fall time being suitable
for pulse picking with high diffraction efficiency and extinction between adjacent pulses.

The last consideration taken into account was the impact on the power of the laser
when reducing the repetition rate from 40 M Hz to 1 M Hz. By selecting 1 pulse out of 40
the average power drops by a factor 40 which added to the insertion losses of 10 dB, leads
to 1.125 mW output power. The power was further reduced to ~ 0.84 mW due to the use
of PM fiber connectors. This is important as it sets a limit in the amplifier before pulse
picking to the maximum power the AOM can sustain and also a maximum in the division
factor (RENp/ROGE L) as it forces to design the amplifier after pulse picking accordingly
based on the input power into the amplifier. With 0.84 mW after pulse picking, there
is not enough power to saturate the next amplifier which means that it will have low
efficiency and will generate ASE. Amplification of the 1 M Hz, 0.84 mW pulses in 3.6 m
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Figure 3.25: Pulse piking trigger signal, time gate and RF signal for 1 M Hz repetition
rate.

of clad pumped Tm:Ho co-doped active fiber was performed as shown in Fig.3.26a. The
results are summarised in Fig.3.26b, 3.27a and 3.27b.
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Figure 3.26: Experimental setup for pre-amplification of the pulse-picked stretched ns
pulses and output power after amplification at 1 M Hz

For 0.84 mW input power 7.35W pump power was required to reach 487.5mW in
the 3.6m long 6/130 Tm:Ho doped fiber which is beyond the estimated 300 mWW that
has to be injected into the LMA fiber amplifier. There is margin to further increase the
power if required by further pumping in case losses due to the subsequent passive optical
components (isolator and Filter) are too high.

Regarding the measured optical spectra in Fig.3.27a and 3.27b, further spectral degra-
dation can be observed forming fast modulations in the measured spectrum together with
an increase in the ASE. The growth on the ASE can be seen in the linear scale around
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Figure 3.27: Measured spectrum at 1 M H z after amplification to 487.5mW in linear and
logarithmic scales.

2045 nm and 2055 nm with a relative intensity 20 dB below the main pulse. It is growing
at around 1980 nm which comes from the Tm ions and at ~ 2150 nm from the Ho ions.
There is not much that can be done to minimize the ASE which grows due to the low
injection into the amplifier however it was already anticipated in the design of the CPA
by including a filter to remove the ASE and shape (apodize) the spectrum before further
amplification.

Given the spectral degradation and the appearance of a pedestal and/or side pulses
after pulse compression in both, the high average power and the high energy CPA| it was
decided to investigate the Tm:Ho co-doped fiber amplifier in a wider variety of conditions
to determine the origin of the observed phenomena before further power scaling. The
objective is to isolate each of the involved components (the stretcher, the active fiber, the
passive components and the compressor) to find the origin of the spectral and temporal
degradation and to understand the amplification process in such complex gain medium
that exhibits several cross-relaxation phenomena and energy transfer mechanisms.
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Chapter 4
Amplification in the SWIR

The short wavelength infrared (SWIR) extends from ~ 1400 nm up to ~ 2500 nm and
within the spectral region there are three main active elements that allows amplification
of light. Those are Erbium (Er), Thulim (Tm) and Holmium (Ho). Among the three,
only Thulium and Holmium are suitable to amplify light within the tunability range of the
developed laser. In this chapter Tm and Ho are introduced including their spectroscopic
properties when used as dopants in fused silica fibers.

4.1 Thulium Doped Fused Silica Fibers

Thulium is a rare earth element that has an atomic number of Z = 69 and it belongs to the
group of lanthanides. In its most common stable state it becomes a trivalent ion (T'm3*) by
loosing three electrons and its electronic configuration becomes [Xe| 4f12. Among all the
elements used to amplify light, rare earth elements and more specifically lanthanides such
as Er, Yb, Ho, Nd and Tm, are very convenient because in their trivalent state, transitions
to the incomplete outermost electronic shell yield to meta-stable states. Whenever an
electron is promoted to the metastable energy level, it will decay within hundreds of us
up to ms timescales depending on the glass composition. Such long radiative decay times
allows to achieve population inversion and amplify light. The energy levels of trivalent
atoms such as Tm, are subject to the interaction with neighbouring ions whenever they are
introduced in a glass matrix such as fused silica. Due to the electric field of surrounding
ions, the energy levels split producing multiplets (Stark effect) which combined with the
vibrational interactions with the host glass, large and continuous absorption and emission
bands are obtained (inhomogeneous broadening). This is of particular importance when it
comes to ultrashort pulse amplification as tenths of nm are required to sustain fs pulses.
The energy levels of Tm3T ions in fused silica are shown in Fig.4.1.

The fundamental energy level or ground state is the 3Hg and in order to excite the
electrons and promote them to the excited states and achieve population inversion in Tm
doped fibers two different approaches are used. The first one consists in using high power
diodes at ~ 790 nm exciting the electrons to the 3H, energy level while the second relies
on fiber lasers at ~ 1600 nm such as Er fiber lasers or Yb Raman shifted lasers to promote
the electrons to the 3F, energy level. This pumping scheme is known as S-band pumping
or in-band pumping [169, 170] as the pump light wavelength is very close to the emission
wavelength of the Tm ions ~ 1850 — 2050 nm. The lasing transition takes place between
the 3Fy and 3 Hg levels. Is it worth mentioning that Tm doped fibers exhibit a blue color
due to the transition from G4 to 3Hg that manifest when inefficient depletion of the *H,
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Figure 4.1: Tm energy levels and transitions in fused silica. CR: cross-relaxation, ETU:
energy transfer upconversion and MPE: multi-phonon emission.

level. Pump photons can be absorbed promoting electrons from the 3H, to the G, in
a process known as excited state absorption (ESA). A more detailed energy diagram for
Tm can be found in [171, 172].

In principle, pumping at ~ 790 nm would not seem an attractive pumping scheme
because of the expected quantum defect. For a laser at 1960 nm wavelength, the quantum
limit would be of ~ 60% limiting the efficiency of the laser or amplifier to the stokes limit
of 40% which would be accompanied by a high thermal heat load. However, in Tm doped
silica fibers, cross-relaxation processes (CR1 and CR2, see Fig.4.1) can take place allowing
to surpass the stokes limit [173].

Cross-relaxation (CR) processes in Tm fibers are of paramount importance because
they allow to obtain two excited photons per pump photon. This phenomena occurs
between nearby surrounding Tm ions as energy transfers from one (the excited) to another.
It turns out that the radiative decay from the 3H, to the lasing energy level *F} can
generate a photon which can promote an electron from a surrounding ion from the Hg
to the 3F, obtaining the 2 for 1 photon. The CR phenomena allows to surpass the 100%
quantum efficiency and the stokes limit reaching efficiencies above 60% with respect to
the absorbed pump power [167, 174, 175, 176]. Among the two CR processes depicted in
Fig.4.1, the CR1 is the dominant one.

On the other side, there is also the opposite phenomena to cross-relaxation which
is known as energy transfer up-conversion (ETU). In this situation, two nearby excited
ions can exchange energy so that one of them decays to a lower energetic level while the
other is excited to a higher energetic level. There are two energy transfer up-conversions
mechanisms, ETU1 and ETU2, and they are depicted in Fig.4.1. ETU becomes more
and more important as the Tm ions are closer together forming clusters of ions instead of
being randomly spread along the fiber which can decrease the gain and efficiency of the
laser. As for the case of CR, ETUL is the dominant compared to ETU2 [173].

From a chemical point of view, CR and ETU processes are strongly dependent on the
fiber composition, that is the Tm ions concentration and the co-dopants that enhance
CR while reducing or keeping ETU low. The inclusion of Al ions prevents the clustering
effect which limits ETU ensuring an homogeneous distribution of Tm ions along the fiber.
There has been work on the proper Tm to Al ratio in silica doped fibers and it turns out to
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be approximately 10:1 or bigger. At the same time, if efficient cross-relaxation needs to be
achieved, higher doping concentrations of the order of 2% w.t. [177] of Tm is required which
comes accompanied with a large heat load as the absorption increases reducing the length
of the active fibers. This is beneficial for reducing NL effects however it is problematic
with doped ions that exhibit such high quantum defect. In fact, high temperature is
detrimental as it increases absorption at the signal wavelength and therefore affects the
emission cross-section of the gain medium and can limit the NL effects in the system due
to mode shrinking and transverse mode instability degrading the beam quality [178, 92].
It is also important to note that due to the three-level system behaviour that Tm exhibits,
re-absorption takes place which worsens as the temperature of the fiber increases. Re-
absorption in combination with fused silica losses as the wavelength approaches the 2 um
due to OH ions limit the efficiencies of Tm doped fibers. This is usually referred as
background losses and is an ongoing field of investigation to improve fused silica Tm
doped fibers [179].

Provided that the doped fiber has the right composition in terms of Tm concentration
and Tm to Al ratio, the cross relaxation effect is maximised when the fiber amplifier and
pump diode are cooled down, the medium is strongly pumped and the fiber is seeded with
high power. The cross relaxation rate in Tm fibers is [171]:

CR — k3101NON3 - k1310N12 (41)

Where Ny is the population of the 3Hg, N; is the population of the 3F,, Ny is the
population of *H, and ksio1 and k319 are the cross-relaxation energy transfer and energy
transfer up-conversion coefficients respectively. According to the equation, high pump
intensity and low inversion is desired however this is counter-intuitive for pulsed laser
systems which aim for high gain and short fibers lengths which implies less CR, that is
why strongly seeding the amplifier will strongly depopulate the energy level 3F, enhancing
the CR in the fiber amplifier or laser. It is then clear that efficient CR is not compatible
with reduced non-linearities due to the high input powers in the fibers well beyond the
saturation power of the amplifiers.

The Tm absorption and emission cross-sections are depicted in Fig.4.1. As can be
seen three absorption peaks located at ~ 790 nm, 1200nm and ~ 1650 nm allow for
three different pumping schemes at different wavelengths. The absorption cross-section
at ~ 790 nm consist of a narrow peak with a value about 2.5 times higher compared to
the broad peak at ~ 1650 nm. This plays an important role on the pump laser diodes
which are designed at 793 nm wavelength slightly off peak. It is also well known that
as the diode temperature increases, the wavelength shifts towards longer wavelengths
hence the absorption in the Tm fiber can substantially drop if the temperature of the
diodes is not properly maintained. In an ideal situation, by cooling down the diode the
emission wavelength is blue shifted so that the emission spectra of the diode is centered
with the absorption peak of Tm ions. The main limitation on the wavelength shift is
the operation temperature of the laser diode and the environmental conditions which can
produce condensation and fatal damage on the pump diodes. The absorption peak at
~ 1650 nm is broadband and allows for pumping either using Er lasers or Ramans shifted
lasers [170]. Due to pumping with high brightness single-mode lasers, core pumping is a
more suitable strategy allowing for very high absorption. The emission cross section is very
broad and extends from 1700 nm up to 2050 nm offering a large BW suitable for ultrashort
pulse amplification yet in practice Tm fibers are used between 1900 nm and 2000 nm. This
is because emitting light in the short wavelength region require large population inversions
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that are usually achieved with high pumping and short low doped active fibers. On the
other hand, emitting beyond 2000 nm is complex due to the required long fibers and
low emission cross-section which makes the whole process inefficient. Finally, pumping at
1200 nm can also be implemented. Yet the lack of suitable high power laser sources at this
wavelength and the fact that it does not offer any advantage compared to 793 nm as there
is no CR or to ~ 1650 nm which exhibits a lower quantum defect, makes it an unpractical
approach. In addition, this pumping scheme suffers from ESA depleting the available
gain. Maximum efficiencies in Tm doped fibers are usually obtained between ~ 1940 nm
and ~ 1980 nm yet it has been demonstrated amplification at shorter wavelengths even
below 1800 nm and up to ~ 2050 nm. Longer wavelengths are usually targeted with Ho
or Tm:Ho co-doped fibers.
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Figure 4.2: Tm absorption and emission cross-sections in fused silica fibers.

4.2 Holmium Doped Fused Silica Fibers

Holmium is a rare earth element that has an atomic number Z = 67 and it belongs to
the group of lanthanides. In its most common stable state it becomes a trivalent ion
(Ho*") by loosing three electrons and its electronic configuration becomes [Xe| 419, A
simplified energy level diagram for Ho3' ions which behave as a three-level system is
shown in Fig.4.3a.

The ground energy level is the 53 and lasing takes place from the excited state °I;
to the ground state. Compared to Tm ions, Ho exhibits an emission bandwidth shifted
towards longer wavelengths and is usually used as gain medium for lasers emitting from
2000 nm up to 2200 nm wavelength (see Fig.4.3b). As for Tm, Ho also offers a large
emission BW suitable for ultrashort pulse amplification. The main pumping mechanism
of Ho doped fibers is through Tm lasers emitting at ~ 1950 nm wavelength yet atoms can
be excited to the °I energy level by pumping at 1150 nm. As for the case with Tm ions,
there is no efficient pump sources at this wavelength and neither efficient commercially
available pump diodes at ~ 1950 nm hence Tm doped fiber lasers which provide high
power single mode beams are used. A detailed energy level diagram for Ho in fused silica
fibers can be found in [180]. If clad pumping is desired, the geometry of the fiber has
to be modified as a fused silica clad is not an option because the polymer coating that
surrounds the fused silica cladding strongly absorbs light in the 2 ym region heating up
the fiber and quickly damaging it. That is why Ho doped fibers incorporate a fluoride
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Figure 4.3: Ho energy levels and emission and absorption cross-sections. MPE:multi-
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cladding or a triple cladding structure with fluorine to avoid heating of the fiber in clad
pumping configuration for power scaling.

In principle, due to the low quantum defect, very high efficiencies above 85% are ex-
pected however, efficiencies well below (~ 65—70%) have been recently obtained [181, 182].
Ho doped fibers are limited by the effect of active ion clustering which increases with the
concentration of Ho in the fiber leading to ETU. This is reduced by using smaller dopant
concentrations leading to longer fibers and potentially increased losses (background losses)
or by increasing the concentration of Al doping to prevent clustering [183, 180]. At present,
low doping concentration of Ho doped fibers yield to better performances due to reduced
clustering effect which is the barrier for high power amplifiers and lasers. For clad pump-
ing, high absorption is achieved by increasing the concentrations of active ions which in
fact is limited by the present technology due to low slope efficiencies as a result of the
mentioned clustering effect. Alternative approaches to keep a low concentration yet in-
crease absorption is to play with the ratio core to clad, enhancing absorption or to use
single mode Tm pump lasers to directly pump the fiber core.

The main issue in the 2 um spectral region is the lack of suitable pump sources and
more specifically pump laser diodes. For Tm doped fibers, thanks to cross-relaxation
effects, pumping is possible at 793 nm allowing the combination of double clad fibers with
high power pump diodes. For Ho doped fiber, there is no suitable diode pump laser hence
double/triple clad fibers, which are a must for high power scaling, do not benefit from
suitable pump sources. In order to circumvent this problem, Tm:Ho co-doping is used.

4.3 Tm:Ho Co-doped Fused Silica Fibers

Tm:Ho co-doped fibers take advantage of the pumping schemes for Tm and benefit from
the long emission wavelengths from Ho. By pumping either using pump diodes at 793 nm
exploiting CR effects or in-band pumping, the Tm ions can be excited from 3Hg energy
level to the 3F, followed by an energy transfer from Tm to Ho ions exciting Ho from °Ig
to 51; allowing lasing in the 2 — 2.2 um wavelength. This process is illustrated in Fig.4.4
where a simplified energy level diagram for both Tm and Ho has been included. A more
detailed energy level diagram can be found in [184].
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Figure 4.4: Energy transfer in Tm:Ho co-doped fused silica fibers.

Due to the pumping and emission wavelengths, a larger quantum defect of about
~ 65% is expected increasing the thermal load compared to Tm doped fibers which
forces cooling of the fiber and pump diodes.

From a fiber composition point of view, the balance between Tm, Ho and Al ions need
to be achieved for optimal performance. High Tm doping levels are required to achieve
CR and high Al doping levels are also required to avoid Tm clustering and Ho clustering.
At the same time, the good ratio between Tm and Ho ions will ensure proper energy
transfer from one to another. This makes the fiber and the dynamics more complex
compared to Tm or Ho fused silica fibers. It has all the complexity of Tm plus the energy
transfer mechanisms that can go both ways. There has already been some work around
the fiber composition of the co-doped fibers and the required concentration for Tm should
be ~ 5% w.t. with donor-acceptor ratios between 10 : 1 and 20 : 1 [185]. For an accurate
modelling of Tm:Ho co-doped fibers a larger amount of transitions need to be taken into
account however from the simplified model valuable information can already be extracted
to achieve optimal performance of the laser or amplifier systems.

An investigation of the commercially available PM Tm:Ho co-doped fibers perfor-
mance was carried out when the fibers are used in a clad-pumped co-propagation amplifier
scheme. This included testing the 6/130 (6 um core diameter, 7.37 um MFD @2 pm and
0.21 NA), the 20/300 (20 uwm core diameter, 17.6 um MFD @2 pm, and 0.09 NA) and the
25/300 (25 pwm core diameter, 21.6 um MFD @2 pm, and 0.09 NA) doped fibers. Due to
limitations in the available components regarding power handling such as isolators (5 W
@1960 nm) and the AOM (0.45 W @2050 nm) used in the CPA laser systems optimization
of the fiber length for the 6/130 active fiber was done such that the pulse wavelength does
not shift in the active fiber due to re-absorption while delivering up to 0.5 W of power
into the AOM rather than focusing on extracting maximum efficiency out of the system.
For the LMA fibers, the limitation was the available fiber length so that a spare amplifier
in case of damaging or g-switching could be produced which resulted in too short active
fiber length. Nevertheless, the investigation of the CR effect as function of the seed power
and the influence of the fiber and diode temperature on the amplifier efficiency already
gives useful information on how these fibers should be employed. The experimental setup
used to study the fiber amplifiers is shown in Fig.4.5.

The seed used was the developed tunable laser with stretched pulses up to hundreds
of ps to avoid NL effects during pulse amplification. A set of amplifiers (either 1 or 2)
were included before the test fiber to evaluate its performance as the seed power was
increased. All amplifiers including the fiber under study were cooled by placing them
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Figure 4.5: Experimental setup to test the Tm:Ho fibers in amplifier configuration.

in a water cooled plate with either graphite or thermal paste for improved contact and
heat exchange. The active fiber performance when cooled down to different temperatures
could be studied by adjusting the water temperature. The available pump powers were
16 W for the Tm:Ho 6/130 and 50 W for the Tm:Ho 25/300 and the pump diodes were
cooled down using thermoelectric coolers (TECs). The non-absorbed pump and output
power were collimated using an uncoated lens and the powers were measured after the
dichroic used to separate both beams.

Since the most interesting process during amplification is the cross-relaxation effect,
3.6 m of 6/130 active fiber were tested with 22.4 mW input power and ~ 200 ps long pulses.
The idea is to use this first amplifier to adjust the input power into the subsequent fibers
under study, either the 6/130 or the LMA fibers and observe how the efficiency increases

or decreases due to CR. The measured output power as function of the pump power is
shown in Fig.4.6.
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Figure 4.6: Measured output power out of the Tm:Ho 6/130 doped fiber for 22.4 mW
input power.

A maximum output power of 2.55 W was obtained for 15.4 W of pump at 793 nm. The
measured efficiency with respect to the pump power was 19.3% which is quite low but
it may be associated to the actual fiber length and to a limited input power to achieve
cross-relaxation. The power does not exhibit any roll-over effect suggesting that a higher
output can be achieved if the pump is increased which is possible by the addition of a
second pump diode. This amplifier was used to study the 6/130 active fiber in the exact
same configuration, co-propagation, clad pumping and same fiber length. Afterwards,
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both amplifiers were used to test the LMA fibers. Results are summarised in Fig.4.7 and
Fig.4.8.
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Figure 4.7: Output power in Tm:Ho fused silica fibers in clad-pumped co-propagation
scheme.

In Fig.4.7a the output power from the 6/130 active fiber is depicted as function of
the absorbed pump as the seed signal input is increased from 0.5W up to 1.5W. In a
saturated amplifier, the output power is linear with respect to the absorbed pump and
for a fixed pump power, the maximum output increases with the injected signal yet the
efficiency of the amplifier remains constant. This is true as long as there are no energy
transfer phenomena however, this is not the case for Tm and Tm:Ho doped fibers as they
exhibit CR and ETU. The slope efficiency with respect to the absorbed pump increased
by 2.5% when the seed power was increased from 0.5W to 1.5 W. This can be explained
by a further depopulation of the °I; energy level in Ho ions favouring energy transfer
from Tm to Ho depleting the 3F, in Tm ions and increasing the cross-relaxation process.
The efficiency as a function of the absorbed pump and total pump power are shown in
Fig.4.8b. Under strong seeding, the efficiency as function of the pump power has increased
by more than 15% compared to the amplification in the first scenario were 22.4 mW were
injected into the system and this is exclusively attributed to the cross-relaxation process.
No roll-over was observed suggesting that for the tested configuration the output power
is limited by the available pump. By adding a second pump diode, the pump power could
be increased up to ~ 32W and the output powers reached were beyond 10 W for the
6/130 Tm:Ho doped without exhibiting any roll-over effect.

Regarding the performance of the fiber with temperature, cooling of the diode and
cooling of the fiber were investigated with very little improvement on the efficiency of the
fiber amplifier. The effect on the pump diode temperature by cooling it using a TEC
down to 15° showed an improvement of ~ 3% with respect to the pump power which is
linked to an increase on pump absorption due to shifting the diode emission wavelength
closer to the absorption peak at 793 nm. If the fiber amplifier is cooled down from room
temperature to 15°, a slight improvement in efficiency was obtained of ~ 2%. Even
thought the performance improved in both situations, cooling the fiber and the diode had
the same issue which was water condensation on the laser diode and on top of the cooling
plate. This can cause fatal damage on the pump diode which which is why it was decided
to maintain the TEC temperature at ~ 25° and the cooling plate temperature at 20° .
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The Tm:Ho 25/300 LMA fiber output power was investigated as a function of the
pump power for input signal power P;y varying from 0.73 W up to 4.18 W. The results are
summarised in Fig.4.7b and Fig.4.8b. A maximum output power of 17.5 W was obtained
for 50 W pump and 4.18 W input signal. Regardless of the injection, more than 10 W
power were obtained even for 0.73 W input signal which is promising for power scaling
the high energy CPA system up to 10 W level with low seed power. As for the 6/130
active fiber, an increase in the input seed power improves the efficiency up to slightly
above 30% and up to 33% when estimated with respect to the absorbed pump. There was
no evidence of any roll-over effect meaning that further power scaling can be achieved by
increasing the pump power and by optimising the fiber length with a longer piece which
unfortunately was not possible due to lack of fiber.
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Figure 4.8: Tm:Ho LMA fiber performance comparison and measured efficicies for Tm:Ho
fused silica fibers.

Among the LMA Tm:Ho fibers, the 25/300 was chosen because of its bigger MFD
which is beneficial for power scaling with reduced non-linearities. The 20/300 fiber was
tested as well however the combiner used was matched to the 25/300 fiber geometry and
higher losses for the signal were expected in the splice. This can be seen on Fig.4.8a where
the splice temperature was measured as a function of the pump. For the 20/300 LMA
fiber, the splice reached a temperature of ~ 75° compared to the ~ 48° for the 25/300 at
50 W pump. The reason why the splice temperature is higher is the miss-match between
the combiner and the active fiber which leaks a portion of the signal power into the clad
and the low index polymer causing heating on the splice. At the same time, due to
the high pump power at the input of the fiber there is high absorption and not enough
power to deplete the inverted population further heating the fiber. It is important to
recall that the low index polymer is transparent for the pump wavelength at 793 nm and
highly absorbing at 2 ym which can cause the polymer to suffer from thermally induced
darkening worsening the transparency of the polymer further heating the splice causing
further darkening in a cascaded process until the splice burns. Because of the above
mentioned reasons, the use of the 20/300 fiber was avoided. Regarding the 25/300 fiber,
the combiner and splice performance were characterised and ~ 10% losses were obtained
on the combiner. From the remaining signal, about ~ 5% of it was located in the fiber
cladding which makes a total loss of ~ —0.68 d B at the combiner. The splice losses were as
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well characterised by cutting the first few c¢m of optical fiber after the slice and measuring
the power assuming there is no absorption. About ~ 12% of signal is lost at the combiner
to active fiber splice which corresponds to ~ —0.55dB. To further reduce the present
heat load on the fiber, the splice was directly performed on top of the water cooled plate
to maximise the heat exchange. The contact with the cooling plate was improved with
the use of graphite and thermal paste. In terms of output power, it is not possible to
really compare both LMA fiber due to not having optimised the amplifiers fiber lengths
for each particular geometry.

Based on the results obtained, is it possible to further increase the output power out of
the Tm:Ho 6/130 and Tm:Ho 25/300 fibers by increasing the pump power and optimising
the fiber lengths however this could not be done due to lack of active fiber. The amplified
spectrum was also measured and behaved as observed during the development of the CPA
lasers. The observed modulations increased frequency and contrast as the power out of
the amplifier was increased and pulses were further amplified in subsequent amplifiers as
shown in Fig.4.9.
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Figure 4.9: Measured optical specra at high power out of Tm:Ho first and second pre-
amplifiers, both use the 6/130 Tm:Ho active fibers.

As the output power increases out of the first pre-amplifier, the degradation of the
spectra can be observed due to the high frequency modulations developing. The effect be-
comes even worse as the amplification takes place in the subsequent amplifiers completely
scrambling the optical spectrum for powers above ~ 5W. For the worst case, a second
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pump diode was added to increase the output power to ~ 10 W, the calculated NL phase
for ~ 200 ps long pulses is 4.5 rad reaching peak powers as high as 1.3 kWW. The NL phase
starts to be substantial and it can affect pulse compression however, it shouldn’t be enough
to really affect the spectrum or ACT. Even if amplification doesn’t take place and pulses
are propagated in the active medium without pump (see Fig.4.9d), the spectrum worsens
meaning that the problem should not come from NL effects. The modulations are similar
to those that can be observed when broadband pulses excite the fundamental and higher
order modes in LMA optical fibers. However, given the fiber characteristics (6 ym core,
7.4 ym MFD and 0.21 NA) the fiber is single mode specially at such long wavelengths.
Fast modulations are also obtained in spectral interferometry due to the interference of
two delayed pulses yet the envelope of the pulses’ optical spectrum is maintained. If a
pair of delayed pulses with different intensities are amplified, the contrast between them
is kept more or less constant when amplification takes place in non-saturated amplifiers.
However if the amplifier is saturated which is the case for the second Tm:Ho amplifier,
one pulse will experience higher gain compared to the second one worsening the contrast
which can as well explain the degradation of the optical spectrum.

To evaluate the temporal pulse shape, compression was performed using the pair of
broadband CVBGs to stretch and compress (2050 nm wavelength, ~ 62nm BW, ~ 90 %
reflectivity and stretching factor of ~ 8 ps/nm and ¢3 ~ 0.22ps® and 0.23 ps®) ignoring
the phase miss-match between them and the dispersion added by the fiber amplifiers
leading to partially compressed pulses as shown in Fig.4.10.
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Figure 4.10: Measured ACT out of the second Tm:Ho 6/130 pre-amplifier. Dispersion
missmatch between CVBGs and dispersion due to fiber amplifiers have not been compen-
sated with PM2000D fiber.

A clear degradation can also be observed on the measured ACT which shows as a
modulated ACT with a coherence peak on top of it. The higher the power the faster
the modulations on the ACT. The expected pulse duration with the partially compressed
pulses should be At52% = 27.56 ps which is quite close to the measured ACT for 6 W
output power. It is strange that by increasing the pump power of the second 6/130
pre-amplifier, the ACT is broadened to ~ 50ps which is hard to understand as the
dispersion has not changed and the NL effects are not playing an important role during
amplification. As for the case of the measured optical spectrum, modulations on the ACT
appear if a pair of delayed pulses with different relative intensities are measured provided
that they overlap in time to some extent. This may explain the change in shape on the
ACT shape. If the contrast between the pulses worsens, the modulation becomes deeper.
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This is illustrated in the simulations below by computing the spectrum and ACT of two
identically chirped pulses (A = 2050 nm, AXpwuy = 24nm, Atacr = 27.5ps which
corresponds to Atpwgy = 19.4ps, ¢1 = 0 fs and ¢ = 1.81ps?) with different relative
intensities as can be seen in Fig.4.11.
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Figure 4.11: Influence of the relative intensity between a pair of identical pulses in the
spectrum and ACT. Pulse parameters: A = 2050 nm, AXpwry = 24nm, ¢o = 1.81 ps?
and ¢; = 0 fs which corresponds to At cr = 27.5ps and Atpwyy = 19.4 ps.

Regardless the relative intensity of the pair of pulses, the modulations that the ACT
and the spectrum exhibit are not periodic, they exhibit a frequency chirp which is linked to
the chirped nature of the pulses ¢5. As the modulations in the spectrum move away from
the pulse wavelength A = 2050 nm their frequency increases and the same happens in the
ACT as the modulations move away from At = 0. In particular, the ACT exhibits a sharp
peak at A; = 0 which tends to disappear as the contrast between pulses increases (the
relative intensity decreases) as can be seen in Fig.4.11d, 4.11e and 4.11f. An increase on
the contrast is also seen as a decrease on the modulation depth on the simulated spectrum
for the pair of pulses as shown in Fig.4.11a, 4.11b and4.11c. The relative intensity between
pulses, is not the only factor that can affect the measured spectrum and ACT, the delay
between the pulses has an important effect too.

The spectrum and ACT of a pair of identical pulses (A = 2050 nm, AXpw gy = 24 nm,
¢y = 1.81ps? which corresponds to At cr = 27.5ps, and Atpwyy = 19.4ps) with
increasing delays (¢; = 4,8 and 12 ps) is shown in Fig.4.12. Note that for ¢; = 0 is shown
in Fig.4.11a and 4.11d. As the delay increases, the frequency of the modulations in the
spectrum increase yet they still exhibit a frequency chirp. For ¢; > 0, higher modulation
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frequencies are obtained for A < 2050 nm and the other way around for ¢; < 0, higher
modulation frequencies are obtained for A > 2050 nm. On the time domain, as the delay
increases the modulations on the ACT smoothen out, yet maintaining a sharp peak at
At = 0. This is because there is less overlap of the pulses in time therefore the modulations
depth needs to decrease as the delay between the pulses increases.
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Figure 4.12: Influence of the delay ¢; between a pair of identical pulses in the spectrum
and ACT. Pulse parameters: A = 2050 nm, AXpway = 24nm, ¢ = 1.81ps? which
corresponds to At cr = 27.5ps andAtpw gy = 19.4 ps.

The origin of the modulations was uncertain as they can be originated from any place
along the laser system. At first one can consider that they come from the seed laser
that is delivering a main pulse followed by one or multiple small pulses however this
was not observed when characterising the seed laser. Neither FROG nor ACT showed
multi-pulsing of the seed and repetition rate of the laser was constant and stable during
operation. In addition, SSFS is a self-cleaning process, in the temporal and spectral
domain, and the fact that same results were obtained either with our developed laser or the
MIRPULSE indicates that the problem may not be coming from the seed source. Another
physical phenomena linked to the seed lasers due to the SSF'S is the loss of coherence due
to quantum pick-up noise [131, 168|. This can be verified by replacing the seed laser
by a highly coherent laser source such as a mode-locked oscillator at 2.05 um. Partially
coherent laser ACT slowly converges towards the measured ACT shown in Fig.4.10 and
the simulated ones in Fig.4.12f which makes quite hard to distinguish if the origin is
multi-pulsing or a loss of coherence of the source [186].

Working with optical components that are off-wavelength can also have an effect on the
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system due to reflections in isolators or circulators for example. Polarization can also play
a role if bad splicing takes place between fibers generating a pair of pulses delayed by the
group velocity from one axis to the other. The polarization properties of the seed lasers
and amplifiers was verified and was fixed by the isolators used (~ 20dB) and nothing
unusual was observed during the development of the fiber amplifiers. The stretching
devices (CVBGs) are not standard and may have some unexpected behaviour as well that
cannot be observed at low power but manifests as pulses are amplified. Fiber splicing can
also be problematic specially with these fibers that have high doping concentration hence
splicing the combiner to the active fiber and the active fiber to the mode stripper can be
more subtle than expected. The problem can also be linked to the Tm:Ho co-doped fiber
as their use is not widely spread and for instance, only CW and Q-switched operation
is reported in literature with the LMA Tm:Ho fibers investigated [187, 188| while small
core Tm:Ho co-doped fibers found in literature are usually non-pm or in-house fabricated.
When the 6/130 Tm:Ho fibers were replaced by Tm doped fibers to test exclusively the
first pre-amplifier, the same behaviour was obtained (modulations on the measured optical
spectrum) similar to those shown previously.

The laser being a CPA doesn’t make debugging of the system easier as it is not possible
to evaluate the system with stretched pulses in the temporal domain which adds more
complexity. This is mainly because of the available fast photodiodes which don’t provide
high resolution in the temporal domain. Amplification of the pulses always needs to be
performed due to losses in the passive components and dispersion miss-match between
the CVBGs which doesn’t allow to test component by component as compression without
amplification cannot be really observed on the ACT. In the temporal domain, a pedestal
was observed in the previous chapters which can obscure small secondary pulses over the
time span of the pedestal, specially if the pulses are not fully compressed. In order to
debug the system, a set of experiments were designed to isolate each possible situation
one by one and try to find the origin of the spectrum and ACT scrambling focusing on
the Tm:Ho amplifiers (splicing and polarization) and on the stretching device as are the
most likely components responsible of worsening the laser performance.

4.3.1 Tm:Ho ASE Source and Amplification

At first, in order to debug and try to find the origin of the modulations on the spec-
trum and on the measured ACT, the Tm:Ho amplifiers were tested as amplified ASE
laser sources. Both pre-amplifiers were tested, the first one had isolators at the input and
output operating at 2 ym wavelength and the second one consisted exclusively of the com-
biner, active fiber and mode stripper with both ends terminated with angled connectors
(FC/APC). By testing the amplifiers as ASE sources parasitic reflections or Fabry-Perot
cavity within the amplifier can be observed on the measured ASE spectrum while ignoring
any issue in polarization as the ASE is not polarised and exclusively excites the funda-
mental mode of the optical fiber. The measured optical spectra of both amplifiers for
different output powers are shown in Fig.4.13.

As the pump increases the ASE shifts to shorter wavelengths which is linked to less
re-absorption along the fiber. Pretty much identical results have been obtained for both
amplifiers mainly due to having almost identical active fiber lengths. No periodic modu-
lations on the optical spectrum could be observed neither when the FT of the measured
optical spectra was computed.

Afterwards, the first Tm:Ho amplifier was used as ASE source to be amplified by
the second one. To make sure that the behaviour observed is not exlusively associated

111



109 — P=0.0136 mW 1.01
5 — P=0.473mW _
5 0.81 — P=84mwW 5 0.8 1
- P=34.68 mW ©
=t —_
2 0.6 206
2 2
£ s
T 041 £ 0.4
@ .
5 £
£ 0.2 g 02
o
=

0.0 0.0 1

1900 2000 2100 2200 1900 1950 2000 2050 2100 2150 2200
Wavelength (nm) Wavelength (nm)
(a) ASE out of Tm:Ho first preamplifier. (b) ASE out of Tm:Ho second preamplifier.

Figure 4.13: Measured amplified spontaneous emission out of the Tm:Ho preamplifiers
for different pump powers.
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to Tm:Ho fibers, amplification of the ASE source was also performed in a Tm amplifier
with 6/130 fiber and same pump combiner to make sure the conditions are as identical
as possible. The Tm double clad fiber had a 6 um core, 0.21 NA and was from the same
provider as the Tm:Ho fiber. The results are shown in Fig.4.14 for the amplification in
the Tm:Ho amplifier and in Fig.4.15 for amplification in the Tm amplifier.
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Figure 4.15: Measured amplified ASE in a Tm 6/130 doped fiber amplifier and computed
FFT for different output powers. Py = 34.68mW , Py =459 mW and P, = 1200 mW

Amplification of the ASE source yields to very similar results either when using the
Tm or the Tm:Ho amplifiers, there is no apparent important spectral degradation. Tiny
oscillations start to appear on top of the measured amplified spectra which cannot be
appreciated on the Tm:Ho amplified spectra yet they grow with the pump power. The
difference from one to another may be linked to the output power which is two times
higher for the Tm amplified ASE. The FT of the measured spectra was computed to try
to observe any periodic pattern but it didn’t reveal any information for times below 4 ps
and neither for longer timescales as the signal is already below —60dB compared to the
main peak at Ops. Even though both amplifiers seem to be working properly, both of
them showed the same behaviour when tested in pulsed operation configuration.

4.3.2 Amplification of fs up to few ps Pulses

The main issue to debug the CPA laser is that it is not possible to study component by
component as stretching needs to be performed before amplification and sometimes they
need to be compressed as well to obtain information on the temporal domain. The tested
CVBGs have a non-uniform diffraction efficiency across their surface which makes them
more sensitive to alignment. For the broadband CVBGs, this is not a problem as their
clear apperture is small (5mm by 5mm) and a more uniform pattern was imprinted in
the glass which translated in a smooth optical spectrum after stretching. However, this
is not the case for the narrowband CVBG whose surface had to be scanned with the
beam in order to find a region with maximum diffraction efficiency and uniform spectrum
after stretching. Since the use of 2 um CVBGs is not widely spread and they are usually
found in research environments it was decided to investigate if the modulations on the
spectrum were due to the stretching devices. By replacing the CVBGs with a gold mirror
or with a low dispersion CFBG, amplification was tested with fs up to few ps pulses.
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This allowed to amplify either in the high-nonlinear regime with fs pulses or with long
enough ps pulses to avoid non-linearites and pulse compression as few ps pulses ACTs
can be directly measured. The experimental setup is shown in Fig.4.16a.
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Figure 4.16: Experimental setup to test the Tm:Ho amplifier with fs up to few ps long
pulses and measured optical spectra for the amplified fs soliton pulses.

-~ 1.0 -~ 1.0 -~ 1.0

5 5 S

Z 0.8 £ 0.8 Z 0.8 A

z z z

(5] (5] (%]

§ 0.6 § 0.6 é 0.6

C C c

° 0.4 1 ° 0.4 5 0.4 1 ~16ps

& & ~ 30ps N

© J © J \ [ J

g 0.2 —125p5 g 0.2 z 0.2

o t,\. o [=]

Z 0.0 1 Z 0.0 1 Z 0.0 1

=50 =25 0 25 50 =50 =25 0 25 50 =50 =25 0 25 50

Delay (ps) Delay (ps) Delay (ps)

(a) Measured ACT for a pump (b) Measured ACT for a pump (¢) Measured ACT for a pump
power Py power P; power Py

Figure 4.17: Measured optical spectra and ACT out of the Tm:Ho amplifier for different
pump powers (Py < P, < By).

When the gold mirror is used and the fs pulses are amplified, the SSFS regime is
reached very fast. The input pulses experienced amplification and shift in wavelength
up to ~ 2.3 um with smooth spectra and ACTs without evidence of multi-pulsing (see
Fig.4.16b). This is because the SSFS effect is self-cleaning and as the pulse shifts, only
the amount of light that suffers from Raman scattering will shift and the seed pulses
and solitons will separate not only spectrally but also temporally due to different group
velocities. As the pump power increases more and more solitons were generated and the
power level at signal wavelength at which the spectral modulations started to develop
(~ 0.5W) was not reached. No information on the amplifier performance could really be
extracted from the depleted seed pulse neither from the generated the solitons. On the
measured ACT (see Fig.4.17), two pulses were observed which corresponded to the input
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pulse and the shifted soliton. The separation in time between the two pulses increased
with the pump power as the soliton is generated earlier in the fiber amplifier therefore
reaching longer wavelengths and increasing the delay with the seed pulse at 2050 nm. To
set the experimental conditions in a more similar situation to the use of CVBGs, a CFBG
was used instead.

The CFBG was centered at 2050 nm wavelength, had a FWHM of 14.62nm at 3 dB,
a reflectivity of 37.6% and normal dispersion equal to 3y = 1.25ps? with 33 = 0. The
use of the CFBG allows to have a fully fibered stretcher and compared to CVBGs, the
inscription of gratings into fibers is a way more developed technology therefore ¢should
be in principle more reliable stretcher. The spectrum and pulse duration was analysed
while the output power was increased.
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Figure 4.18: Measured optical spectra and ACT out of the Tm:Ho amplifier for different
pump powers (Py < P, < P, < P3). The CFBG was used pulse stretcher and Ref. states
for the input spectrum to be amplified.

The few ps amplified pulses exhibited the same phenomena as when pulses were
stretched using the CVBGs, that is modulations on the optical spectrum and on the
ACT which become worse as pulses are further amplified (see Fig.4.18). Pulses were am-
plified up to P; = 475mW which is almost the same power level used while studying
pulse compression in the CPA laser. Observing the same phenomena means that the
observed modulations are not originated or linked to the CVBGs. The combiner and the
Tm:Ho active fiber could also be the responsible of the modulations. The combiner used
is not matched to the active fiber and is slightly bigger as the input and output fiber was
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the PM-GDF-10/130-2000-M, slightly bigger than the 6/130 Tm:Ho active. Excitation of
the cladding modes in the fiber may be amplified and mixed with the fundamental mode
scrambling the pulses in the time and frequency domains.

To avoid this problem, one can use the amplifier in contra-propagation scheme with
the PM1950 or PM1550XP fibers which are single-mode and have a MFD closer to that
of the active fiber reducing the supposed effect of cladding excitation. The same results
were obtained meaning that this was not the problem. As final test, the 6/130 Tm:Ho
fiber was tested in free space configuration. This will provide information on the quality
of the splices between the active fiber, the combiner and the mode stripper and reveal if
the fiber is suitable for amplification of broadband pulses.

4.3.3 Free Space Tm:Ho Fiber Ampilfier

The behaviour of the 6/130 Tm:Ho doped fiber was investigated in free space configuration
to evaluate how sensitive the fiber is to polarization which will tell the accuracy required
for the splicing with the combiner. If polarization axis are well aligned, amplification of
broadband pulses can be tested and if successful (no modulations observed), it would mean
that the splicing parameters need to be adjusted. Free space seeding of the active fiber has
the advantage that all the optical components that are out off the operation wavelength
of the laser can be avoided. The experimental setup is illustrated in Fig.4.19a. The
MIRPULSE laser (120 fs soliton pulses at 2050 nm, ~ 36 nm BW and ~ 48 mW average
power) in combination with an injection system were used to seed the Tm:Ho fiber in free
space. A PBS and a half-waveplate were included to ensure linearly polarised light and
to choose whether light is injected on the fast, slow or a combination of both axis of the
active fiber. Pulses were stretched before injection using the broadband CVBGs and a
circulator. The fiber could also be tested with fs pulses by removing the circulator and
CVBG replacing them with an isolator to directly inject the solitonic pulses. The pump
was injected in contra-propagation. The WincamD-IR-BB camera was used to image the
fiber and optimize the injected signal into the fiber core as can be seen in Fig.4.19b.
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Figure 4.19: Experimenatl setup to test the Tm:Ho active fibers in free space configuration
and image of the seeded active fiber.

At first an isolator designed at the operation wavelength was used to test the sensitivity
to polarization of the fiber with fs pulses. The doped fiber was pumped enough to slightly
amplify the pulses yet below the limit at which NL effects such as SPM and SSF'S started
to develop. The sensitivity to polarization was evaluated by rotating the half waveplate
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after the PBS cube. The output pulses were characterised using the OSA in two different
configurations: free space injected using steering mirrors and with a passive SM fiber
as transport fiber. Pulses in the temporal domain were characterised using the FROG
technique.
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Figure 4.20: Measured optical spectra and computed Fourier transforms for the fast and
slow axis of the Tm:Ho 6/130 doped fiber for low amplification.

In Fig.4.20 the measured spectra have been included for both axes, fast and slow with
the computed Fourier transform for low amplification to avoid NL effects. Due to the use
of thin-film waveplates with unlabelled axes, it was not possible to identify whether light
was injected into the fast or slow axis of the active fiber. This is not a problem provided
that injection into one of the axis is verified which can be done by analysing the PER
of the output light which should be maximum when well aligned. Then by rotating the
waveplate 45° injection into the other axis is achieved. Therefore, since the axis cannot
be identified, each axis has been assigned a reference angle with respect to the waveplate
angle ©,/; = 0° and ©,/, = 45°. Regardless of the tested fiber axis the spectrum was
almost identical independently of the injection mechanism into the OSA (SM fiber or free
space injection). Minor differences can be observed when the FT is computed from the
free space or SM fiber injected spectrum however better contrast is obtained when free
space injection is used as more light is injected into the OSA. It is worth mentioning the
appearance of a peak at 4ps in the F'T for ©,/, = 0° axis 40dB below the main peak
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at Ops. The origin of the peak can be understood when the waveplate angle is scanned
while the measured spectrum is recorded and the FT of the spectrum is calculated. This
is illustrated in Fig.4.21.

As the waveplate is scanned, the recorded spectrum changes, a set of well spaced mod-
ulations appear only visible when pulses are injected free space. The recorded spectrum
when using the SM transport fiber broadens compared to the fast and slow axis (0, = 0°
and ©,/, = 45°) and follows the envelope of the measured free space spectrum. This is
because the SM fiber is not polarization maintaining and is mixing light in both axes
hence it is not possible to observe the generated interference pattern. The maximum
modulation depth is obtained for ©,/, = 22°. This is because the polarization of the light
is almost exactly between the fast and slow axis and in principle the modulation depth
should reach 0. The reason why this is not happening is because the fast and slow axes
have different MFDs and they are not being equally seeded. This implies that gain may
be slightly different from one axis to the other which combined with the fact that the
OSA relies on diffraction gratings which have different diffraction efficiencies depending
on the polarization of the light, maximum modulation depth cannot be achieved. This
was verified by injecting at ©)/, = 45° and adding a waveplate before the OSA to find the
two maxima in signal which were significantly different. The modulation pattern depends
on the delay between pulses and their chirp. TL pulses exhibit periodic modulations while
chirped pulses exhibit a frequency chirp on the modulation observed in the optical spec-
trum. On the computed FT, a peak at ~ 4 ps has grown in intensity reaching a maximum
for ©,/, = 22°. This means that there is a second pulse which is delayed about At ~ 4 ps
with respect to the main pulse. The delay is linked to the fiber birefringence An and
the fiber length L (At = dnL/c) where c is the speed of light. For ~ 3.6 m of fiber, and
At of 4ps, the birefringence gives 3.3 * 10~* above the value given by the provider of
> 2x1074. The fiber was very sensitive to angle miss-alignment such that with variations
on 1° on the waveplate angle, small modulations on the measured optical spectrum could
already be observed which then result in the peak at 4 ps in the Fourier transform of the
spectrum. In fact, for the recorded optical spectrum at ©,/, = 0° it was not possible to
obtain good suppression of the peak at 4 ps as can be seen on Fig.4.20. This suggests
that active fiber splicing (splicing while seeding the fiber and/or pumping) should be tried
when splicing the active fiber to the combiner or mode stripper fiber if after amplification
periodic modulations appear on the spectrum. This can be done by core pumping while
splicing the fiber to have some signal on the OSA and manually adjust the fiber angles if
the splicing machine is not properly aligning the fibers.

The modulations observed when developing the CPA lasers were much faster and less
periodic which suggests that the origin must be different or a combination of few effects.
In addition, when the power was above 100 mW the optical spectrum was measured using
the SM fiber which is not sensitive to polarization. Maximum contrast is achieved for
©)/2 = 22° and the measured PER was few dB as a result of having almost equal amount
of light on both axes. When building the CPA, the PER was always at least above
~ 14 dB being the worst case when amplifying in non-saturated amplifiers as the ASE
worsened the PER to 14dB. The measured ACT and spectrograms as the wavelength
was scanned have also been included in Fig.4.22 for ©,/,, = 0 and 0,/ = 22.5°.

The ACT of a single pulse is smooth however if a pair of pulses that can interfere are
measured, modulations can be observed in the ACT which in addition has broadened due
to the delay between the pulses. The measured pulse duration for the ACT exhibiting
modulations is not accurate as the fitting is done to the envelope of the signal and the
FROG technique, due to having such a complex ACT trace, was not converging. That is
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Figure 4.21: Measured optical spectra and computed Fourier transforms when scanning
the injected polarization axis in the Tm:Ho 6/130 doped fiber.
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why only the measured spectrograms for both configurations have been included (0,2 =
0° and ©,/, = 22.57).

If the isolator is removed and substituted by a circulator and a broadband CVBG
(see Fig.4.19a) pulses can be stretched and amplified to W level to try to observe if the
modulations develop as it was the case in the Tm:Ho fully spliced amplifier. The measured
spectra are shown in Fig.4.23.
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Figure 4.23: Measured optical spectra as function of the output power out of the free-
space injected Tm:Ho 6/130 active fiber.

When the power is scaled in free space configuration, the measured optical spectrum
maintains its shape without producing the fast modulations encountered during the de-
velopment of the CPA laser systems for an output power of 0.5W. This means that the
active fiber is suitable for the amplification of broadband chirped pulses and that the
problem is linked either to the splicing between the combiner and the active fiber or to
the combiner itself. The main difference when splicing Tm or Tm:Ho fused silica doped
fibers compared to Er or Yb doped fibers is the dopant concentration required to achieve
optimal performance (cross-relaxation). The high doping levels may require a more ac-
curate control on the splicing that expected to avoid undesired diffusion of the dopants
during the arc process which turns out to be important not only for LMA fibers but also
for small core size fibers. Due to the discovery of the splicing issue in the very end of the
thesis, the complete development of the CPA lasers could not be achieved.
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Conclusions

The objective of the thesis was the development of femtosecond laser sources in the 2 um
spectral region and more specifically the development of CPA architectures, with high
power and high energy. The research was motivated by the potential 2 um lasers have to
overcome the well established Yb technology thanks to reduced non-linear effects which
permit higher peak powers in the gain meda, the use of bigger LMA fibers operating in
single mode regime enabling higher power scaling and the cross-relaxation effects in Tm
and Tm:Ho doped fibers for efficient amplification. At the same time, long operation
wavelengths opens a wide variety of applications including the generation of light in
the mid IR through DFG, OPO architectures or to be used as pump laser for OPCPA
taking advantage of the high efficiency of oxide non-linear crystals. This is of paramount
importance for the strong-field physics research field and for spectroscopy as the IR is the
molecular fingerprint spectral region.

At first, we have developed an all-fiber PM laser tunable over 170 fs via SSFS deliver-
ing sub-100 fs pulses with central wavelength ranging from 1880 nm up to 2050 nm. The
Er mode-locked oscillator and the Er amplifier in combination with the non-linear fiber
to trigger SSF'S is an efficient approach to generate pulses in the 2 um spectral region
where optical fibers and components are not so mature. Then, spectral broadening and
NL pulse compression allows to generate the required bandwidth and to compress the
pulses to sub-100 fs duration with powers ranging from 18 mW up to 34 mWW. Simula-
tions on the post-compression stage showed that the system is very versatile as it allows
customization in terms of pulse duration either at a particular wavelength or over the tun-
ability range just by adjusting the fiber lengths involved in the post-compression stage.
The present laser system is a convenient alternative to Tm, Ho and Tm:Ho oscillators as
seed source for amplified laser architectures.

On the second part of the thesis we have demonstrated pulse stretching up to hun-
dreds of ps and pulse compression down to 400 fs of broadband pulses at 2.05 um wave-
length. The effect of gain narrowing and the accumulated non-linear phase computed
with the beta integral §; with a distributed approach have been observed and taken into
account when designing the CPA lasers. We have highlighted the importance of matching
the stretching and compressor devices specially for broadband pulses with large stretch-
ing /compression factors as high order dispersion terms start to become very important if
highly dispersive gratings are used. The lack of suitable stretchers (CFBGs and CVBGs
with adjusted ¢3) suggests modifying the compressor to the available stretchers compo-
nents by increasing the gratings size with reduced dispersion (less lines/mm) on expenses
of the compressor size and operation angle.

Pulse stretching and compression of narrowband pulses (~ 6 nm BW) down to 2ps
duration has as well been demonstrated. Narrowband pulses are less sensitive to high order
and uncompensated dispersion and therefore easier to achieve optimal pulse compression.
Nevertheless, TL duration of 1.67 ps is only achievable if the dispersion of the amplification
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chain is also compensated. To reduce the repetition rate of the system, pulse picking was
applied to go from 40 M Hz down to 1 M Hz with high contrast and 0.84 mW output
power by properly adjusting synchronization with the seed laser, gate length, delay and
suitable choice of the RF signal generator. Further reduction of the repetition rate is not
possible due to the high losses of the system (10 dB insertion losses) yet amplification of
pulses to ~ 0.5 W level, the power level required to seed the LMA fiber amplifier.

On the last part of this thesis the performance of PM Tm:Ho co-doped fibers for pulse
amplification was investigated. The cross-relaxation effect is of paramount importance to
achieve efficient amplification and it has been demonstrated that it is strongly dependent
on the input power. Signal to pump efficiencies vary from 19.3% up to 36.5% when the
amplifiers are strongly seeded at the expense of increasing the accumulated NL phase on
the amplifier. LMA fibers were as well tested with efficiencies below 30% reaching powers
between 10 W and 35 W depending on the injection level and with potential to improve
by optimizing the fiber length and increasing the pump power. The fibers were tested in a
wide variety of conditions: with fs pulses which produced further SSFS up to 2.3 um and
with few ps up to hundreds of ps for amplification with or without reduced non-linearities.
An important pulse degradation the temporal and spectral domains was found when an
all-fibered architecture with stretched pulses was employed compared to when the fiber
was injected in free space. This suggest that splicing of the fiber is complex which may
be linked to the high dopant concentration required to achieve sufficient cross-relaxation
and efficient energy transfer from Tm to Ho ions.
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Perspectives

The completion of the CPA is mainly limited by the spectral and temporal degradation
of the amplified pulses either in high average power or high energy configuration. Few
experiments to further study the seed laser and the amplifier can be performed to unravel
the phenomena.

Replacing the seed laser by a mode-locked oscillator would be beneficial to test if the
coherence of the seed source is responsible for the fast oscillation in the temporal and
spectral domain. It has been shown that SSF'S lasers can loose coherence due to quantum
pick-up noise. Hence, random phase from pulse to pulse can degrade the amplification
and compression of pulses. Even though we have tested our developed SSFS laser and
the MIRPULSE laser, both of them rely on the SSF'S effect hence using a highly coherent
source such as a mode-locked oscillator would eliminate all doubts on the performance of
the seed laser sources.

Amplification of pulses in the 2 um spectral region is usually done with Tm doped
fibers and a large amount of work has been reported in the amplification of fs pulses and
CPA architectures at slightly shorter wavelengths ~ 1.96 ym. Even if the efficiency of
Tm doped fibers decreases as the wavelength approaches 2.05 um, testing amplification
and compression with Tm fibers would provide information on whether the Tm:Ho fibers
are suitable or not for an all-fibered configuration based on the performance of the Tm
amplifier. So far, Tm:Ho fibers seem to be working properly when free space injected.

Finally, few changes could improve the performance of the high energy CPA laser
system specially because of the low efficiencies and high non-linearities in the amplifiers.
Efficiencies can be improved and non-linearities reduced simultaneously by core pumping
the Tm:Ho 6/130 amplifiers. In-band core pumping with Er CW lasers allows for lower
quantum defects, lower heat loads and higher efficiencies while reducing the active fiber
length hence reducing simultaneously the non-linearities (non-linear phase). In addition,
if a contra-propagation scheme is applied, gain distribution along the active fiber further
reduces the non-linearities during amplification maybe even allowing higher output powers
for the same non-linear phase. This would be as well beneficial for seeding the LMA
fiber as higher injection powers will lead to higher efficiencies due to an enhanced cross-
relaxation effect. The high energy CPA laser system would be then tested as seed laser
in a multipass Ho:YLF amplifiers for further energy scaling.
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