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Abstract

Yb-ion doped gain media have become the material of choice for reliable generation
of ultrashort pulses at wavelength around 1 um. This can be attributed to their excellent
lasing properties, broad emission bandwidths and compatibility with diode pumping.
However, operation at high average power (>1 W) with sub-100 fs pulses still remains
quite challenging. The efforts of developing an Yb-ion oscillator towards this goal,

therefore, are the main focus of this thesis.

In this work, the commercially available Yb:KGd(WO,), (Yb:KGW) crystals were
chosen to serve as the gain media. To achieve high power operation, the thermal issues
and the intracavity losses are the two fundamental factors that one has to carefully
consider. In this thesis, a new pumping scheme was proposed to alleviate the thermal
issues in the Yb:KGW crystal. As the traditional methods have limitations to characterize
the intracavity losses in the broadband Yb-ion oscillators, a new method was introduced
in this work. By using it with a continuous wave (CW) Yb:KGW laser oscillator, this
method was proved to be simple, dynamic and accurate. As a side effect in the process of
optimizing the CW operation, a bistable regime with simultaneous two-wavelength
emission was observed. Reasons of this bistable operation were discussed based on the

understanding of the thermal effects and the loss mechanism in the Yb-ion oscillators.

With the knowledge and experimental understanding of the fundamental issues in laser
oscillators operated in the CW regime, the next step of our work was concentrated on
their operation in a pulsed regime. The pulsed operation was initiated by incorporating a
semiconductor saturable absorber mirror (SESAM) and was stabilized by adjusting the
laser cavity to achieve the optimized Kerr-lens mode locking. This dual action of the
Kerr-lens and saturable absorber (KLAS) mode locking resulted in greatly enhanced
performance. The laser delivered pulses with 67 fs duration at a repetition rate of 77 MHz.
The average output power reached 3 W, corresponding to >38 nJ of pulse energy
and >570 kW of peak power. To the best of our knowledge, this is the highest average
output power produced to date from Yb-ion based bulk lasers with such a short pulse

duration. The scalability of pulse energy and peak power was also demonstrated by



reducing the repetition rate to either 36 MHz or 18 MHz. The cavity with latter repetition
rate produced 85 fs pulses with the pulse energy up to 83 nJ, which corresponds to a peak

power as high as 1 MW.

The developed lasers had a fixed wavelength at around 1 pm. Many applications,
however, require wavelength tunability. The wavelength of the generated pulses can be
tuned in the near-infrared region by coupling them into an optical parametric oscillator
(OPO). The feasibility of the wavelength tuning was demonstrated in the last part of this
thesis, through a thorough theoretical analysis of three OPO materials suitable for

excitation at 1.04 um.
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Chapter 1

Introduction and background

1.1 Ultrafast lasers: split a second into 1000000000000000 pieces!

As early as in the year of 1878, driven by a wager on whether all the four hooves of a
galloping horse are lifted simultaneously off the ground, the innovative photographer
Eadweard Muybridge took a series of snapshots, each of which froze a motion of the
horse in one thousandth of a second (Fig. 1.1). These unprecedented images exposed an
entirely unique world that would otherwise pass too fast to be followed by human eyes.
In the present days, one thousandth of a second has been quite a long period of time with
respect to the modern technologies. A fast mechanical shutter or an instant flash of a
strobe light can freeze the time in 1/40,000 of a second, which can provide us a clear
visualization of many fast-moved objects such as the darting bullets, popping balloons,

and the splashing water to name a few.

Fig. 1.1. The famous photographs named ‘“the horse in motion” taken by Eadweard

Muybridge in 1878, showing the detailed gait of a galloping horse in 1/1000 second.

Shortly after the advent of the first laser in the early 1960s [1], the ultrafast lasers
became available. The shortest time period that can be controlled by human beings was

then brought down to a previously untouchable level. With the modern mode locking



technology (Section 5.1), a laser pulse could only occupy a few pieces if a second is split
into 10% of them! In other words, the time involved in a laser pulse is only on the order

of a femtosecond.

1.2 What can we do with ultrafast pulsed lasers?

Since an ultrafast pulse defines an event that occurs within an extremely short time
window, it seems quite naturally that the first thing to come to mind is to use it to probe
really fast-moving objects — just like using an instant flash of strobe to freeze a darting
bullet but in a much shorter time domain. One important example of the fast-moving
objects is of a chemical reaction. With an ultrafast laser, the scientists now are able to
freeze the motions of the particles and “see” those elementary chemical processes in real

time [2].

As the lasing energy is confined in a femtosecond time period, the peak power of each
individual laser pulse can reach to a very high value. Tightly focusing of a femtosecond
laser beam into a matter can give rise to a nonlinear response but only within the tiny
focal volume where the peak intensities are the highest. By scanning the laser beam
across the sample and collecting the nonlinear signal point by point, a high-resolution 3D
image can be built up. This imaging technique, i.e. the so-called nonlinear microscopy [3-
4], holds many advantages such as deep and noninvasive penetration, making it
particularly suited for visualizing of living biological tissues at scales ranging from a
single molecule to the whole surface of an organism with a penetration depth of hundreds

of microns (Fig. 1.2).



(a) and (b): Reprinted by permission from Macmillan Publishers Ltd: A. M.

Larson, “Multiphoton microscopy,” Nat. Photonics 5, (2011), copyright 2010.
(c): Reprinted by permission from The Optical Society: A. F. Pegoraro, A.
Ridsdale, D. J. Moffatt, Y. Jia, J. P. Pezacki, and A. Stolow, “Optimally chirped
multimodal CARS microscopy based on a single Ti:sapphire oscillator,” Opt.
Express 17, 2984-2996 (2009), copyright 2009.

Fig. 1.2. (a) Two-photon fluorescence imaging of a mouse kidney labeled with different
fluorescent dyes [3]. (b) Image of collagen in chicken skin obtained from a second harmonic
generation (SHG) microscopy [3]. (c) Image of rabbit aorta obtained from a multimodal
nonlinear microscopy: lipids (red) from coherent anti-Stokes Raman scattering microscopy,

collagen (blue) from SHG microscopy and muscle elastin (green) from two-photon

fluorescence microscopy [4].

Pico Femto

Images courtesy of Laser Zentrum Hannover - © Raydiance 2014

Fig. 1.3. Comparison of laser drilling with continuous wave (a), nanosecond pulses (b),

picosecond pulses (c) and femtosecond pulses (d).


http://www.nature.com/nphoton/index.html
http://www.opticsinfobase.org/oe/home.cfm
http://www.opticsinfobase.org/oe/home.cfm

At peak intensities above 10 TW/cm?, the irradiated materials will experience a series
of stronger nonlinear responses, which finally will give rise to a permanent modification
or removal of the materials. The removal happens so fast that the heat has no time to
diffuse out of the focal volume, leaving a very clean and highly precise processing area
with sub-micrometer accuracy (Fig. 1.3). When applied to the biomedical tissues, the
femtosecond lasers have been able to provide safe, bladeless and precise ophthalmic

surgeries [5] and even surgeries conducted within a cell are possible [6].

When it comes to the frequency domain, the short time scale of the pulses implies
their broad spectral bandwidth. The spectrum of a well-stabilized ultrafast laser actually
contains hundreds of thousands of equally spaced sharp spectral lines, making them
naturally suitable to be exploited as frequency combs, which play an important role in
precision frequency metrology, optical atomic clock, spectroscopy (Fig. 1.4 (a)) and
astronomy [7-9]. By coupling the femtosecond pulses into a microstructure fiber, the
spectrum can be stretched to several hundreds of nanometers, leading to the generation of
supercontinuum light sources. These sources are perfectly fit for ultra-high axial
resolution optical coherence tomography (Fig. 1.4 (b)) and high-speed

telecommunications [10-11].

(b)

(a) Image courtesy of the Ye Research Lab, JILA, NIST, and the University of
Colorado.

(b) Reprinted by permission from The Optical Society: M. Wojtkowski, V. J.
Srinivasan, T. H. Ko, J. G. Fujimoto, A. Kowalczyk, and J. S. Duker, “Ultrahigh-
resolution, high - speed, Fourier domain optical coherence tomography and

methodsfor dispersion compensation,” Opt. Express 12, 2404-2422 (2004),

Fig. 1.4. (a) Molecular fingerprinting. (b) Ultrahigh-resolution optical coherence tomography

image of human macula obtained by using broadband pulses as a light source [10].
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The applications listed above are merely the tip of an iceberg compared to the huge
application potential of the ultrafast lasers. With the improvement of the lasing
performance, reduction of cost and commercial availability, the ultrafast lasers will
stretch their arms into more scientific and industrial fields. On the other hand, the rapidly
growing demand for ultrafast lasers in turn will largely promote their technological

advances.

1.3 Overview of the Yb-ion ultrafast lasers

In this section, a brief review of the Yb-ion ultrafast lasers is given by highlighting the
features of different Yb-doped gain media and by summarizing the laser performance

obtained from these Yb-doped gain media.
1.3.1 Why Yb-ion ultrafast lasers?

Since the mode locking technique, which is the ultrashort pulse shaping mechanism,
was demonstrated in 1964 [12], the ultrafast lasers underwent several remarkable
revolutions. One of the most important aspects in the revolution was development of the
new laser gain media. Many of the early efforts were concentrated on the dye solutions.
However, the short lifetime and strong toxicity of the dye molecules destined them to be
eventually replaced by the Ti:sapphire crystals [13], which soon became the routinely
used gain media in the realm of ultrafast lasers. The Ti:sapphire crystals, on one hand,
have very broad emission spectrum with more than 300 nm of bandwidth, which is
sufficient to support the generation of sub-10-fs pulses [14-15]. On the other hand, they
require green pumping lasers such as argon-ion lasers or frequency-doubled neodymium-
ion solid-state lasers, which are either inefficient or expensive. Moreover, the Ti:sapphire
crystals have large quantum defect, which indicates the large energy mismatch between
the pump and laser photons. This creates a lot of waste heat during the lasing process,
leading to the reduced efficiency and output power capacity. For many applications
where high power (or energy) is required, one has to resort to the complicated and

expensive amplification systems [16-17].



In the past decade, accompanying the development of Ti:sapphire ultrafast oscillators,
another branch based on the Yb-ion doped materials have received increased interest.
Unlike the Ti:sapphire crystals, Yb-doped materials can be directly pumped by the high
power semiconductor diode lasers at a wavelength around 980 nm. This gives them a
significant advantage towards achieving powerful, compact and inexpensive ultrafast
lasers. Moreover, the Yb-doped materials have much smaller quantum defect (<10%)
when compared to that of the Ti:sapphire crystals (~35%), resulting in a lower level of
thermal issues and greatly enhanced lasing efficiency. Besides, they posses many
favourable lasing properties, such as large emission cross section, broad gain spectrum
and absence of excited-state absorption, all of which make the Yb-ion ultrafast lasers a

promising branch in the realm of ultrafast lasers.
1.3.2 Features of different Yb-doped gain media

The Yb-ion ultrafast lasers have experienced more than two decades of development.
In the first decade, research activities were mainly concentrated on two materials:
Yb:Y3AlI:01, (Yb:YAG) and Yb:glass (such as Yb:phosphate, Yhb:silicate and
Yb:fluoride) [18]. Both of these materials have their advantages and serious drawbacks.
Yb:YAG crystals have high emission cross section (~2x10?° ¢cm™) and large thermal
conductivity (~6 Wm™K™). These two factors are beneficial for their low lasing threshold,
high lasing efficiency and power scalability. However, very short pulses are difficult to
generate using Yb:YAG crystals because of their narrow spectral bandwidth (~6 nm).
The Yb:glasses, in contrast, have the very opposite properties: broad spectral bandwidth
(>30 nm) but low emission cross section (~0.1<10%° cm?) and small thermal
conductivity (~1 Wm™K™). The breakthrough of this dilemma came in the second decade
with the prosperity of a wealth of Yb-doped crystals and ceramics, including
Yb:tungstates, Yhb:silicates, Yb:sesquioxides, Yb:vanadates, Yb:borates and so on.
Strongly affected by the nature of the hosts, the Yb-ions exhibit very different spectral,
thermal and mechanical properties, therefore resulting in a varied laser performance.
Below | will provide a summary of the most important properties of these laser crystal

families.



(a) Yb:tungstates

Yb:tungstates (Ybh:KRe(WO,), Re=Y, Gd or Lu) are an important family that have
received much attention because of their favorable spectroscopic properties and fairly
good thermal conductivity. In fact, the Yb:KGW and Yb:KYW crystals have the largest
emission cross section (~3x10?° cm™) among the broadband Yb-doped materials. The
thermal conductivity of Yb:tungstates (~3.5 Wm™K™) is about twice lower than that of
the Yb:YAG crystals, but is four times higher compared to the thermal conductivity of
Yhb:glass, thus allowing a relatively efficient heat removal at high pump power levels [19].
With their fairly broad spectral bandwidth (~25 nm), pulses as short as 65 fs and 100 fs
have been demonstrated from Yb:KYW and Yb:KGW oscillators respectively [20-21]. In
these two cases, the average output power was limited to 182 mW for the former and 120
mW for the latter. Significant power scaling of the Yb:KGW oscillator was achieved by
pumping the crystal with two powerful laser diode modules. Output power of 10 W with
a pulse duration of 290 fs was produced [22]. Further power scaling was realized by
using Yb:KYW and Yb:KLuW crystals with the thin-disk geometry (see appendix A),
resulting in 240 fs pulses with 22 W of average power for the former and 440 fs pulses
with 25 W of output power for the later [23-24].

(b) Yb:sesquioxides

Yhb:sesquioxides (Yb:Re,O3, Re=Y, Sc or Lu) are very attractive for high power
generation because of their superior thermo-mechanical properties. Among them the
Yb:Lu,O3 crystals are the most prominent ones because their thermal conductivity can be
maintained almost constantly with the increase of the Yb-ion doping level. Thermal
conductivity of the Yb:Lu,Os crystals with 2.7 at.% doping can be as high as 11 Wm™K™,
which is about twice higher in comparison with Yb:YAG crystals [25]. When combined
with the thin-disk technique, the heat load can be removed very efficiently, resulting in an
output power of 141 W with a pulse duration of 738 fs [25]. Very similar to the Yb:YAG
crystals, the spectral bandwidth of Yb:sesquioxides is quite narrow. To overcome this
drawback, one strategy is to use the mixed crystal of Yb:LuScOs;, whose emission
spectrum can be broadened inhomogeneously by their disordered lattice structure. Pulses

with 74 fs duration and 40 mW of output power have been delivered from a bulk



Yb:LuScOs crystal, and pulses with 235 fs and 23 W of output power have been obtained
from a thin-disk Yb:LuScOj3 laser [26-27]. Another strategy for broadening the spectral
bandwidth is to use multiple gain media in a single oscillator. By combining the
Yb:Sc,03 and Yb:Y,03 ceramics, 66 fs pulses with 1.5 W of average power were
demonstrated [28].

(c) Yb:vanadates

Yb:vanadates (Yb:ReVO,, Re=Y, Lu, and Gd) are known for their broad spectral
bandwidth (>30 nm) and large nonlinear index of refraction. The latter feature makes
them well-suited to be used in the Kerr-lens mode locking (Section 5.1), which can
further broaden the spectral bandwidth through self-phase modulation (SPM). Although
the Yb:vanadates have comparably large thermal conductivity, they usually suffer from
low emission cross section and high reabsorption losses (Section 2.1), which limit their
capability for high power operation. So far, pulses with 61 fs and 58 fs of duration have
been delivered from Yb:YVO, and Yb:LuVQ, crystals, respectively. The average powers,

however, were only limited to 54 mW for the former and 85 mW for the later [29-30].
(d) Yb:silicates and Yb:borates

Many crystals included in the Yhb:silicates and Yb:borates families exhibit a similar
feature: highly disordered lattice structure, which largely benefits their extremely broad
spectral bandwidth compared to other Yb-doped crystals. In fact, some of them such as
Yb:SrY4(Si04)30 (Yb:SYS), Yb:GdYSiOs (Yb:GYSO), Yb:Sr3Y(BO3); (Yb:BOYS) and
Yb:LaSc3(BOs)s (Yb:LSB) have emission spectra with more than 60 nm of bandwidth,
making it easy for them to deliver pulses with less than 100 fs of duration [31-34]. For
example, pulses with as short as 58 fs and 70 fs durations have been extracted from
oscillators based on Yb:LSB and Yb:SYS crystals, respectively [31, 34]. It is worth to
note that, very recently, pulses with 35 fs duration were delivered from an Yb:YCOB

oscillator with external pulse compression (47 fs directly from the oscillator) [35].

Besides the broad spectral bandwidth, the large Stark splitting of the ground energy
manifold of the Yhb:silicates crystals can reduce the undesired reabsorption losses,
therefore resulting in reduced threshold pump intensity and enhanced lasing efficiency.

The minimum pump intensity (a.k.a. transparency intensity) required for Yb:GSO
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crystals, for instance, is as low as 0.15 kW/cm?, which is several times lower than for
other Yb-doped crystals [36].

(e) Yb:CALGO crystals

Crystal of the Yb:CaGdAIO, (Yb:CALGO) is quite a unique candidate that has
become the object of intensive investigations in recent years. The disordered substitution
of Yb ions to Ca and Gd ions not only inhomogeneously broadens the emission spectrum
to 80 nm wide, but also gives rise to a gain plateau in the 1000-1050 nm wavelength
range, making Yb:CALGO a very attractive material to produce pulses with sub-50 fs in
duration [37]. In 2012, A. Agnesi el al. delivered 40 fs pulses with 15 mW of output
power from a semiconductor saturable absorber mirror (SESAM) mode-locked (see
Chapter 5) Yb:CALGO oscillator with external compression [38]. Very recently, the
pulse duration has been brought down to 32 fs as a Kerr-lens mode-locked Yb:CALGO
oscillator with external compression was developed. While pumped by a single-mode
fiber laser (instead of a multi-mode diode laser), this oscillator has demonstrated so far
the shortest pulses generated from the Yb-ion oscillators [39]. Power scaling is possible
for this crystal because of its large thermal conductivity (>6.3 Wm™K™), which is similar
to that of Yb:YAG crystals [37]. A remarkable power scaling was achieved by Greborio
et al. in 2012, reaching 12.5 W of average power with a pulse duration of 94 fs [40]. With
the thin-disk geometry, 300 fs pulses with 28 W of output power and 62 fs pulses with 5
W of output power have been demonstrated [41-42].

1.3.3 Summary — the goal of this thesis

In this subsection, | summarized the laser properties of different Yb-doped materials.
This can provide us a guideline in the selection of the gain medium. The goal of this
thesis will then be concluded from a summary of the previously reported laser

performance.

In Fig. 1.5, four important properties: emission cross section, spectral bandwidth,
thermal conductivity and transparency intensity are presented. As was mentioned, large
emission cross section and high thermal conductivity are beneficial for power scaling.
Broad spectral bandwidth is necessary for pulse shortening. Low transparency intensity is

desired for obtaining a low threshold and highly efficient lasing process.
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Fig. 1.6 presents a summary of the literature results in terms of the average output
power and the pulse duration achieved from different Yb-doped materials. Pulses with
<100 fs of duration have been delivered from many of the Yb-doped materials. However,
in most of the cases, the average output power of the pulses with such a short duration
was limited and was in the range from several tens of mW to several hundreds of mW.
Power scaling beyond this range has been achieved but largely at the expense of the pulse
duration. Clearly, it is still quite challenging to obtain high output power (>1 W) while
keeping the pulse duration at a short level (<100 fs). One reason is tied to the fact that
some properties like the spectral bandwidth (for pulse shortening) and the thermal
conductivity (for power scaling) are typically contradictory to each other. Another reason
arises from the compromised performance of the current mode locking techniques
(details on this point will be discussed in Chapter 5). These issues were addressed to
some extent by combining Yb:Y,03 and Yb:Sc,03 ceramics (dual gain) in a single
oscillator based on Kerr-lens mode locking. Pulses with 66 fs in duration and 1.5 W of
average output power were demonstrated [28]. Very recently, two atypical materials,
Yhb:CaF, and Yb:CALGO, were employed and have shown quite promising performance:
pulses with 75 fs duration and 2.3 W average output power from the former, and pulses
with 62 fs duration and 5.1 W average output power from the latter [42, 58] were
demonstrated. It should be noted that the latter case was based on the thin-disk technique,

which requires quite complex configuration.
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In this context, the main purpose of this thesis was to develop simple and compact Yb-
ion bulk oscillators that scale the average output power to a higher level while keeping
the pulse duration short. Short pulse duration is desirable for many applications since it
gives rise to a high peak power. The high average output power makes them well-suited,
for example, to drive subsequent systems such as second harmonic generation and optical
parametric oscillators for continuous wavelength tuning in both visible and infrared

ranges.

In the whole work presented in this thesis, the Yb:KGW crystal was chosen as the gain
medium. Our motivation for using the Yb:KGW laser crystal comes from the fact that it
has one of the highest emission cross-sections (2.8<10"%° cm?), fairly broad amplification
bandwidth (>20 nm), and relatively high thermal conductivity (~3.3 Wm™K™) (Fig. 1.5)
[19]. High average output power in the continuous wave and mode-locked regimes (10 W)
was demonstrated [22] and the shortest reported pulses (100 fs) [21] were not limited by
the available gain bandwidth (Fig 1.6). In addition, the crystal is characterized by a high
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value of the nonlinear index of refraction [70] and absence of two-photon absorption at 1
pm wavelength [71], all of which contributes to the efficient Kerr lensing both at low and

high intensities.

1.4 Organization of this thesis

The work presented in this thesis is partially based on several journal publications.
The organization of this thesis is graphically represented in Fig. 1.7. The goal of this
work was the development of powerful pulsed laser oscillators. This resembles the
blossom of a flower, which requires the support of fertile soil, firm roots and a strong
stem. Similarly, the whole work presented in this thesis was based on the background
knowledge of mode locking and the overall understanding of current development of Yb-
ion ultrafast lasers (like the soil). Development of a high power femtosecond laser
oscillator necessitates the development of a powerful laser oscillator in continuous wave
regime (like the stem), operation of which is based on solid understanding and
characterization of fundamental issues like thermal lensing and intracavity losses (i.e. the
roots). During the development of a continuous wave laser oscillator, there were many
interesting phenomena that were worth to investigate (like the leaves). Among them, we
studied the simultaneous dual-wavelength operation of a CW laser oscillator. The
developed pulsed lasers will further be applied to pump optical parametric oscillators for
wavelength tuning. This is graphically depicted as a bee collecting the pollen from the
flower to transform it into a honey later on. The related background knowledge in each

chapter will be given at the beginning of that chapter.
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Chapter 7: Future application: OPO

/ ____» Chapter 5-6: Powerful ultrafast operation

Chapter 4: Dual-wavelength operation

Continuous wave operation

Chapter 2-3: Thermal issues and
intracavity losses

Chapter 1: Introduction and background

Fig. 1.7. Organization of the thesis.

In Chapter 2, we proposed a new pumping technique to alleviate the thermal issues for
the end-pumped Yb:KGW bulk laser oscillator, which are a fundamental factor in power

scaling of lasers. This chapter is based on the following publication:

H. Zhao and A. Major, “A continuous wave Yb:KGW laser with polarization-
independent pump absorption,” Laser Physics 23, 095001 (2013).

Chapter 3 presents a simple, dynamic and accurate technique to characterize the
intracavity losses in broadband Yb-ion lasers, in which case the conventional analysis has

serious limitations and cannot be used. It is based on the following publication:

H. Zhao and A. Major, “Dynamic characterization of intracavity losses in broadband

quasi-three-level lasers,” Optics Express 22, 26651-26658 (2014).

During the development of the continuous wave Yb:KGW laser, a dual-wavelength
operation was observed. The experimental results and a discussion of the mechanism are

presented in Chapter 4.

The following two chapters report on the pulsed operation of the Yb:KGW laser
oscillator. Chapter 5 describes the generation of 67 fs pulses at an average output power

of 3 W, which is, to the best of our knowledge, the highest average output power
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produced to date from the Yb-ion based bulk lasers with such a short pulse duration. By
lowering the repetition rate of the pulse train, pulses with high energy and high peak
power (~1 MW) were delivered. These experimental results will be presented in Chapter
6. Chapter 5 and Chapter 6 are based on the following publications:

H. Zhao and A. Major, “Powerful 67 fs Kerr-lens mode-locked prismless Yb:KGW
oscillator,” Optics Express 21, 31846-31851 (2013).

H. Zhao and A. Major, “Megawatt peak power level sub-100 fs Yb:KGW oscillators,”
Optics Express Optics Express 22, 30425-30431 (2014).

Chapter 7 gives a theoretical analysis that predicts the potential of the presented
ultrafast oscillator in driving a subsequent optical parametric oscillator (OPO), which is
an indispensable light source for the future biomedical imaging system that is being built
in our laboratory. This chapter is based on the following publication:

H. Zhao, I. T. Lima Jr., and A. Major, “Near-infrared properties of periodically poled
KTiOPO, and stoichiometric MgO-doped LiTaO3 crystals for high power optical
parametric oscillation with femtosecond pulses,” Laser Physics 20, 1404-1409 (2010).

The work presented in this thesis will be concluded in Chapter 8.
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Chapter 2
Polarization-independent pumping for reduction

of thermal lensing

As was mentioned in the introduction, one of the main advantages of the Yb-doped
solid state lasers is their capability to be pumped by the bright, compact and inexpensive
laser diodes at a wavelength around 980 nm. For high-power pumping, fiber-coupled
laser diode modules are widely used in the modern laser community. Such pumping
sources provide a simple and flexible method of beam delivery to the gain medium and
offer a round-shaped and homogeneous beam profile. The pump radiation can be easily
imaged into the gain medium through a simple focusing system such as a pair of
spherical lenses. On the other hand, the fiber-coupled laser diode modules usually offer
unpolarized pump because of the depolarization of light in the fiber. Due to the
anisotropic absorption behaviour of Yb:KGW crystals, the unpolarized pumping would
consequently cause non-uniform absorption profiles along the length of the crystal.
Moreover, the absorption profiles are strongly dependent on the current polarization state
of the pump beam. Consequently, the non-uniform and polarization-sensitive absorption
would cause considerable thermal lensing effect, which is detrimental to the efficiency,
beam quality and overall stability of a laser. In this chapter, we propose a new pumping
scheme to deal with the thermal issues of the Yb:KGW crystals, making them more
suitable for pumping by high power unpolarized radiation from the fiber-coupled laser

diode modules.

2.1 Thermal lensing

In the lasing process, the Yb:KGW crystal absorbs the pump radiation at a wavelength
of 981 nm and emits laser radiation at around 1040 nm. Obviously, there is an energy
difference between the pump photons and the laser photons. The excess energy will be
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released as a waste heat deposited in the crystal. This photon energy difference is usually

described as quantum defect that can be estimated by the following equation:
q=(0-4,/4.)x100%, (2-1)

where 4, is the pump wavelength and 4. is the laser wavelength. For the Yb:KGW,
approximately 6% of the pump power will be converted into the heat during the lasing
process. The accumulation of the heat load in the gain crystal may give rise to a large and
inhomogeneous stress which finally could cause a fracture of the crystal. Usually a
cooling system is necessary to remove the heat load from the crystal (Appendix A). The
cooling on the crystal’s surface will then result in a temperature distribution across the
active area that is perpendicular to the beam’s propagation direction. The temperature
gradient mainly induces two effects in the crystal: thermo-optic effect and thermo-
mechanical effect. The influence of these effects is visualized in Fig. 2.1. The thermo-
optic effect plays its role through altering the refractive index of the crystal, while the
thermo-mechanical effect generates mechanical stress inside the crystal through the
thermal expansion. Under the action of a temperature gradient, the hot center of the
crystal is in compression while the cooled surface is bulged in tension. In addition, these
stresses could further modify the refractive index of the crystal through the photoelastic
effect. As a consequence, the temperature-induced gradient of refractive indices
combined with the bulging deformation of the crystal’s surface result in a distortion of
the optical beam path from the center to the boundary surface. In an ideal case, this
distortion is parabolic and can be described by a thin lens, i.e. the so-called thermal lens.
As a laser beam passes through the gain crystal with induced thermal lens, its beam size
and wavefront can be both distorted. A positive thermal lens will focus the laser beam

while a negative thermal lens will defocus the beam.

For an end-pumped gain medium (see Fig. 2.4), the spatial matching between the laser
beam and the pump beam inside the gain medium is of critical importance with regard to
the lasing efficiency. The thermal lensing induced size variation of the laser beam can
break the well-designed matching, leading to a reduction of the output power and lasing
efficiency. Especially in the case where the laser beam is expanded and becomes larger
than the pump beam, the reabsorption losses (Chapter 3.1) in the unpumped region can
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remarkably degrade the lasing performance or even stop the lasing process completely.
Distortion of the beam wavefront induced by thermal lensing is a detrimental factor to the
beam quality, which characterizes the imperfection of a laser beam in comparison to the
perfect fundamental beam (TEMg, mode). In an ideal case, these distortions can be
compensated easily by adjusting the distances between the cavity components.
Unfortunately, in most cases, the thermal lens suffers from aberrations, resulting in a
complicated wavefront distortion that is difficult to correct. Especially in many
anisotropic Yb-doped crystals, such as the Yb:KGW used in this work, the strength of
thermal lensing can be different for different directions, resulting in a beam astigmatism
that is hard to correct. Therefore, an effective management of the thermal lensing effect
in the gain medium is quite important in order to achieve high output power, high lasing
efficiency as well as good beam quality.

Heat load
Thermo-optic ]
| effect ]
—
' — End sutrface
f————" bulging
| Photoelastic |
§ L= 8
Thermal lensing

Beam size variation
Wavefront distortion

Fig. 2.1. Schematic diagram of thermal lens formation and its effects on laser beams.

2.2 Thermal lensing reduction for unpolarized pumping

In section 2.1, we discussed formation of the thermal lensing without considering the
heat distribution along the beam propagation direction in the crystal. In fact, the pump
absorption and hence the heat load follow an exponential decay, rather than a uniform
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pattern, over the beam propagation path. This increases the strength of thermal lensing
and the risk of crystal fracture since a large part of the heat load is distributed within the
front part of the crystal. Under unpolarized pumping, the situation can become even
worse. This will be theoretically addressed in this section by simulating the absorption
profile along the propagation direction in a standard Yb:KGW crystal pumped by an
unpolarized radiation. Then we will propose a new pumping scheme which is more
suitable for use with the unpolarized pumping. Before presenting the theoretical
calculation, we will start from a brief introduction of the absorption anisotropy of

Ybh:KGW crystals, which is the main reason behind the discussed problem.
2.2.1 Anisotropic absorption properties of Yb:KGW crystals

The crystals of Yb:KGW are biaxial birefringent crystals, which have three orthogonal
refractive index axes labeled as Ny, Ny and Ng with ng>nm>n, (n is the refractive index).
The commercially available crystals are usually cut along one of these refractive axes.
For example, an Ng-cut crystal allows the light to propagate along the Ng-direction, while
the Npy-direction and Np-direction can be used as the polarizations for absorption and
emission. Fig. 2.2 gives the absorption spectra of the Yb:KGW crystals. These spectra
exhibit a strong dependence on the axis of the crystal. Among the three refractive axes,
the Nm-axis exhibits the highest absorption cross section at the wavelength of 981 nm (~6
times higher than those of the Np-axis and Ng-axis), making it the most favorable
polarization for efficient pumping. The accessibility to the Np-axis requires the use of the
Ng-cut or Np-cut Yb:KGW crystals, which have served as standard crystals in most of the

reported literature [1-5].
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Fig. 2.2. The absorption cross sections of Yb:KGW crystals along Np, N, and Ng
polarizations. The inset represents the coordinate system of the refractive axes.

2.2.2 Polarization-dependent absorption

As the Yb:KGW crystals are usually pumped by an unpolarized radiation, the pump
power will be absorbed on the two refractive axes that are perpendicular to the
propagation direction. Assuming that the power is divided equally between the two
polarizations which are parallel to the two absorption axes of the crystal, the absorbed
pump power can be expressed as:

Pus = Pl = 2 [P (- ) + &P 1} @2

where Py is the pump power, a; and a; are the absorption coefficients for the two
absorption axes. The absorption coefficient at a certain wavelength can be derived from
the absorption cross section by multiplying it by the Yb-ion concentration (which equals
to 2.210%° cm™ for 5 at.% Yb:KGW crystal used in this work). The first derivative of the
Pans With respect to the distance x indicates the power absorbed at a certain position in the
crystal and can be expressed as:

© dP 1
Pans = d—:(bs = > Pola; X (—a;x) + a; eXp (_aj x)]. (2-3)
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The normalized Pabs' of an Ng-cut Yb:KGW crystal pumped by an unpolarized

radiation at wavelength of 980 nm was calculated. The result is shown as the blue line in
Fig. 2.3. The area below the line represents the percentage of the pump power being
absorbed by the crystal. In a 7-mm-long Ng-cut crystal, approximately 94% of the pump
power can be absorbed. The absorption profile, however, exhibits an apparent non-
uniform feature: a large portion (about 75%) of the power is absorbed within the first 2
mm, while the remaining small portion is absorbed over a much longer length. The heat,
therefore, will be released in a small volume at the front of the crystal and finally will
cause strong thermal lensing effect. A very similar absorption profile can also be obtained
for the Np-cut Yb:KGW crystals.

In the simulation, the pump power was assumed to spread equally over the two
polarizations. However, in real case, this assumption can be easily perturbed by the
mechanical disturbance, such as moving, coiling and twisting applied to the fiber. The
variation of the polarization state of the pump radiation can modify the absorption profile,

therefore resulting in variable thermal lensing and unstable lasing performance.
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Fig. 2.3. Theoretical calculations of the absorbed pump power at different positions along the
length of a crystal for polarization-dependent (Ng-cut) and polarization-independent crystal

orientations.
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2.2.3 Polarization-independent absorption

The non-uniform absorption profile presented in the standard Yb:KGW crystal
originates from the large difference between the absorption coefficients that depend on
the polarization of pump radiation. If, in an ideal situation, the two polarizations involved
in the absorption have the same absorption coefficients, i.e. ai = ¢ = a, the equation (2-3)

can be simplified to a polarization-independent form:

. dP
Pabs = d;bs = Poanp (—aX) : (2_4)

In this case, a pure exponential decay of the absorption over the length of the crystal can
be obtained (the red line in Fig. 2.3). In the simulation, the absorption coefficient for the
two polarizations was selected such that to ensure that 94% of the pump power was

absorbed by the 7-mm-long crystal as in the case before.

In comparison to the polarization-dependent absorption, this polarization-independent
absorption has a much more uniform profile along the length of the crystal. Consequently,
the heat can be released over a longer distance. As a result, a significant reduction of the
thermal lensing effect can be expected. Moreover, the absorbed power and the heat load
at the entrance surface of the crystal were reduced by more than 50%, therefore resulting
in a lower risk of crystal fracture.

2.3 Experimental realization

2.3.1 Experimental design

Realization of the polarization-independent absorption requires identical absorption
coefficients for the two involved polarizations. As can be seen from Fig. 2.2, this
condition can be achieved by pumping a standard Ng-cut crystal at a wavelength of 967
nm or 949 nm, where the two absorption axes Nn and N, have exactly the same
absorption coefficients. Nevertheless, the shorter pump wavelength (compared to 980 nm)
will introduce more heat and stronger thermal lensing, which contradicts with our initial
purpose. In addition, the absorption coefficients at 967 nm are too low to achieve an
efficient absorption.
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In this work, we employ an Yb:KGW crystal cut for beam propagation along the Np-
axis (Nm-cut); therefore the Np-axis and Ng-axis can serve for absorbing the pump power.
At a pump wavelength of 980 nm, the absorption coefficients of these two axes are very
similar to each other (as shown in Fig. 2.2). Despite the small difference between the
absorption coefficients, this pumping scheme still can exhibit the feature of the

polarization-independent absorption.

The proof of principle of the proposed pumping scheme was demonstrated with the
Nm-cut, 2 mm %8 mm x1.2 mm (2 mm along the Nyy-axis and 1.2 mm along the Ny-axis)
Yb:KGW crystal slab (Castech) with 5 at.% doping concentration (Fig. 2.4, inset). The
fiber-coupled laser diode module provided an unpolarized pumping beam with a
maximum of 18 W of output power at a drive current of 23 A (Apollo Instruments Inc).
The pumping beam was delivered through the two antireflection (AR) coated achromatic
doublets, forming a beam spot with 250 um diameter in the crystal. The crystal was
wrapped in indium foil and held between two copper blocks, which were kept at a
constant temperature of 20 <C. The heat was efficiently removed in the direction parallel
to the Ny-axis [2, 6].

Output coupler

AL | | 1= —

Fiber-coupled Achromatic Dichroic  Yb:KGW
laser diode doublets mirror

Concave mirror
(r=200 mm)

Fig. 2.4. The layout of the CW N-cut Yb:KGW oscillator pumped by a fiber-coupled laser
diode. The inset indicates the orientation of the Np-cut crystal with respect to the laser

propagation direction.

The laser cavity, as shown in Fig. 2.4, consisted of a plane dichroic mirror, a concave
mirror and a plane output coupler with 5% transmittance at the lasing wavelength. The
dichroic mirror was coated for high transmission (>95%) at the pump wavelength and
high reflection (>99.9%) in the 1020-1080 nm region (Laseroptik GmbH). The concave
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mirror was coated for high reflection at the lasing wavelength. The distances between the
cavity optics were optimized to provide a fundamental mode size of 245 um in diameter

inside the crystal, which was well matched with the pumping mode.
2.3.2 Theoretical simulations

Considering the pump power lost due to the optical components such as the
achromatic doubles and dichroic mirror, the maximum pump power delivered to the
crystal was measured to be 17.3 W. The absorbed power measured under non-lasing
conditions was 7.8 W. The power absorption profile along the length of the crystal under
these experimental conditions was modeled theoretically by using equation (2-3). At the
pump wavelength of 980 nm, the absorption coefficients are a, = 3.2 cm™ and og = 2.7
cm™. The red line in Fig. 2.5 represents the absorption profile inside the 2-mm-long Np,-
cut crystal. The area below the curve corresponds to the total absorbed power of 7.7 W,
which is very close to the experimentally measured value of 7.8 W. A comparison was
made with the conventional Ng-cut crystal with the same amount of power absorbed,
shown as the blue line in Fig. 2.5. The graph indicates that the absorption profile along
the length of the crystal is much more uniform in the Np,-cut crystal, which would further
contribute to the reduction of thermal lensing. Moreover, the power absorbed at the
entrance facet of the crystal was reduced by more than 50%, leading to a greatly reduced

risk of crystal fracture.

Finite element analysis (FEA) for evaluation of the thermal effect was carried out with
LASCAD software (LAS-CAD GmbH). The 3-D temperature distributions in the top
halves of the crystal slabs with the Ny,-cut and Ng-cut geometries are presented in Fig. 2.6,
with the insets showing the 2-D temperature distributions of the central slides along the
length of the crystals. In agreement with the absorption profile, the temperature
distribution is much more uniform along the length of the Ny-cut crystal. The
temperature at the center of the entrance facet of the Np-cut crystal is 20 T lower than
that of the Ng-cut crystal. This difference will be more pronounced as longer crystals with

higher pump power absorption percentages are used.
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Fig. 2.5. Simulations of the absorbed pump power at different positions along the length of a
crystal with the Np,-cut and Ng-cut geometries. The areas below the curves represent a total
absorbed pump power of 7.7 W by the 2-mm-long crystal, which is close to the

experimentally measured value of 7.8 W.

Fig. 2.6. 3-D temperature distributions in the top halves of the 2-mm-long crystals with the
Nm-cut (a) and Ng-cut (b) geometries. Insets: 2-D temperature distributions along the beam

propagation directions.

The focal length of the thermal lens can be estimated if the relevant thermo-optical
parameters of the crystals are well known. For Yb:KGW, the thermal expansion
coefficients along the different axes have been determined with good agreement by
several groups [6-9]. However, another important parameter, thermo-optic coefficient
dn/dT, has a great discrepancy not only in the value but also in the sign among the
reported data [8-10]. Therefore, it is difficult to estimate the strength of the thermal
lensing without a reliable dn/dT. In the following section, we present the strength of the
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thermal lensing measured in the experiment. A detailed discussion of the dn/dT will be

given based on the experimental results.
2.3.3 Experimental results and discussion

The lasing performance of the CW Ny-cut Yb:KGW crystal is presented in Fig. 2.7,
showing the output power as a function of the input power. At a maximum incident pump
power of 17.3 W the laser delivered 2 W of radiation at 1040 nm, corresponding to an
optical-to-optical efficiency of 25.6% with respect to the absorbed pump power. This
result is comparable with those obtained from conventional or athermal-cut crystals for
the same amount of absorbed pump power [3, 11]. It is worth noting that the same output
power was achieved using 1.5 times longer athermal-cut crystal [3]. The laser power
measurements showed obvious nonlinearity, which is mainly caused by the redshift of the
pump wavelength with increasing diode’s drive current. At maximum output power, the
slope efficiency is 47% with respect to the incident pump power. The measured beam
quality (M?) value at maximum output power is less than 1.2. The output was polarized
along the Ny-axis, which has the broadest emission spectrum and the highest gain around
1040 nm among the three polarizations. Therefore the proposed crystal geometry will

also be beneficial to the development of ultrashort pulse Yb:KGW lasers.
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Fig. 2.7. Output power versus incident pump power for the CW Ny,-cut Yb:KGW laser.
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The strength of the thermal lensing was estimated by measuring the dependence of the
laser beam size on the distance away from the output coupler. The measured dependence
for the Ng-direction (parallel to the width of the crystal) at different absorbed pump
powers is shown in Fig. 2.8. It is obvious that the laser beam in this direction was
stretched as the absorbed pump power was increased. The laser beam size in the N,-
direction is not shown here, since it remained almost unchanged as the absorbed power

was increased (see the right side of Fig. 2.8).
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Fig. 2.8. Left: the laser beam radii as a function of the distance from the output coupler at
different absorbed pump power levels for the Ng-direction of the Ny-cut Yb:KGW crystal.
Right: the far-field profiles of the output beam at 5.6 W (top) and 7.8 W (bottom) of absorbed
pump power. (The symbols are the experimental data, and the solid curves are theoretical fits

using ABCD matrix analysis).

By using the ABCD matrix analysis, the strength of the thermal lens can be estimated.
The ABCD matrix analysis is a ray tracing technique that can be used to trace the laser
beam propagating inside and outside of the oscillator. Knowing the ray transfer matrix for
each optical component (Appendix B) and the distances between the components, the
beam size at any position can be determined. Since the beam sizes outside of the
oscillator have been experimentally obtained, the fitting of the data allows us to retrieve
the focal length of the induced thermal lens, which can be treated as a thin lens placed in

the central plane of the gain medium.
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The dots in Fig. 2.9 indicate the estimated strength of the thermal lensing at different
absorbed pump power levels. The strength is indicated by the dioptric power, which is
defined as the inverse of the focal length. It is clear that the thermal lens in the Ng-
direction is negative, which was never reported before in literature. In this case, the
negative thermo-optical coefficient dn/dT plays a dominant role in the formation of the
thermal lens, and to some extent this is balanced by the positive effect of thermal
expansion. This is in sharp contrast to the previously reported positive values of thermal
lenses in [11-12] where the positive effect of thermal expansion took a dominant place
over the negative thermo-optical effect (e.g. in the Ny-cut crystals), or both the thermal
expansion effect and the thermo-optical effect had positive values (e.g. in the Ng-cut
crystals). Although the sign of the thermal lens is negative in our case, the absolute value
of the induced thermal lens is almost twice as low as that of the conventional crystal
geometries and is comparable to that of the athermal-cut crystals for the same amount of
absorbed pump power [3]. On the other hand, for the N,-direction, the negative dn/dT has
a smaller absolute value, which can be balanced by the thermal expansion to a large
extent, therefore leading to a neglectable thermal lensing. The solid line in Fig. 2.9 shows
the theoretical thermal lensing for the Ng-direction simulated by the LASCAD program.
In the simulation, the value of dn/dT used was -8.7<10° K™, which is consistent with
recently reported results [8-9]. The discrepancy between the experimental results and
simulation is believed to mainly come from the nonlinearity of the pump power
absorption induced by the wavelength shift of the pump radiation as the level of power
was changed. It is worth noting that thermal lensing in combination with the Kerr effect

can play a significant role in pulse shaping in the mode-locked regime [2, 13].
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Fig. 2.9. The dioptric power of the induced thermal lens as a function of the absorbed pump

power. (Dots: experimental results, line: results of simulations using LASCAD software.)

2.4 Conclusion

In summary, a new excitation technique with polarization-independent pump
absorption based on the Np-cut Yb:KGW crystal was proposed. This technique has
potential for laser power scaling due to the reduced effects of thermal loading and lensing,
as well as reduced output power instability caused by mechanical disturbances of the
pump fiber. Initial tests were performed with a 2-mm-long Yb:KGW crystal slab. The
demonstrated CW laser produced 2 W of average output power in a TEMgy mode at 1040
nm. Numerical and experimental results confirmed the significant reduction of thermal
lensing. These successful results provide a route for the development of multi-Watt
Yb:KGW lasers in both CW and ultrashort pulse regimes with improved beam quality

and enhanced power stability against mechanical perturbations of the pump module.
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Chapter 3
Dynamic characterization of intracavity losses in

broadband quasi-three-level lasers

Intrinsic losses introduced by various laser cavity components (or intracavity losses)
play a fundamental role in limiting efficiency of laser performance. Currently, however,
their accurate characterization is only available for the four-level laser systems [1] and
only at the threshold of operation. At the same time, over the past decade quasi-three-
level laser systems based on Yb-ion doped materials have become technologically
important. Ytterbium ion solid-state [2] and fiber [3] lasers are revolutionizing industrial
and scientific applications such as micromachining [4] and multiphoton microscopy [5].
Despite this fact, determination of parasitic intracavity losses in such laser systems
remained a technological and scientific challenge. Here we demonstrate a simple, fast and
accurate analysis of intracavity losses of quasi-three-level lasers based on spectral gain
measurement. The technique overcomes limitations of the four-level laser model [1],
enabling dynamic characterization of loss, and hence, providing a potential for real-time

optimization of laser performance at any working point above the threshold.

3.1 Loss sources of a laser oscillator

In the lasing process, the steady-state operation can be reached when the losses
distributed inside of an oscillator are balanced by the gain. While the gain is generated

only in the lasing medium, the losses may come from a variety of sources.
3.1.1 The transmission of output coupler

The output coupler is a coated dielectric mirror that allows the lasing power to be
partially extracted from the oscillator. It provides a useful loss in the lasing performance.
An output coupler with low transmission leads to a low lasing threshold, while an output

coupler with high transmission can extract more power from the oscillator. For the Yb-
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ion solid-state laser oscillators, the optimized output coupling transmission at lasing
wavelength is in the range of 1% - 15%, depending on the host materials and the cavity
configurations. As an example, the reflectivity (which equals to 1-T, where T is
transmittance) curve of an output coupler provided by Layertec GmbH is shown in Fig.
3.1 (a). In the wavelength range between 990 nm and 1080 nm, the output coupler has a

flat reflection of 85% with #1% variation.
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Fig. 3.1. (a) Reflection of an output coupler with 85+1% reflectivity between 990 nm and
1080 nm. (b) Transmission spectrum of a dichroic mirror with high transmission at 980 nm

and high reflection in the range of 1020-1200 nm.

3.1.2 The intracavity losses

The intracavity losses are a parasitic and unavoidable factor that would degrade the
lasing efficiency of a laser oscillator. Especially in some cases where an output coupler
with low transmission is used (e.g. thin-disk oscillators), the output power is highly
sensitive to the intracavity losses. More than a few percent of the intracavity losses may
completely cease the lasing process. The intracavity losses may come from almost any
component inside the cavity, and they may experience a variation as the lasing condition

is changed.
(a) Losses of cavity mirrors

Although the cavity mirrors are coated to be highly reflective at lasing wavelength, the
imperfection of the coating leads to a leakage of intracavity power. Especially, due to the
small difference of the pump and laser wavelengths of Yb-ion lasers, dichroic coating

with a very sharp separation of the transmission and reflection bands is required (Fig. 3.1
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(b)). An imperfect coating may introduce more leakage through the dichroic mirrors. In
addition, the dust and minor scratches on the mirrors can cause scattering and hence

additional losses of the laser light.
(b) Reabsorption losses

The reabsorption losses are a drawback suffered by most of the Yb-doped gain media,
which have a quasi-three-level energy structure as shown in Fig.3.2 (a). Due to the small
Stark splitting of the ground energy manifold, a small portion of the electrons can be
thermally excited to the terminal state (E;) of the lasing transition, giving rise to
reabsorption of the lasing photons. This transition is in sharp contrast to the behaviour in
a four-level system (e.g. Nd-ion lasers), where the energy gap between the ground state
(Eo) and the terminal state (E;) is quite large such that thermal excitation of electrons and

the reabsorption can be avoided (Fig. 3.2 (b)).
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Fig. 3.2. Energy level schemes and main transitions present in the (a) quasi-three-level and (b)

four-level systems.

The reabsorption losses are critically important for the quasi-three-level gain media
when they are pumped longitudinally from the end surface(s). High lasing efficiency of
an end-pumped oscillator requires a good spatial matching between the pump beam and
laser beam inside the gain medium. With a good overlap, the reabsorption can be
compensated for by pumping more power into the gain medium. However, in some cases,
where a bad oscillator design or thermal lensing effect causes a laser beam to become

larger than the pump beam in the gain medium, the reabsorption losses in the unpumped
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regions cannot be compensated. Such reabsorption losses will contribute to the

intracavity losses (Fig. 3.3).
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Fig. 3.3. A side view of a crystal with a pump beam and a laser beam passing through it,

indicating the pumped and unpumped regions.

(c) Non-saturable losses of SESAM

Semiconductor saturable absorber mirror (SESAM) is a passive optical component
that is widely used for ultrashort pulse formation (details will be given in section 5.1).
Ideally, high peak power of a pulse can saturate the SESAM, allowing a 100% reflection
of the incident power. However, due to the defects in the SESAM, some losses (typically
0.5-2%) can be introduced resulting from a nonsaturable absorption.

(d) Losses of laser crystals

According to the Fresnel’s equations, as the laser radiation passes through an uncoated
surface of the crystal, about 10% of its power will be reflected and lost. Hence, the
entrance facets of the crystals are usually antireflection (AR) coated. However, like the
high reflection (HR) coatings on the mirrors, the imperfection of the AR coatings will
lead to a small amount of reflection and loss. This source of loss should be carefully
considered because the laser beam usually has four passes through the crystal’s surface in
each round-trip. In addition, the damage of the AR coating at high power levels will

significantly reduce the lasing efficiency or even cease the lasing process.
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Besides this main source of loss, several minor losses, such as the scattering and
unwanted absorption induced by impurities and defects in the crystals can also contribute

to the intracavity losses.

Despite the importance of characterizing the intracavity losses in evaluating the
performance of a laser oscillator, a simple arithmetic estimation of them is almost
impossible because of their diversity, uncertainty and variability. An experimentally
effective and accurate characterization of the intracavity losses, therefore, is highly
desired in practical usage.

3.2 Traditional methods

In this section, I will briefly review the widely used methods for characterization of
the intracavity losses. The limitations of these methods with the broadband quasi-three-

level laser oscillators will be addressed.
3.2.1 Findlay-Clay analysis

As early as 1966, Findlay and Clay have developed the well-known method for
characterizing the intracavity losses by using the relationship between the threshold pump
power and the transmission of the output couplers [1]:

R, =K(2g,l.) =K(L, - In(R,.))- (3-1)
In equation (3-1), Py is the pump power at lasing threshold, g, is the peak gain at lasing
wavelength, 1. is the crystal length, Li, is the round-trip intracavity loss, Ry is the
reflectivity of the output coupler, and K is a constant that is related to the parameters of
the pump beam, laser beam and the gain medium. In order to extract the intracavity loss,
repetitive measurements with different output couplers have to be performed. The
validity of this model is based on the assumption that the peak gain g, for a particular
laser transition is spectrally independent from loss Li,, which results in a linear plot
between the logarithm of the output coupler reflectivity and the threshold pump power.
The extrapolation of the linear plot to zero Py, indicates the intracavity losses.
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While perfectly valid for a typical 4-level laser system (e.g. 1064 nm transition of
Nd:YAG crystal), the assumption used in Findlay-Clay analysis is no longer valid in case
of a quasi-three-level laser transition which also exhibits reabsorption loss. Unfortunately,
in case of broadband quasi-three-level transitions such as those of the Yb-ions in solid
matrices, the situation becomes even much more complicated because the gain and
reabsorption losses are wavelength dependent. This leads to a nonlinear relationship

between the threshold pump power and the introduced loss and to erroneous analysis.

Another serious limitation of the traditional Findlay-Clay analysis is that it determines
the intracavity losses only at the threshold of laser operation. Knowledge of the
intracavity losses during the laser operation would be particularly valuable for the quasi-
three-level lasers where thermal lens induced mismatch between the pump and laser
mode volumes at high pump power levels can introduce reabsorption losses in the
unpumped regions of the laser mode. Such additional losses would effectively contribute
to the total intracavity loss. Therefore, the ability of dynamic intracavity loss
characterization can be used to ensure that a laser always operates in optimized

configuration.
3.2.2 Modeling for quasi-three-level lasers

Laser performance of the end-pumped oscillator with quasi-three-level transition has
been modeled by Taira el al. In this model, reabsorption losses were taken into account.
The threshold pump power was calculated with the following equation [6] which
resembles the one used in Findlay-Clay analysis:

p o, (W) +w;)
4z [0, (A) + o0 (AT, + 1))

(TOC + Lin + 5reabs) ) (3'2)

where hv, is the pump photon energy, w; and w; are the waist size of the laser beam and
pump beam, 4, is the pump wavelength, f, and f; are the fractional populations in the
lower and upper energy states (E in Fig. 3.2), oans(AL) and oem(’L) are the absorption and
emission cross sections at the lasing wavelength, z; is the lifetime of the upper energy
state, Tq is the transmission of the output coupler and Jreaps IS the wavelength-dependent

reabsorption loss. If all these parameters are well known, the intracavity losses Li, can be
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calculated. The difficulty in estimation of the L;, using this model comes from the

uncertainty of many parameters presented in equation (3-2).

3.3 New method: spectroscopic gain analysis

The spectral dependency of the gain and loss in broadband quasi-three-level laser
transitions, on one hand, is a drawback that limits the validity of the traditional methods
to characterize them. On the other hand, it provides us with an opportunity to determine
them from the lasing spectrum. It is well known that in a steady state operation the

overall cavity loss is balanced by the gain:

Roc(—Lin)exp[9(4)]=1, (3-3)
where Lj, is the round-trip intracavity loss already defined above, Ry is the reflectivity of
the output coupler also defined above, and g(4.) is the wavelength-dependent effective
gain coefficient which takes into account the reabsorption loss. It follows from (3-3) that
if gain coefficient is known, then the intracavity losses can be found. Since the gain
coefficient determines the oscillating wavelength of a laser, it can be easily calculated by

measuring the lasing spectrum and using the following equation from [7]:

9(AL) = 2Nl [B(Oen (AL) + O aps (A)) = Tans (A1, (3-4)
where Ny is the doping concentration and . is the crystal length. The factor of 2 accounts
for the double pass of the laser radiation in the gain medium. The value of 8, which is the
fractional population inversion, controls the shape and the peak wavelength of the gain
spectrum and therefore is defined by the experimentally measured lasing wavelength. The
sources of original data on emission and absorption spectra of a particular gain medium

can be usually found in the literature.

As can be seen, the presented technique eliminates repetitive measurements (only one
output coupler is needed) thus providing a simple, fast and accurate characterization of
the intracavity loss. Moreover, by taking into account dependence of the emission and
absorption spectra on the temperature, the estimation of losses potentially can be done at

any output power level; therefore the measurements provide the current value of the
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intracavity loss and can be used for dynamic monitoring of the lasing performance. In

addition to loss, the laser gain coefficient is also found.

3.4 Experimental characterization

The experiments were carried out with a diode-pumped continuous wave Yb:KGW
oscillator with a standard delta cavity shown in Fig. 3.4 which could support two
polarizations, the Ny, and Ny. The cavity was designed to have a good overlap between
the pump and cavity modes. The Yb:KGW crystal slab (Eksma) with 5 mm %<8 mm x1.2
mm dimensions and 1.5 at.% doping was cut along the Ng-axis and AR coated. A BK7
plate was used at Brewster’s angle to select oscillation with polarization either along the
Nm-axis or Np-axis [8]. The pump beam from a fiber coupled laser diode was delivered
through the two AR coated achromatic doublets, forming a beam spot with 375 pum
diameter in the crystal. The pump absorption in the crystal was measured to be 50%
under non-lasing conditions. The cavity optics were configured to provide a cavity mode
size of 320 um in diameter inside the crystal. This relatively small beam size took into
account the effect of thermal lensing and ensured that the cavity mode was always within
the pumped region. The output power was measured by a calibrated thermopile power
meter and the lasing spectrum was recorded by a spectrum analyzer (Anritsu MS2687B)
with a wavelength resolution of 0.07 nm.

=

Fiber-coupled AD  AD Yo KGW
laser diode

Fig. 3.4. Schematic of a continuous wave Yb:KGW laser. AD: achromatic doublet; DM,
dichroic mirror; R1, R2, R3: concave mirrors with radii of curvatures of 600 mm, 600 mm
and 750 mm; OC: output coupler; HR: highly reflective mirror. The inset indicates the

orientation of the Ng-cut crystal with respect to the laser propagation direction.
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3.4.1 Laser performance

The laser performance was evaluated with a series of output couplers with
transmission ranging from 0.4% to 10%. The best performance for both polarizations (N,
and Np) was achieved with a 5% output coupler as shown in Fig. 3.5. The output power
was 3.3 W for the Np-polarization and 3.5 W for the Np-polarization at the pump power
of 21 W (~10 W absorbed), corresponding to a slope efficiency of more than 70% with
respect to the absorbed pump power. The output power plots exhibited a nonlinear
behavior since the pump wavelength shifted to a longer one as the diode’s drive current
was increased as well as varying overlap between the cavity and pump modes as a result

of thermal lensing.
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Fig. 3.5. The output power as a function of pump power for different output couplers for (a)

the N-polarization and (b) the Ny-polarization.

3.4.2 Characterization of intracavity losses

The lasing spectra of the laser and the corresponding calculated gain spectra for the
Nm-polarization and the Ny-polarization are shown in Fig. 3.6. For all output couplers the
lasing spectra were recorded at the pump power of 17.5 W, and no shifts in wavelength
for each output coupler were observed as the pump power was increased up to the
maximum of 22 W. The lasing wavelength 4., the fitted population inversion f, the gain
coefficient g(1.) at the lasing wavelength, and the calculated intracavity losses L, are
listed in Table 3.1. The room-temperature data on emission and absorption spectra of the

Ybh:KGW crystal that were used in these calculations were published in [9] and kindly
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provided to us by S. R. Bowman (Optical Sciences Division, U.S. Naval Research

Laboratory).
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Fig. 3.6. The lasing spectra (blue lines) and the calculated gain spectra (red curves) for

different output couplers: (a) for the Ny-polarization and (b) for the Np-polarization. OC,

output coupler. As the value of OC was changed, the lasing wavelength shifted to have the

highest gain.

Table 3.1. Gain spectra parameters and estimated intracavity losses

Toc AL (nm) B gly) Lin

10% Nm 1023.3 0.164 0.128 0.020

"IN, | 1037 - - -
50/ Nm 1028.7 0.13 0.073 0.021
0 Np 1037.7 0.143 0.087 0.033
30 [\ 1029.8 0.115 0.053 0.022

0

Np 1037.9 0.113 0.058 0.026
0.4% Nm 10385 0.073 0.013 0.009
R N, 1042.6 0.062 0.013 0.009
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The intracavity losses for the Ny,- and Np-polarizations have consistent values of ~2.1%
and ~3.0% for the 3-10% and 3-5% output couplers, respectively. There is a number of
factors that could have contributed to the uncertainty in these obtained values of
intracavity loss. The difference in intracavity losses between both polarizations can be
attributed to a slight misalignment of the Brewster plate during realignment procedure,
which was used (in both cases) to select the Nm- or Np-polarization. The difference in
intracavity losses between the individual output couplers (for a particular polarization)
could have also resulted from some residual misalignment that was left after their
changing and from variation of the cavity mirror’s reflectivity (including that of the
output coupler) in the 1023-1043 nm wavelength range. More generally, systemic errors
came from the wavelength resolution of the spectrum analyzer (0.07 nm) and of the
available emission and absorption spectra (0.1 nm) of the Yb:KGW crystal. In addition,
the measurement errors in the emission and absorption spectra and their dependence on
the temperature and the actual level of doping concentration also can provide a degree of
uncertainty. While all used highly reflective cavity optics were specified to be 99.9%
reflective in the 1010-1100 nm range and had less than 0.01% change in reflectivity in
the observed lasing wavelength range, we were unable to find any temperature dependent
data on emission and absorption cross sections of Yb:KGW. For this reason the room-
temperature data set from [9] was used in our calculations. The fact that for every output
coupler no wavelength shift was observed as the pump power was increased points out
that in our case the effect of temperature at least on the gain shape was negligible. It also
should be noted that the level of error of the estimated intracavity loss induced by the
inaccuracy of the emission and absorption data and the doping concentration depends on
the gain level. A higher gain level can give rise to a larger error. For example, 1%
inaccuracy of the data can produce 1% variation of the gain (according to the equation (3-
4)), which consequently would result in ~6% error in the estimated intracavity loss if a 10%
output coupler was used, whereas the error would be reduced to 2% if a 3% output
coupler was used. We believe that a cumulative error in the estimated intracavity loss in
our case did not exceed 1%. A simple estimation supports this statement: taking
manufacturer’s specified loss of 0.1% for highly reflecting, dichroic and crystal’s AR
coatings the total intracavity loss per roundtrip can be put at 1.3%. Considering the
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scattering introduced by the dust particles on optics (the laser was not operated in a clean
room and did not have a cover) the actual loss will be closer to the experimentally

inferred values.

On the other hand, the data show a large error with 0.4% output coupler for both
polarizations. This is caused by a relatively flat gain spectrum at low level of loss. This
leads to a difficulty in assignment of the peak gain wavelength because of multiple
wavelengths in the spectrum (Nm-polarization) or very vague peaks in the calculated gain
spectrum (Np-polarization). Another possible limitation could be due to spectroscopic
data of the crystal since reabsorption at the longer wavelengths is fairly weak thus
making its accurate measurement difficult. In addition, the lasing wavelength of the N,-
polarization (see Fig. 3.6 (b)) had a shorter tuning range and was clamped at 1037 nm as
the cavity loss exceeded a certain level. Thus with the 10% output coupler, the population
inversion and the corresponding gain spectrum could not be reliably determined.
Therefore, the intracavity losses estimated by this spectroscopic method could have large
errors when the output couplers induce too large or too small losses. In order to determine
the range of applicable losses, the calculated lasing wavelength from equation (3-3) was
plotted in Fig. 3.7 as a function of the total cavity loss (i.e. Ry + Liy). At low level of loss
the curves are relatively steep, corresponding to a spectrally flat gain spectrum and at
high level of loss they become flat, resulting in an invariable lasing wavelength. It can be
seen that the optimum ranges of total cavity losses that can be used for correct intracavity
loss estimation are 2.5% - 19% for the Np-polarization and 3.5% - 8.5% for the N,-

polarization.
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Fig. 3.7. The calculated lasing wavelength as a function of the total cavity loss. The shaded
areas indicate the ranges of applicable losses which correspond to a single lasing wavelength
and well defined peaks in the gain spectra.

3.4.3 Comparison with traditional methods

For comparison the Findlay-Clay analysis [1] was also performed and the data are
displayed in Fig. 3.8. Considering the reabsorption losses in the quasi-three-level lasers,

the equation (3-1) can be corrected as:

P, =K(2g,l.) = K(L, = In(R,.) + S,caps) » (3-5)
where K is a constant and Jreans=2Nolcoaps(AL) 1S the round-trip reabsorption loss (in our
case it is wavelength-dependent through oaps(4.)). For the analysis the threshold pump
power could not be determined by linear fitting of the output power plots because of their
obvious nonlinearity (shown in Fig. 3.5). Therefore, in this work, the threshold pump
power was recorded when the lasing ceased while decreasing the pump diode’s drive
current. A noticeable deviation from linear behavior of the measured relationship
between the Py, and In(Roc) was observed for the Np-polarization (see Fig. 3.8). For the
Np-polarization, owing to a narrower wavelength tuning range and almost constant level
of the reabsorption loss, the relationship is closer to a linear. According to the Findlay-
Clay analysis, the intercept of the linear data fit with the horizontal axis gives the overall
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cavity loss (excluding the loss of the output coupler). By subtracting the reabsorption loss
of about 5%, the estimated intracavity loss for the Np-polarization is 1.8% and is close to
our previous measurements. For the Np-polarization, however, although the linear fit
points to an overall cavity loss of about 10%, it is still impossible to estimate the
intracavity loss because the reabsorption loss varied from 3% to 20% (see Table 3.2) for
the observed oscillating wavelength range. This clearly shows the limitation of the
Findlay-Clay analysis. It is worth noting that similar to the work of Findlay and Clay,
Caird’s analysis [10] also assumes that the lasing wavelength is spectrally independent
from loss and, therefore, cannot be used for analysis of intracavity losses in broadband

quasi-three-level gain media.
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Fig. 3.8. Findlay-Clay plots for both polarizations, N, and N,. The intercept of the graph

with the horizontal axis defines the intracavity loss.

For further comparison we also estimated the intracavity loss using the equation (3-2)
derived from a numerical modeling of the quasi-three-level lasers [6]. The values of the
parameters are as the follows: the pump photon energy hv, = 2 % 10™%° J is the pump
photon energy, the lifetime of the upper energy manifold 7 = 300 ps, f, = 0.75 and f| =
0.04 are determined based on the energy structure of the Yb:KGW crystal [11]. The
cavity mode radius w; of 165 pm was used when considering a weak thermal lens (~1
diopter) at the lasing threshold. Taking the pump beam quality (M?) of 35 into
consideration, an averaged pump mode radius w, = 205 pm was used [12]. Other
parameters, including the reabsorption 10SS dreans and the emission and absorption cross

sections (oem(AL) and oaps(A)), are all wavelength-dependent. Their values are listed in
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Table 3.2. With the measured absorbed pump power (and its spectrum) at lasing

threshold, the intracavity losses were calculated for each output coupler (see Table 3.2).

The data in Table 3.2 indicate that this numerical model also has large errors. This is
caused by the uncertainties and approximations that were involved in the measurements
and calculations. Firstly, the threshold pump power was determined in the same way as
for the Findlay-Clay analysis, although the power meter itself has a finite accuracy.
Secondly and most important, the effect of the overlap between the pump mode and the
cavity mode had a large uncertainty since the effect of thermal lensing (even at threshold)
would change the shape of the cavity mode. Most likely this is reflected in the growing

intracavity losses as the output coupling was increased.

Table 3.2. Lasing parameters and intracavity losses calculated through the numerical

modeling
O O
TOC (><lo—92n(;alm2) (><I-0—a2bfélm2) 5reabs Pth (VV) I—in
oo | N 254 269 0.197 66 0088
0
N, 137 0.79 0.058 67 0048
o | Mo 1.89 157 0.115 49 0043
0
N, 136 0.74 0054 466 0035
| Mo 1.76 138 0.101 44 002
SN, 135 073 0053 375 0027
ous| M 082 043 0032 32 002
N 096 042 0031 273 0022

As can be concluded from the above discussion, both conventional methods have
serious limitations and result in large errors. More importantly, they estimate the
intracavity loss only at the lasing threshold, a condition that is very different from the
normal operating regime. The newly proposed method, however, was shown to be more
accurate and consistent, and potentially allows one to estimate the intracavity losses at
any output power levels. It can be further improved by taking into account temperature-
dependent emission and absorption cross sections, spatially varying level of inversion in
the crystal [13,14] as well as inhomogeneity of pumping. We anticipate that this method
will be also applicable to other broadband gain media such as, for example, Yb:CaF,,

Yb:glass, and Yb:CALGO. While questionable, its application to narrowband materials
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like Yb:YAG is not completely impossible and can be assessed by making calculations

similar to the ones presented in Fig. 3.7 to identify a suitable range of losses.

To demonstrate dynamic application of our technique we adjusted the cavity to
provide a lasing mode that would have a poor overlap with the pump mode at low pump
power and a better overlap at high pump power as a result of thermal lensing. Fig. 3.9
shows the lasing spectra as the pump power was increased from the lasing threshold at
11.7 W to 24.7 W. It can be seen that the lasing wavelength shifted from 1029 nm to
1030.4 nm, corresponding to a reduction of intracavity loss from 4.6% to 2.3% as better
overlap between the modes was achieved. While optimization of laser performance can
be done by simply monitoring of its output power, our approach allows one to do the
same in the spectral domain. It is worth noting that in many cases simple monitoring of
the output power is not always objective enough criterion because the lasing efficiency
may experience a loss-induced degradation despite the continuous growth of the output

power (e.g. in case of thermal roll off).
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Fig. 3.9. Shift of the lasing wavelength with increase of the pump power. A 3% output
coupler was used. As the pump power was increased, the lasing spectrum shifted from short

wavelength (high intracavity loss) to long wavelength (low intracavity loss).
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3.5 Conclusion

In conclusion, a technique to estimate the intracavity losses based on the spectroscopic
gain analysis was presented. This technique can be applied to the laser oscillators based
on the quasi-three-level energy structure with broad emission spectrum, where the
traditional Findlay-Clay analysis is not applicable. It provides an accurate estimation of
the intracavity loss based on a single measurement. More importantly, the estimation is
not limited only to the lasing threshold, thus allowing one to adjust laser cavity
parameters according to the dynamically varying intracavity loss. A comparison with the
traditional Findlay-Clay analysis and numerical modeling method was made and
limitations were discussed. An experimental test with a diode-pumped Ybh:KGW laser
oscillator was demonstrated. We believe that this technique will be equally important for
the continuous wave as well as ultrafast lasers based on broadband quasi-three-level gain

media.
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Chapter 4

Simultaneous CW dual-wavelength operation

Many rare-earth-doped materials allow multiple longitudinal modes with different
wavelengths to oscillate in a laser cavity. In normal continuous wave (CW) operation,
however, only one of them with the highest gain can reach the lasing threshold and obtain
amplification, resulting in a single-wavelength emission. Other longitudinal modes with
weaker gain will be fully suppressed in the gain competition with the superior mode. If,
in some special cases, the gain for two (or multiple) modes is equalized, both (or all) of
them will oscillate in the cavity. As a consequence, a simultaneous dual-wavelength
(multiple-wavelength) laser will be generated. The equalization of the gain is usually
achieved by introducing a larger loss to the high-gain mode such that its net gain is
comparable to that of the mode with a weaker gain. Over the recent years, the
simultaneous dual-wavelength lasers have demonstrated their potential in many fields,
such as precise metrology, remote sensing, frequency conversion and generation of
terahertz (THz) radiation, etc [1-3]. In this Chapter, | present the generation of dual-
wavelength radiation in a CW Yh:KGW laser oscillator.

4.1 Dual-wavelength operation in rare-earth-doped materials

Rare-earth-doped materials are naturally suited to be used for generation of
simultaneous dual-wavelength radiation due to their diverse energy transitions between
sublevels of different Stark manifolds. Among them, many Nd-doped gain media (e.g.
Nd:YAG, Nd:LuVO,, Nd:YVO, Nd:La,CaB19O19) have been extensively investigated
for this purpose [4-8]. The dual-wavelength radiation with either a wide spectral spacing
(e.g. 1064 nm and 1342 nm) or a narrow spacing (e.g. 1086 nm and 1089 nm, 946 nm
and 1064 nm) has been demonstrated. The gain equalization for the Nd-ion oscillators has
been realized in many ways. A commonly used method is to employ two output couplers

coated with different transmissions at the desired lasing wavelengths [5]. Besides, by
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inserting an etalon, Huang et al. managed to introduce different intracavity losses for the
two lasing wavelengths, leading to an equalization of their net gain [6]. For the Nd-doped
crystals with quasi-three-level laser transitions (like 946 nm in Nd:YAG crystals), Lu et
al. varied the reabsorption losses for different laser modes through controlling the

temperature distribution of the crystal [7].

In contrast to the discrete and narrow gain peaks of the Nd-doped gain media, the Yb-
doped gain media have continuous and broad gain spectra, each of which typically has a
single peak. For many of the Yb-doped materials, however, the wavelength of the gain
peak is highly dependent on the lasing polarization, making it possible to generate two
wavelengths simultaneously from distinct polarizations. Fig. 4.1 shows the gain spectra
for the polarizations parallel to the Ny-axis and the Np-axis of the Yb:KGW crystal at
different population inversion levels using equation (3-4) from Chapter 3. The
wavelengths of the gain peaks for these two polarizations exhibit an offset with several
nm (THz in frequency) spacing. Moreover, the value of the offset depends on the level of
population inversion, therefore allowing a tunability of the spectral difference between
the two wavelengths.
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Fig. 4.1. Gain spectra of the Yb:KGW crystal for the Ny-polarization and the N,-polarization
at different population inversion levels.
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So far, the potential of Yb-doped gain media in dual-wavelength operation remains
underdeveloped. Yb:vanadates are one of the few where dual-wavelength emission has
been observed [9-10]. In these works, however, the dual-wavelength emission was
observed only at the proximity of the lasing threshold, resulting in low output power at
both wavelengths. High power dual-wavelength emission (>6 W in total) was obtained
from an Yb:YCOB oscillator, but with only one special output coupling [11]. Recently,
the dual-wavelength operation with tunable spectral spacing was demonstrated by Brenier
in an Yb:KGW oscillator [12]. However, the two laser wavelengths were actually
independently generated from two regions of the Yb:KGW crystal, therefore leading to a

complex setup and the requirement of additional optical components in the cavity.

In this chapter, | report on the demonstration of a high power simultaneous dual-
wavelength emission from two polarizations of a simple CW Yb:KGW oscillator.
Without inserting any optical components in a standard laser cavity, the gain equalization
was realized by introducing additional polarization-dependent reabsorption losses to the
Nm- and Np-polarized modes. The dual-wavelength operation was achieved at different
output coupler transmissions, thus allowing a tunable spacing between the two

wavelengths.

4.2 Experimental design

In the presented work, the same Ng-cut Yb:KGW crystal slab (1.5 at.% doping, 5 mm
x 8 mm % 1.2 mm) as described in Chapter 3 was used. The cavity configuration was
similar to the one shown in Fig. 3.4 but excluded the BK7 plate. Without using any
polarization selection component, both the Nn- and Np-polarized laser modes were
allowed to oscillate in the cavity. The Yb:KGW crystal was pumped by a maximum of 30
W radiation delivered from a fiber-coupled laser diode with 100 um core diameter and
0.22 NA. The pump radiation was reimaged through the two achromatic doublets with 50
mm and 150 mm focal lengths, forming a beam waist of 300 um in diameter at the center
of the crystal.

The gain equalization for the N- and Np-polarized modes was realized by introducing

for each of them additional losses with different values which came from the reabsorption
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in the unpumped regions of the crystal. Therefore, the laser beam was designed to be
larger than the pump beam inside the crystal. As an example, the designed dimensions of
the pump and laser modes inside the 5-mm-long Yb:KGW crystal, as well as the mode
cross sections in the center plane of the crystal are shown in Fig 4.2 (a). The thermal
lensing of the gain medium was not considered in the calculation. In fact, due to the
anisotropic thermal lensing of the Yb:KGW crystal, the Ny- and Np-polarized laser
modes inside the crystal will be reshaped differently. Fig. 4.2 (b) and (d) present the Np-
and Np-polarized laser mode profiles, respectively, at a certain distance away from the
output coupler. An obvious difference in terms of the shapes and dimensions between the
two modes can be observed. The modes inside the gain medium followed the same
pattern, which can be traced through the ABCD matrix analysis (Appendix B). Their
cross sections, as well as the pump mode in the crystal are schematically depicted in Fig.
4.2 (c) and (e). The Ny-polarized mode has an almost circular shape while the N,-
polarized mode has an elliptical shape with larger size in the horizontal direction. As a
consequence, the Np-polarized mode will suffer higher reabsorption losses in the

unpumped region of the crystal.
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Fig. 4.2. (a) Side view and cross sections of the pump mode and the designed laser mode
inside the crystal without considering the effect of anisotropic thermal lensing. (b) and (d)
show the Ny- and N,-polarized mode cross sections at a certain distance away from the
output coupler; (c) and (e) schematically depict the comparison of the pump mode and the

Nm- and Np-polarized modes inside the gain medium.
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The net gain at the lasing wavelength for the Ni- and Np-polarized laser modes can be

expressed as the following:

gn_Nm(ll): gNm(ﬂ'I)_é‘reabs_Nm’ (4'1)
gn_Np(ﬁﬂ) = ng(ﬂ1) _5reabs_Np' (4_2)

The gnm(4i) and gnp(4r) are the gain coefficients for the Np- and Np-polarized laser modes
that are spatially well matched with the pump beam, that is, when no reabsorption in the
unpumped regions was considered. Their values can be calculated from the equation (3-
4). At the fractional population inversion of f < 13.2%, gnp(41) higher than gnm(“i) can be
obtained (Fig. 4.3). The Ny-polarized mode then plays a dominant role if no special
measures are taken. However, as the polarization-dependent reabsorption losses with
Oreabs Np > Oreabs Nm are introduced, the net gain for the Ny,- and Np-polarized modes can be
equalized, allowing both of them to oscillate in the cavity. It is worth noting that since the
strength of the thermal lensing depends on the pump power, the laser mode sizes and
hence the introduced reabsorption losses are also power-dependent. Therefore, the dual-
wavelength operation obtained using the presented method can be controlled by the pump

power, and works in a certain pump power range.
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Fig. 4.3. The gain for the N,- and Ny-polarizations at different population inversion levels.
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4.3 Experimental results and discussion

4.3.1 Laser performance and dual-wavelength operation

In order to characterize the polarization state of the output laser beam, a polarizing
beamsplitter cube (PBS) was placed after the output coupler. The measured output power
for the Nim- and Np-polarized modes as well as the total output power against the incident
pump power is shown in Fig. 4.4. In the experiment, different output couplers with
transmission of 1.6%, 3% and 5% were used. The lasing threshold was reached as the
pump power was increased to 10.5 W, 12 W and 12.5 W for the three output couplers.
Compared to the threshold pump power of the cavity with optimized mode matching (see
Fig. 3.5), the higher threshold of the cavity presented in this work indicates the presence
of additional reabsorption losses in the unpumped region. The 5% output coupler
generated the highest output power of 4.6 W at the pump power of 26.8 W, of which 13.5
W was absorbed in the gain medium. This corresponds to a slope efficiency of ~75%
with respect to the absorbed pump power.

The dual-wavelength operation was obtained at all three output coupler transmissions.
Among them, the output coupler with a higher transmission enhanced the population
inversion level and reduced the gain difference between the Ni,- and Ny-polarized modes
(Fig. 4.3). Correspondingly, the end HR mirror had to be moved a few millimeters away
from the concave mirror R3 to obtain the dual-wavelength operation. Such movement
allowed the reduction of the laser mode size in the crystal and further increase in the
difference between the additional reabsorption losses introduced to the Np- and Np-

polarized laser modes.

In the vicinity of the threshold pump power, only the N,-polarized mode oscillated in
the cavity. The Np-polarized mode set in as the pump power was increased to 17.6 W,
16.6 W and 17.6 W for the 1.6%, 3% and 5% output couplers, respectively, leading to a
competition with the Ny-polarized mode. A complete switching between the Nm- and N,-
polarized modes occurred in a relatively narrow power range, leaving only the Np-
polarized mode to oscillate in the cavity. As the pump power was increased to 21.8 W for
the 1.6% output coupler and 20.7 W for the 3% output coupler, the Np-polarized mode

reappeared and coexisted with the Np-polarized mode in much wider power ranges. The
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reappearance of the Ny-polarized mode for the 5% output coupling happened at higher
pump power of 24.7 W. The second switching between the two modes is believed to

occur as the pump power is to increase to even higher levels.
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Fig. 4.4. The output power as a function of the pump power for dual-wavelength operation at

different output coupler transmissions of 1.6% (a), 3% (b) and 5% (c).

The evolution of the emission spectrum at different output power for the 3% output
coupler transmission is shown in Fig. 4.5. The lasing wavelength was 1029.5 nm for the
Nm-polarized mode and 1037.9 nm for the Np-polarized mode, corresponding to a
spectral spacing of 8.4 nm in the dual-wavelength operation. The lasing wavelengths for
the Nm- and Ny-polarized modes which oscillated at different output coupler
transmissions are summarized in Table 4.1. A modest tunability of the spectral spacing

can be observed.
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Fig. 4.5. The laser spectrum at different total output power levels (3% output coupling).

Table 4.1. Laser wavelengths for different output coupler transmissions

Output coupler 2m (NM) 2p (nmM)
transmission (E//Nm) (pE//N,)) 42 (nm)
1.6 % 1030.6 1038.4 7.8
3% 1029.5 1037.9 8.4
5% 1028.7 1037.5 9.1

4.3.2 Gain equalization

The observed switching and coexistence of the Ny- and Np-polarized modes inside the
cavity was attributed to the competition and equalization of their net gain at the lasing
wavelength. As was mentioned, such equalization was induced by the effect of thermal
lensing through reshaping of the laser modes inside the gain medium, which as a
consequence, led to the polarization-dependent reabsorption losses in the unpumped
regions of the crystal. In order to demonstrate this, we estimated the strength of thermal
lensing and the sizes of the laser modes inside the cavity at various pump power levels
(Fig. 4.6). The estimation was conducted with the 3% output coupler. As the incident
pump power was increased, the thermal lensing became stronger, resulting in a reduction
of the sizes of both the Nn- and Ny-polarized modes. On the other hand, the thermal
lensing affected the laser modes very differently, depending not only on the polarization
of the mode but also on the direction considered. In particular, the thermal lensing had a
very weak effect on the horizontal direction of the Ny-polarized mode, therefore resulting
in @ much larger mode size and higher reabsorption in the unpumped region when

compared to the Np,-polarized mode.
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Fig. 4.6. The thermal lensing and the radii of the Ny,- and Np-polarized modes inside the gain

medium as a function of the incident pump power.

At the threshold power level, both the Ny- and Np-polarized modes were weakly
focused by the thermal lensing of the gain medium. Although the N,-polarized mode
suffered higher reabsorption 10SS dreans np, itS larger gain gnp at the lasing wavelength
made its net gain gn np higher when compared to that of the Np-polarized mode gn nm (i.e.
On_Np > On_nm)- Therefore only the Ny-polarized mode oscillated in the cavity at this power
level. The increase of the pump power allowed the Ny,-polarized mode to be focused to
smaller dimensions, leading to a reduction of the reabsorption 10SS dreans nm @and thus an
increase in its net gain gn_nm. AS the pump power was increased to 16.6 W (for the 3%
output coupler), gn nm Was increased to a level comparable to the net gain of the N,-
polarized mode gn np (i-€. On_Np = On_nm). This equalized gain allowed both of the Ny- and
Np-polarized modes to oscillate in the cavity and started their competition as pump power
was further increased. Due to the stronger thermal lensing effect for the Npy-polarized
mode, it experienced larger reduction of the reabsorption loss than the Np-polarized mode
as the pump power was increased. This allowed the Np-polarized mode to overtake the
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Np-polarized mode in the net gain competition and to become the dominant oscillating

mode as the pump power was increased to 18.6 W.

At higher pump power levels (>20.7 W), the Npy-polarized mode was focused to a
dimension similar to the pump mode, making its reabsorption loss in the unpumped
region to reduce to a very low value close to zero. As a consequence, the gain of the Np-
polarized mode would no longer suffer additional losses, that is, the net gain was
increased to its maximum value of gnm (i.e. gn nm = Qnm). In contrast, the net gain of the
Np-polarized mode g, np Would continue to increase with the increase of the pump power.
This allowed the g, np reaching to a level comparable to the gnm, therefore leading to the
second coexistence of both the Np- and Ny-polarized modes. As the g, np exceeded the
gnm at higher pump power levels, the Np-polarized mode would again play the dominant
role and even fully suppress the Np-polarized mode. In this gain equalization process,
however, the reduction of the reabsorption 10SS dreans np @nd thus the increase of the net
gain gn np for the Np-polarized mode is less sensitive to the pump power, therefore
allowing the coexistence of the Nn- and Ny-polarized modes to be observed in a broader

pump power range.

4.4 Conclusion

In this Chapter, we reported on the simultaneous dual-wavelength emission from two
orthogonal polarizations of a CW Yb:KGW oscillator. The gain equalization between the
two lasing wavelengths was realized by introducing additional polarization-dependent
reabsorption losses, which originated from the anisotropic thermal lensing effect owing to
the reshaping of the laser modes. Two power ranges with dual-wavelength emission were
obtained with the increase of the pump power. This unique feature has not been observed
in other solid-state oscillators before. Moreover, the dual-wavelength emission was
demonstrated with varied output coupler transmission, resulting in a modest tunability of
the two lasing wavelengths as well as their spectral spacing. This technique is believed to
be applicable to many other quasi-three-level Yb-doped laser materials with anisotropic

lasing and thermal properties.
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Chapter 5
Powerful 67 fs Kerr-lens mode-locked prismless
Yhb:KGW oscillator

Instead of being delivered continuously in time, the lasing photons in ultrafast
oscillators are constrained in a circulating “package” and are delivered in a periodic
temporal manner, namely, in a train of laser pulses. The fundamental mechanism that
forces the formation of laser pulses is the so-called mode locking (Section 5.1), which
was firstly identified by Hargrove el al. in a He-Ne laser in 1964 [1]. Development of the
mode locking techniques over the last several decades dramatically shortened the pulse
duration, allowing sub-10 fs pulses to be routinely generated from Ti:sapphire laser
oscillators [2-4].

For Yb-doped oscillators, operation at high average power (>1 W) with sub-100 fs
pulses, however, still remains quite challenging. Such a mode locking regime is
accompanied by an increased influence of nonlinear effects, which necessitates careful
management of the intracavity dispersion. At the same time, uncompromised
performance of the mode locking mechanism is needed to sustain ultrashort pulse
generation effectively and to alleviate increased pulse instabilities. This is a nontrivial
task for semiconductor saturable absorber based pulse generation (Section 5.1.1) and as a
result higher output power usually comes at the cost of longer pulse duration. For
example, Yb:KGW lasers have produced 10 W of output power with 433 fs pulses [5]
and 126 mW with 100 fs pulses [6]. Similarly, a laser based on a sister material,
Yb:KYW, generated 14.6 W and 450 fs pulses [7] while 65 fs pulses were produced at 22
mW [8]. The same trend is found in thin-disk oscillators [9]. As an alternative to
semiconductor saturable absorbers, Kerr-lens mode locking (KLM) (Section 5.1.2) is a
well-established technique that produces ultrashort pulses and is routinely used for the
generation of sub-10 fs pulses from Ti:sapphire oscillators [2-4]. Unlike semiconductor
absorbers, KLM exhibits a purely electronic response, thus acting as a fast saturable
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absorber. This is beneficial for enhanced pulse shortening and increased mode locking
stability against the continuous wave background radiation present in a cavity. Therefore,
the fast saturable absorber-like action of KLM is attractive for the generation of intense
ultrashort pulses.

In this Chapter, I report on a powerful mode-locked Yb:KGW bulk oscillator, which is
based on dual action of Kerr-lens and saturable absorber (KLAS) mode locking. The
mode locking was initiated by a semiconductor saturable absorber. The laser cavity in the
optimized mode-locked regime delivered pulses with 67 fs duration at a repetition rate of
77 MHz. The average output power reached 3 W, which to the best of my knowledge,

makes it the most powerful Yb-ion bulk laser oscillator at this level of pulse duration.

In the first section of this chapter, the principles of mode locking (especially in the
passive way), including the two widely used mode locking techniques are outlined. The
dispersion management, which is a key factor for obtaining very short pulses, will also be
addressed. Then the design and optimization of the oscillator operated in the mode-
locked regime are discussed. The obtained laser performance will be shown and
compared to the previously reported results from other Yb-ion bulk oscillators.

5.1 Principles of mode locking

Mode locking, as implied by its name, refers to “locking” of the longitudinal laser
modes in phase such that they can interfere constructively in a cavity to form very short
pulses. In a Fabry-Parot cavity with length L, multiple discrete longitudinal modes are
allowed to exist with a frequency interval Af=c/2L, where c is the speed of light. In a free-
running laser, these longitudinal modes have neither well-defined amplitude nor phase
relationship. The output light is a statistical average of all oscillating modes, which in this
case will exhibit series of chaotic spikes around an average value. If all the longitudinal
modes, on the other hand, are forced to establish a coherent phase relationship, their
constructive superposition at one point will finally form an intense ultrashort laser pulse
(Fig. 5.1). According to the Fourier theorem, the pulse width is inversely proportional to
the number of modes that are oscillating in the cavity, i.e. to the spectral bandwidth.

Assuming a transform-limited pulse with Gaussian intensity profile, its temporal width
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(FWHM, Full width at half maximum) z, and spectral bandwidth (FWHM) 4v follow the
relation:

7,Av =044, (5-1)
For a transform-limited pulse with hyperbolic secant (sech?) intensity profile, the product
of its temporal width 7, and spectral bandwidth 4v yields:

r,Av =0.315. (5-2)

#4 «<— Fabry-Perot cavity L

Mirror modulator Mirror

Fig. 5.1. Schematic illustration of the pulse formation in a Fabry-Perot cavity with six
longitudinal modes locked in phase. Each sinusoidal wave with a specific wavelength
corresponds to a longitudinal mode. The longitudinal modes have a frequency interval

Af=ci2L.
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Fig. 5.2. The mode locking process in frequency domain (a) and time domain (b).
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A general method for “locking” of the laser modes is to introduce a weak and periodic
loss that is synchronized with the round-trip circulation time (1/4f) of the pulse, either by
an external signal applied to an intracavity modulator (i.e. active mode locking) or by an
internal saturable absorber (i.e. passive mode locking). The active mode locking is
usually achieved by incorporating an acousto-optic or electro-optic modulator, which
uses the externally applied driving signal to modulate either the amplitude or the phase of
the modes at a frequency of Af, leading to a periodic loss of the light energy. In the
frequency domain (Fig. 5.2 (a)), the modulation of a mode with frequency v generates
sidebands with frequencies v+4f and v-A4f, allowing the energy to partially flow from the
parent mode to the sideband modes. In this way, more sidebands with frequencies v+nAf
and v-n4f (n=1, 2, 3...) will be generated until the frequency is out of the lasing gain
bandwidth of the oscillator. The injection of the sidebands to their neighboring modes
will couple all the modes in phase, resulting in their constructive interference and pulse

formation.

The understanding of the mode locking process in time domain (Fig. 5.2 (b)) is based
on the synchronization of the pulse round-trip circulation time and the loss modulation
period, which defines a zero-loss window (or net gain window) with short duration. Only
the circulating energy that passes through the modulator at the “correct” time in each
round-trip would experience zero-loss window and would be amplified, while the rest
would be attenuated or phased out of the gain profile. The pulse width obtained in this
way is limited only to the picosecond range because the modulators cannot be operated at

a very fast modulating rate.

If the net gain window is controlled by the pulses themselves rather than by the
external electrical signal, its timescale will be at the same level with the pulses. Therefore
the passive way of achieving the mode locking can generate extremely short pulses in the
femtosecond regime. In this case, a saturable absorber is employed as the loss modulator,
which is driven by the generated laser pulses. The shorter the pulses, the faster the loss
modulation rate can be obtained. At present, the saturable absorber is usually provided in
the two forms: 1) the slow saturable absorber, e.g. semiconductor saturable absorber
mirror (SESAM), and 2) the fast saturable absorber, e.g. Kerr lensing effect. In the

following, I will briefly introduce these two passive mode locking techniques, and then
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will give a comparison between them, which can provide us with a guideline in the

designing of a mode-locked oscillator.
5.1.1 SESAM mode locking

In general, SESAM is an integrated version of an InGaAs or GaAs quantum-well and
a Bragg reflector on a single wafer [10]. The former one acts as a saturable absorber,
while the later one acts as a highly reflective mirror. The saturable absorber exhibits a
nonlinear transmission depending on the intensity of the incident radiation. As a pulse is
incident onto the SESAM, its leading edge with low intensity would be absorbed while
the intense central part would cause saturation of the absorption and thus bleach the
absorber, allowing it to pass the absorber without experiencing any loss (ideally).
However, the complete recovery of the bleached absorber requires much longer time (on
picosecond or nanosecond time scale) than the pulse duration. The loss modulation,
therefore, has its effect only on the leading edge of the incident pulses but not on the
trailing edge. So the SESAM is usually used to initiate and maintain the mode locking. In
order to shorten the pulses, the SESAM mode locking necessitates operation in the
soliton regime by introducing intracavity negative group velocity (GVD) dispersion [11].
During propagation through the gain medium, the pulses will be chirped with a red-
shifted frequency at the leading edge and a blue-shifted frequency at the trailing edge.
Appropriate amount of negative GVD compensation then can remove the acquired group
delay between the different frequency components, leading to the formation of a soliton

pulse circulating in the cavity.

The ability of SESAM to initiate the mode locking facilitates the simplicity and
flexibility of the laser cavity design and operation, allowing for the mode locking to be
self-starting and for the laser to operate at the center of the cavity stability region.
Nevertheless, the saturation and slow bleaching recovery dynamics of the SESAM can
cause the onset of mode locking instabilities. The Q-switched mode-locking (QML) and
multi-pulsing mode locking are the two major instabilities that one might encounter.
Unlike the CW mode locking regime, the peak intensity of the pulses in the Q-switched
mode locking is modulated and the pulses are enclosed in a modulated envelope with a

much longer duration (~us-ms). Such phenomenon is not desired owing to its large pulse
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width and low repetition rate. It can be suppressed simply by increasing the intracavity

pulse energy to satisfy the following condition [12]:
Eii > Esat,G Esat,AAR7 (5_3)

where Ej, is the intracavity pulse energy, Esic is the saturation energy of the gain
medium, and Esu 4 IS the saturation energy of the absorber. AR is the modulation depth of
the SESAM, which indicates the maximum loss difference between the high intensity and
low intensity light.

Very high intracavity pulse energy, on the other hand, would increase the possibility
of multi-pulsing instability, i.e. where one pulse breaks into two or multiple pulses with
lower energy [10]. One possible reason is attributed to the small modulation depth
(typically 0.5-2%) of the SESAM, which can be not sufficient to discriminate the mode
locking against the CW background present in a cavity. The growth of the continuous
wave background at high power (energy) levels would completely destabilize the desired
single pulse mode locking. As a consequence, the multi-pulsing instability limits the
output power (energy) that can be reached. Introducing a larger amount of GVD
compensation in the cavity can suppress this instability albeit at the expense of longer

pulse duration.
5.1.2 Kerr-lens mode locking

Kerr lensing usually comes from the third-order nonlinearity of the gain medium. In
contrast to the SESAM, the Kerr lens acts as a fast saturable absorber with a very short
absorption recovery time (as short as 10™ s). Considering an oscillating pulse with
Gaussian intensity profile I(r,t), the intense pulse can modulate the originally
homogeneous refractive index of the gain medium through the third-order nonlinear
refractive index ny:

n(r,t) =n, +n,1(r,t). (5-4)
The modulated refractive index usually makes the gain medium to act as a positive lens.
The central part of the pulse with higher intensity, both temporally and spatially,
experiences stronger focusing than the peripheral parts. An aperture placed behind the
gain medium can then bring a loss modulation to the pulse: only the very central part with

high enough intensity to focus the beam to a smaller size can pass through the aperture
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freely and get amplified, while the leading and trailing edges of the pulse with weak
intensity will be cut off by the aperture, leading to a shortened pulse (Fig. 5.3). The
aperture can either be a real one (a.k.a. hard aperture) or an artificial one (a.k.a. soft
aperture). The latter one is realized by tightly focusing the pump beam into the gain
medium to create a small gain volume. Only the very central part of the lasing pulse can

be focused into the gain region and get amplified, leading to an extremely short pulse.

Low intensity

— - High intensity
‘-7.
— —
Gain medium
Aperture
Blocked Blocked
Time Time

Fig. 5.3. Pulse formation in hard aperture Kerr-lens mode locking.

Besides the self-focusing, the pulse induced modulation of the refractive index has
another important effect to consider: self-phase modulation (SPM). This results in the
broadening of the pulse spectrum, which brings the KLM an additional benefit of
shortening of the generated pulse. On the other hand, in order to achieve an efficient
aperturing, the KLM laser is usually operated near the stability limits of the cavity,
making it quite sensitive to the disturbance and misalignment of the optical components.
Additionally, unlike the SESAM mode locking, the KLM cannot usually start by itself,

and often a slight tapping of one of the end mirrors is needed.
5.1.3 KLAS mode locking

As was mentioned above, the low saturation energy and long absorption recovery time
of SESAM, on one hand, relax the energy requirement of initially long pulses during the
build-up period of the mode locking, therefore allowing for SESAM mode locking to be

easily initiated and operated at the center of the cavity’s stability region. On the other
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hand, SESAM mode locking suffers from instabilities at high power level as more noise
is allowed to pass through the absorber within the long absorption recovery window. In
contrast, the fast closure of the saturation window in case of the KLM prevents the noise
from passing through therefore resulting in higher stability and thus allowing generation

of higher energy pulses.

The idea of KLAS mode locking which was developed in this thesis combines the
advantages from both mode locking mechanisms, i.e. the SESAM initiates and maintains
the mode locking while KLM suppresses the QML and multi-pulse mode locking
instabilities at high power levels. Besides, the KLM with its ultrafast response dynamics
and spectral broadening effect (through SPM) will play a significant role in pulse shaping.
As a consequence, KLAS mode locking is very promising to generate sub-100 fs pulses
at high power levels which will be demonstrated in this and the next Chapters.

KLAS abbreviation was used specifically to distinguish this new mode locking regime
from the pure KLM, SESAM or SESAM-assisted KLM. The latter usually refers to the
KLM configured lasers (i.e. operating near the stability edge of a cavity) where saturable
absorbers are used only to ensure self-starting KLM behavior. The SESAM used in such
a case could have a modulation depth as low as <0.1% [13]. In such lasers pure KLM
can still be achieved even without saturable absorber in the cavity and usually requires
some mechanical perturbation (like a tap on a mirror) to start the mode locking. The
mode locking in the pure KLM regime behaved very similar to its counterpart with the
assistance of a SESAM [13-14]. The developed KLAS mode locking regime is different
from this situation because in it the mode locking is basically divided between the
SESAM and KLM and it is not possible to achieve one mode locking process without the
other. It will be shown in 5.3.2 that although the KLM suppressed the mode locking
instabilities and broadened the spectral bandwidth, this process could not be achieved
without the SESAM, since the laser was operated at the middle of a large cavity’s
stability range. This means that, unlike in the SESAM-assisted KLM case, the parameters
of the SESAM play a significant role in the KLAS mode locking regime. Therefore, the
observed regime can be described as a dual action of the Kerr-lens and saturable absorber
(KLAS) mode locking mechanisms, extending the parameter space of these two mode

locking techniques.
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5.1.4 Dispersion management

In the mode-locked operation, a broadband pulse that passes through a gain medium
and other intracavity components (even the air) will be temporally stretched due to the
velocity mismatch between the different spectral components, i.e. the group velocity
dispersion (GVD). Stabilization of the pulses, in most cases, necessitates an introduction
of appropriate amount of negative dispersion to counteract the positive dispersion, which
originates mainly from the gain medium and the self-phase modulation. One approach is
to incorporate a pair of intracavity prisms, which are cut at Brewster’s angle to minimize
the insertion losses. The first prism provides angular dispersion and the second one
recollimates different spectral components, therefore effectively introducing a negative
dispersion. A round-trip of the prism sequence leaves a spectrally recombined but
temporally compressed pulse. In fact, besides the negative dispersion, the prisms also
provide some positive dispersion (but relatively small amount) arising from the pulse

travelling through the material of the prisms.

An alternative approach for dispersion compensation is to use Gires—Tournois
interferometer (GTI) mirrors, which are composed of a partially reflective front mirror
and a highly reflective (ideally 100%) rear mirror, forming a Fabry-Perot resonator in
between. Different spectral components of an incident pulse will be changed in phase,
allowing the reflection of a negatively dispersed pulse. Compared to the prism pair, the
GTI mirrors have very low insertion losses (reflectivity > 99.9%) and low sensitivity to
misalignment, making them well suited to be employed for reliable generation of high
power ultrashort pulses. As an example, the reflectivity and dispersion spectra of a GTI
mirror (Layertec GmbH) with -250475 fs> GVD in the 980-1100 nm region are shown in
Fig. 5.4.

74



b 200 -
1 T R EOE Lt St hE e b b
99.6 0° ----10 Phi"-400 0% -e--12% ... 12
RI HR(0-10°, 850-1170nm10nm)>99,9% [fsec?)

GVD(0°, 1000-1080nm)~-250275(s? SDDJ .........

[=1-1 — S !
99 T T PP e m | 1000~ T T e T T
930 960 920 1020 1050 1080 1110 1140 1170 1200 980 1000 1020 1040 1060 1080 1100

Wavelength [nm] Wavelength [nm]

Fig. 5.4. The reflectivity and dispersion spectra of a GTI mirror coated for high reflection (>
99.9%) in the 950-1170 nm region, and introducing a negative dispersion of 250475 fs? in the
980-1100 nm region.

5.2 Experimental setup

The Yb:KGW crystal (Eksma) used in the experiment had a slab geometry which was
5 mm long (along the beam propagation direction) and 1.2 mm thick. The crystal with 1.5
at.% doping level was antireflection coated and cut along the Ng-axis. When compared to
the commonly used 5 at.% doped crystals, the lower doping level is more adequate for
generating shorter pulses since a higher level of population inversion can be reached
under the same pump conditions, leading to spectral broadening of the gain [15]. The
crystal was pumped at normal incidence with a maximum of 30 W of pump radiation
delivered from a fiber-coupled diode laser (100 pm core diameter, 0.22 NA). The pump
beam was reimaged into the crystal by a 1:3 imaging module consisting of two
achromatic doublets, forming a beam waist of 300 m at the center of the crystal. To
optimize the spatial matching between the pump and cavity modes, the Z-fold cavity
depicted in Fig. 5.5 was designed. The crystal was placed between two highly reflective
(HR) concave mirrors R1 and R2 (radii of curvature r = 300 mm), resulting in a cavity
mode size of around 300 pm inside the crystal. The collimated cavity mode in the long
arm was further focused by a third HR concave mirror R3 (r = 500 mm) onto the output
coupler. The distance between the output coupler and R3 could be precisely adjusted
through a micrometer driven translation stage. This allowed for continuous control of the

cavity mode size inside the crystal.
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The initial “cold” cavity design was optimized for KLM performance by treating the
Kerr effect as an additional positive intracavity lens [16] with variable focal length. All
HR cavity mirrors were designed to exhibit low group velocity dispersion at the laser
wavelength (Laseroptik GmbH). Two Gires-Tournois interferometer (GTI) mirrors
(Layertec GmbH) were inserted into the long arm, providing a negative round-trip
dispersion of 3200 fs® to balance the positive dispersion of about 1700 fs® introduced by

the crystal and the additional chirp due to self-phase modulation.

The short arm of the cavity was terminated with a semiconductor saturable absorber
mirror (SESAM, Batop GmbH) which was designed for 1040 nm wavelength with a
modulation depth of 2%. The SESAM was used to initiate KLM operation. The spot size
on the SESAM was designed to be about 500 pm in diameter in order to tolerate the high
intracavity power. To achieve high output power an output coupler with higher
transmittance should be used. On the other hand, lower transmittance is desirable for
obtaining shorter pulses in the mode locking regime because of the lower laser gain [15].
Considering these contradictory requirements, an output coupler with 10% transmittance
at the lasing wavelength was chosen. The cavity length resulted in a repetition rate of 77

MHz in single pulse mode-locked operation.

SESAM l ~
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Fig. 5.5. Experimental setup of Kerr-lens mode-locked Yb:KGW oscillator. AD: achromatic
doublets; DM, dichroic mirror; GTI: Gires-Tournois interferometer; R1, R2, R3: concave

mirrors; OC: output coupler.
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5.3 Experimental results

5.3.1 CW operation

In preliminary experiments the cavity was optimized for operation in the CW regime
by using an HR mirror in the short cavity arm instead of the SESAM. The CW output
power reached 6 W with 30 W of pump power incident on the crystal. The laser radiation
was polarized parallel to the Ny-axis. The pump power absorption under non-lasing
conditions was measured to be 50-60%, depending on the power level. A pump-power-
dependent thermal lens, along with the Kerr lens, is always present as a parasitic factor
when the laser operates in the pulsed regime, which affects the cavity’s stability, beam
astigmatism and starting of the KLM. The thermal lens strength was estimated in the CW
regime by measuring the variation of the beam size away from the output coupler and
then finding the lens strength using the ABCD matrix method as was described in
Chapter 2. With 30 W of pump power incident on the crystal (~18 W absorbed), the
thermal lens strength was determined to be about 10 diopters. Taking the thermal lensing
into account, the cavity was designed to be operated close to the center of the stability
region and the cavity mode was well matched with the pump mode inside the crystal. The

output beam had an almost circular spatial profile (see Fig. 5.8).
5.3.2 Mode locking regimes

As the HR mirror was replaced by the SESAM, a Q-switched mode locking (QML)
regime with large fluctuations in the envelope amplitude was instantly observed. The
average power dropped to 4 W because of the large non-saturable loss of ~2% of the
SESAM. The strong tendency towards QML instability was caused by the large spot size
on the SESAM, leading to a low fluence of ~200 pi/cm?, which is less than 3 times its
saturation fluence (~70 pi/cm?). In this case, the QML regime was purely initiated and
governed by the SESAM. The spectral width of the QML pulses was ~5 nm. As the
cavity length was adjusted so that the cavity mode size became larger than the pump spot,
a soft aperturing via the Kerr lensing effect was effectively introduced, leading to an
increased discrimination between the CW/QML and mode-locked regimes. During this
procedure, the Kerr lensing effect gradually became stronger such that the KLM began to

play more important role in suppressing the instabilities. Along with the SESAM mode
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locking, the KLM eventually stabilized the mode locking in a single-pulse regime. This
can be seen in Fig. 5.6 which shows different mode locking regimes during the
optimization of the cavity length at maximum pump power of 30 W: QML was followed
by a multi-pulse operation, which eventually led to a stable mode locking with a single

pulse inside the cavity.
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Fig. 5.6. Shape of the pulse trains in different mode locking regimes.

Initially, as the output coupler was translated several millimeters closer to R3, the
QML instability was suppressed and gave way to multiple-pulse mode locking.
According to the soliton theory [11], this regime is caused by incomplete discrimination
between mode locking and amplification of the continuum. In this regime the average
output power decreased to 3.6 W and the spectrum was broadened to ~9 nm. With further
increase of the cavity mode size, the double-pulsing regime was reached, indicating better
suppression of the multiple-pulse instabilities by the Kerr lensing. In this domain, the
emission spectrum was measured to be ~11 nm wide and the average output power
further decreased to 3.5 W. As the cavity was completely optimized (at ~20 mm away
from the starting point), the multiple-pulse instability was fully suppressed, resulting in
the oscillation of a single pulse inside the cavity. As a result a broad spectrum with a
bandwidth of 16.8 nm (FWHM) centered at 1032 nm was obtained (Fig. 5.7). At this
point the SESAM was weakly saturated with a fluence of only ~170 p/cm?, indicating
the critical role of KLM in stabilization of the single-pulse mode locking. Besides, the
largely broadened spectrum of the pulses demonstrated the role of KLM in pulse shaping
in the sub-100 fs regime. On the other hand, it should be noted that pure KLM without

the SESAM was not achieved in this experiment. This indicates that this laser resulted
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from the KLAS mode locking approach (as described in 5.1.3) which combined the KLM
for shaping and stabilizing the sub-100 fs pulses with a SESAM for self-starting and
maintaining of the mode locking. A similar transition from multiple-pulse SESAM-based
mode locking to single-pulse KLM operation was also observed in Yb:Sc,05/Y,03 laser
[17].

To illustrate the effect of Kerr lensing on pulse duration, an additional experiment was
performed where stable SESAM-based mode locking was achieved in a cavity that was
not optimized for KLM. The output power was similar. The spectral bandwidth of the
mode-locked pulses, however, was only to 5-6 nm, which is consistent with previously

reported results [18].

5.3.3 Characterization of single pulsed regime

The autocorrelation trace of the pulses was acquired by using a commercial long range
(200 ps) autocorrelator (Femtochrome, FR-103XL) and is shown in Fig. 5.7. The longer
time ranges were monitored with a fast photodiode and an oscilloscope with combined
resolution of ~100 ps. Assuming a sech? temporal shape, the typical pulse duration at the
output of the laser was determined to be 68 fs. The time-bandwidth product was
calculated to be 0.32, indicating transform-limited operation. The average output power
was 3 W, resulting in a pulse energy of more than 38 nJ and a peak power of more than
570 kW. This is, to the best our knowledge, the highest average output power achieved
with such a short pulse duration from an Yb-ion based bulk laser oscillator. The optical-
to-optical efficiency with respect to the incident pump power was 10%. The shortest

measured pulse duration was 67 fs at the same output power level.
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Fig. 5.7. Measured spectrum and autocorrelation trace of the pulses with fits assuming a

sech2 profile. The pulse duration was determined to be 67 fs.
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Fig. 5.8. Beam profiles of the CW and mode-locked output beams.

In Fig. 5.8 the output beam intensity profiles in the CW and KLAS mode locking
regimes are displayed. The beam shape in the KLAS mode locking regime had an almost
circular profile, but with a smaller diameter than the output beam in the CW regime due
to self-focusing of the cavity mode inside the crystal. The beam quality factor M? was
measured to be close to 1.1. In contrast to traditional KLM lasers, which usually operate
at the edge of the stability region in order to maximize self-amplitude modulation, the
laser described in this article operated close to the center of the stability region. In this
case the self-amplitude modulation responsible for the initiation of the mode locking
process was effectively provided by the SESAM. Unlike KLM cavities with tightly
focused laser beams inside the crystal, the described cavity had a much broader stability
range and lower sensitivity to optical misalignment, leading to much easier alignment and

better performance on a daily basis.

The peak intensity of the oscillating pulse inside the cavity was calculated to be ~0.8
GW/cm?. Such high intensity may cause additional nonlinear loss in the Yb:KGW crystal
because of its large coefficient of stimulated Raman scattering. During the experiments,
however, no stimulated Raman scattering was observed. This can be explained by the
transient nature of the process, which leads to an increased threshold of this process [19].

5.4 Comparison with previous results

As a comparison, the performance of previously reported Yb-ion bulk lasers is
summarized in Fig. 5.9 [8, 17, 20-27]. Very short pulses with durations of <70 fs have
been generated by many Yb-doped materials, either with a SESAM or Kerr-lens mode
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locking. In most cases, however, the average output power was limited to tens or
hundreds of mW. As a notable exception, in Tokurakawa’s work KLM proved its
potential in power scaling of ultrashort pulse generation, demonstrating 66 fs pulses at an
average output power of 1.5 W from a dual-gain medium (Yb:Sc,03 and Yb:Y,03) [17].
In contrast, in this work only a single gain medium was used and the average output
power was improved by a factor of two with similar pulse duration. In another recent
KLM experiment, 2.3 W were produced from an Yh:CaF, laser with 75 fs pulses and
extracavity compression down to 68 fs. This laser, however, was not directly diode-

pumped and required a diffraction limited pump beam [27].

The output power of our setup was limited by the available pump power and the non-
saturable losses of the SESAM. Power scaling beyond 10 W may be possible with Kerr-
lens mode-locked thin-disk oscillators, where 17 W of average output power with 200 fs
pulse duration was reported using an Yb:YAG crystal [13]. Alternatively, generation of
even shorter powerful pulses may require the use of a broadband gain medium such as
Yb:CALGO, which was recently shown to produce 80 fs pulses at 8 W output power in a
bulk configuration [28], and 62 fs pulses at 5.1 W output power in a thin-disk
configuration [29].
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Fig. 5.9. Average output power of mode-locked Yb-ion bulk lasers versus pulse duration.
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5.5 Conclusion

In conclusion, we have demonstrated a high power KLAS mode-locked Yb:KGW
laser. With optimized dispersion compensation, the laser delivered pulses with 67 fs
duration at a repetition rate of 77 MHz. The average output power reached 3 W, which to
the best of our knowledge makes it the most powerful Yb-ion bulk laser oscillator at this
level of pulse duration. Correspondingly, a pulse energy of >38 nJ and a peak power
of >570 kW has been reached. Excellent performance of this laser system has prompted
further research into its power scaling, which will be discussed in the work presented in

the next chapter (Chapter 6).
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Chapter 6
Megawatt peak power level sub-100 fs Yb:KGW

oscillators

Over the past decade there has been significant effort devoted to the development of
ultrashort pulse lasers with high peak powers [1]. Of particular interest there were laser
oscillators that could deliver Megawatt peak powers with sub-100 fs pulses [2,3]. In the
work presented in Chapter 5, | have demonstrated 67 fs pulses with 3 W of average
output power at a repetition rate of 77 MHz from an Yb:KGW bulk oscillator [4]. The
enhanced performance of this laser resulted from the KLAS mode locking approach
which combined the fast saturable absorber-like action of Kerr-lens mode locking (KLM)
with the self-starting operation of a SESAM. This laser system forms an excellent
platform to explore its potential in scaling of the peak power through the pulse energy at
lower repetition rates. In this Chapter, I report on the generation of sub-100 fs pulses with
MW peak power level directly from the extended cavity Yb:KGW bulk oscillators
operated at either 36 MHz or 18 MHz.

6.1 Extended cavity oscillators

In a mode-locked laser oscillator, there is only one pulse that oscillates in the cavity.

The peak power of the pulse can be expressed as the following equation:

E, P
I:)peak ==t ' (6-1)
t, 7,f

where E, is the pulse energy, z, is the pulse duration, Pay is the average output power and
f is the repetition rate of the pulse train. It is obvious that the peak power can be scaled by
1) increasing the average output power, 2) reducing the pulse duration or 3) lowering the

repetition rate.
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Owing to their ability to produce sub-10 fs pulses, Megawatt peak power has been
reached by Ti:Sapphire lasers almost two decades ago [5-7]. However, it remained very
challenging for the crystalline Yb-ion based diode-pumped lasers because of their
relatively narrow gain bandwidths and hence relatively long pulse duration. On the other
hand, performance of a broadband gain medium like Yb:glass was limited by its poor
thermal properties. Therefore, there was a trade-off between the increase of the average
output power and the reduction of the pulse duration for the Yb-ion based lasers. This
situation changed only very recently with the development of a broadband Ybh:CALGO
laser crystal with greatly improved thermal conductivity [8], which was used with a
semiconductor saturable absorber mirror (SESAM) mode locking to produce 94 fs pulses
with 1.6 MW of peak power and 62 fs pulses with 1.1 MW from bulk [9] and thin-disk
[10] oscillator configurations, respectively.

An alternative approach to scale the peak power is through lowering the repetition rate
f, which can be expressed as:

_c
2L

where c is the speed of light and L is the length of a cavity. It follows from equation (6-2)

f (6-2)

that the repetition rate can be lowered by extending the length of the cavity. The extended
cavity oscillators can be straightforwardly implemented by incorporating pure optical
components such as intracavity Herriott-type multipass cells (MPCs) and 1:1 imaging

telescopes [11-14], which are schematically depicted in Fig.6.1.

Generally, both configurations contain two concave mirrors. In a Herriott-type MPC,
the input beam undergoes multiple bounces between the two concave mirrors. Under
certain design conditions, the output beam returns back to the entrance on the mirror.
More importantly, the q parameter (Appendix B), which contains the information of a
Gaussian beam including its radius and radius of curvature of the wavefront, is invariant
between the input and output beams. This allows the MPC to be inserted conveniently at
any position in a cavity without changing the stability region of the cavity. This is
critically important for pure KLM lasers because they are usually operated at the edge of
a stability region, a slight change of which may make the KLM difficult to start.
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Fig. 6.1. Schematic configuration of (a) a simple Herriott-type multipass cell, and (b) a 1:1

imaging telescope.

A 1:1 imaging telescope, on the other hand, uses simple optics to extend the length of
a cavity. In such configuration, two concave mirrors with the same radii of curvature r
are placed at a distance equal to r, resulting in a total length of 4r added to the cavity in a
single round-trip. Like the MPC, the 1:1 imaging telescope can also be inserted at any
position in the cavity because the q parameter of the input beam can be preserved as it

passes through.

At present, there is still a trade-off between the pulse duration and the peak power (or
pulse energy) for the extended cavity oscillators due to the increased influence of the
nonlinear effects at high peak power levels. For example, pulses with 2.3 MW peak
power (1 pJ energy) have been delivered from a 10 MHz Yb:KYW bulk oscillator [15].
The pulse duration, however, was limited to 430 fs. Similarly, pulses with 1.3 MW peak
power and 323 fs duration were generated from a 23.7 MHz Yb:CALGO bulk oscillator
[9]. On the other hand, short pulses with 145 fs duration but at a reduced peak power of
0.16 MW (24 nJ energy) were demonstrated directly from a 27 MHz Yb:CALGO bulk
oscillator [16]. In work presented in this Chapter, |1 developed an extended cavity
Yb:KGW bulk oscillator that could reach the MW peak power level and maintain a pulse
duration of less than 100 fs. This laser was based on KLAS mode locking presented in
Chapter 5.
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6.2 Experimental setup

The experiments were carried out with a 1.5 at.%-doped Yb:KGW crystal slab
(Eksma). The 5-mm-long and 1.2-mm-thick slab was antireflection coated and cut for
beam propagation along the Ng-axis. The excitation was provided by a fiber-coupled laser
diode, which offered an unpolarized pump mode with a maximum power of 30 W at 980
nm. The pump mode was launched into the crystal through a pair of achromatic doublets,
forming a mode waist of 300 um at the center of the crystal. The laser cavity setup is
schematically depicted in Fig. 6.2. Three Gires—Tournois interferometer (GTI) mirrors
(Layertec GmbH) with different negative group velocity dispersions (GVD) of -250 fs?, -
550 fs? and -1300 fs* were combined, providing a variable round-trip dispersion ranging
from -3400 fs® to -5200 fs2. All high reflection (HR) coated cavity mirrors were designed
to exhibit low group velocity dispersion (GVD) at the laser wavelength (Laseroptik
GmbH). A SESAM with 2% modulation depth and 70 pJ/cm? fluence saturation was used
to assist in the initiation of the mode locking. The SESAM was placed on a micrometer
driven translation stage. Adjusting the distance between the SESAM and R3 mirror

allowed for continuous control of the cavity mode size inside the crystal.

oC
w0
Fiber-co.upled AD1
laser diode

Fig. 6.2. Schematic layout of a laser cavity operated at low repetition rates. AD1 and AD2
are the achromatic doublets with focal lengths of 50 mm and 150 mm, respectively. DM is
the dichroic mirror coated for high transmission (>95%) at pump wavelength and high
reflection (>99.9%) in the 1020-1200 nm region. R1, R2 and R3 are the concave mirrors with
radii of curvature of 600 mm, 600 mm and 750 mm, respectively. GTI is the Gires-Tournois
interferometer mirror. OC is the output coupler. The 4 m telescope was composed of two

concave mirrors with radii of curvature of 2 m and a folding plane HR mirror.
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6.3 Results and discussion

6.3.1 Comparison of thermal lens and Kerr lens

To optimize the KLM as well as the spatial matching between the pump and cavity
modes for efficient lasing, we estimated the strength of the thermal and Kerr lenses,
which are the two main factors that influence the focusing of a cavity mode inside the
crystal. The strength of the thermal lens was determined experimentally by measuring the
beam size variation of the cavity mode away from the output coupler and then modeling
it with the ABCD matrix analysis (Appendix B). Due to the anisotropic thermal
properties of the Yb:KGW crystals, the thermal lens was estimated to be 10-15 diopters
at the maximum pump power, depending on the measured directions (along the Ny-axis
or Np-axis). The relatively large cavity mode size inside the Kerr medium resulted in a
lowered strength of the Kerr lens, which can be estimated through the following equation
[17]:

D= % . (6-3)

Using the following parameters: the nonlinear index of refraction n,=20>10° cm?W
[18], the crystal length L;=5 mm, the pulse peak intensity 1,=15 GW/cm?, and the cavity
mode size w=150 um, the strength of the Kerr lens was calculated to be 27 diopters.
Since the Kerr lens is about twice stronger than the thermal lens, this illustrates that it is

an important factor in consideration of the soft gain aperturing and mode matching.
6.3.2 The 36 MHz cavity

The initially designed cavity (without intracavity telescopes) had a round-trip length of
8 m, leading to a repetition rate of 36 MHz. At low pump power levels, the cavity
performed with degraded lasing efficiency because the pump power dependent thermal
lensing was not strong enough to focus the cavity mode for efficient mode matching in
the crystal. The mode locking was initiated by the SESAM and the Kerr lensing was
optimized at the maximum pump power level, where the thermal lens was treated as a
parasitic factor that exhibited a constant value. In the optimum KLAS mode locking
regime, pulses with 78 fs duration (assuming a sech? temporal shape) and 1.8 W of

average output power were directly generated from the oscillator. The autocorrelation
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trace of the pulses was acquired using a commercial long range (200 ps) autocorrelator
(Femtochrome, FR-103XL) and is shown in Fig. 6.3 (a). Considering the repetition rate
of 36 MHz, the pulse energy of 50 nJ and peak power of 0.65 MW were obtained. The
transmission of the output coupler was 10%, which indicated 0.5 pJ of intracavity pulse
energy circulated in the oscillator. For optimizing the GVD at such an energy level, two
GTI mirrors with -250 fs* and -550 fs® dispersions were placed for two bounces in each
single trip, and an HR mirror with close to zero dispersion was placed instead of the third
GTI mirror, allowing for a total round-trip dispersion of -3200 fs® to be compensated. The
corresponding emission spectrum was centered at 1032 nm with a FWHM of 15 nm (Fig.
6.3 (b)), yielding a time-bandwidth product of 0.32. The laser’s output radiation was
polarized along the Npy-axis.
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Fig. 6.3. The autocorrelation trace of the pulses obtained from the 36 MHz oscillator with

fitting assuming a sech® temporal profile (a), and the corresponding emission spectrum (b).

The laser optimized for the KLAS mode locking could be operated at higher
intracavity pulse energy levels at the cost of pulse duration as more GVD was introduced.
Fig. 6.4 shows the output power and the pulse duration at different compensated GVD
levels. It should be noted that all of these results were obtained at the highest pump
power of 30 W. As the round-trip negative dispersion of 5200 fs* was added into the
cavity, we obtained pulses with an average output power of 2.2 W, which corresponds to
a pulse energy of 60 nJ. The pulse duration at this level of energy was 100 fs, resulting in

a slightly reduced peak power of 0.61 MW.
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Fig. 6.4. Pulse duration and average output power obtained from the 36 MHz oscillator as a
function of the compensated negative dispersion.

In order to understand the effect of Kerr lensing on stabilization of the single-pulsed
mode locking, we studied the mode locking regimes with different cavity mode sizes
inside the gain medium by translating the SESAM. As the distance between the SESAM
and the concave mirror R3 was increased, the cavity mode size inside the crystal was
decreased, allowing for a better spatial mode matching and therefore increased output
power. From the point of view of self-amplitude modulation (SAM), however, the
decrease of the cavity mode size reduced its gain aperturing effect, therefore resulting in
lower effective modulation depth. As a consequence, the laser started suffering from the
multiple-pulse instability. At the same time, the spectral bandwidth experienced a
significant narrowing. For example, as the SESAM was translated around 4 mm away
from the optimum position for Kerr lensing, the double-pulsed mode locking regime was
observed. The output power increased to 2.5 W (which corresponds to 70 nJ of pulse
energy), and the emission spectrum was narrowed to 13 nm. Further translation of the
SESAM (about 4 mm) led to the increase of the output power to 3.3 W (91 nJ of pulse
energy). In this case the laser operated in multiple-pulse regime with 7 nm of spectral
bandwidth. At this point, the mode locking was believed to be purely dominated by the
SESAM, since the cavity mode size was very close to the pump mode size when 10
diopters of thermal lensing was taken into account. As the pump power was decreased,

single pulses could be generated without broadening of the spectrum. Similar to our

92



previous work [4], no pure KLM was achieved when the SESAM was replaced with an
HR mirror. This supports the fact that in our case mode locking in the sub-100 fs regime
is achieved and sustained only by the dual action of the SESAM and the KLM.

6.3.3 The 18 MHz cavity

In order to reduce the repetition rate, a 4 m long 1:1 imaging telescope was inserted
into the cavity. As a result the cavity was lengthened to 16 m, which allowed generation
of a pulse train at a repetition rate of 18 MHz. Since more mirrors were added, the
optimized value of negative dispersion was increased to 3700 fs?. At the maximum pump
power, the oscillator optimized for the KLAS mode locking generated 80 fs pulses at an
average output power of 1 W. The corresponding pulse energy was 55 nJ and the
intracavity pulse energy was 0.55 pJ, which was close to the one obtained with the 36
MHz oscillator. To extract more energy from the cavity, we used an output coupler with
higher transmission of 15%. The average output power and the pulse energy were
enhanced to 1.5 W and 83 nJ, respectively. The obtained pulses showed a slightly longer
duration of 85 fs (Fig. 6.5 (a)). The 14 nm of spectral bandwidth (see Fig. 6.5 (b))
resulted in almost transform-limited time-bandwidth product of 0.33. At this point, the

corresponding peak power as high as 1 MW was reached.
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Fig. 6.5. The autocorrelation trace of the pulses obtained from the 18 MHz oscillator with 15%
output coupling. The trace is fitted assuming a sech? temporal profile. (b) The corresponding

emission spectrum.
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6.3.4 Comparison with previous results

As a comparison, we summarized the previously reported laser performance from the
extended-cavity Yb-ion laser oscillators in Fig. 6.6 [9, 13-16, 19-27]. These laser
oscillators were usually operated at repetition rates ranging from 10 MHz to 40 MHz.
However, pulses with sub-100 fs duration have never been delivered directly from the
oscillator. The Yb:CALGO crystals with broad spectral bandwidth seem quite promising
to reach this goal, allowing the generation of pulses with 145 fs duration directly from the
oscillator and 93 fs duration after external compression [16]. Nonetheless, such short
pulse duration was obtained at the cost of much lower pulse energy and peak power,
which were limited to 17 nJ and 180 kW. In this work, sub-100 fs pulses were generated
directly from the oscillator. Moreover, the peak power increased by more than 5 times.

Another comparison can be made with the thin-disk oscillators which, in many cases,
were operated at similar repetition rates with high peak powers. In most cases, however,
the pulses delivered from such lasers suffered from the long duration of >200 fs.
Moreover, despite the higher peak power that can be reached from the thin-disk
oscillators, much higher pump power is needed. For example, producing 1 MW of peak
power required only 30 W of pump power in the extended cavity Yb:KGW bulk
oscillator presented in this Chapter, whereas about 140 W of pump power was needed for
a Yb:KLuW thin-disk oscillator [22].
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Fig. 6.6. Previously reported laser performance of the extended cavity bulk and thin-disk
oscillators. (a) The pulse duration vs. the repetition rate. (b) The peak power vs. the pulse
duration. The solid symbols represent the bulk oscillators and the hollow symbols represent

the thin-disk oscillators.
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Considering only sub-100 fs regime with Megawatt peak powers (regardless of the
repetition rate), recently Yb:CALGO bulk and thin-disk oscillators generated 94 fs pulses
with 1.6 MW of peak power [9] and 62 fs pulses with 1.1 MW [10], respectively. The
former oscillator required >62 W and the later >71 W of pump power. As can be seen,
our approach allows us to reach similar operating regime with more than twice lower
amount of pump power which can be explained in part by the high gain of the used
Yb:KGW crystal. In this case it also can be instructive to define a simple figure of merit,
peak-to-pump power efficiency, which shows how many kWs of peak power can be
generated per each Watt of the used pump power and therefore has the units of kW/W.
This figure of merit is more universal than the optical-to-optical efficiency because it also
takes into account the duration of the generated pulses. The Yb:CALGO bulk [9] and
thin-disk [10] oscillators have 26.4 kW/W and 15.3 kW/W peak-to-pump power
efficiencies, respectively, as compared to the higher efficiency of 33.3 kW/W obtained in
this work. We believe that further optimization of the pulse duration and power scaling of
the broadband Yb-ion based oscillators can result in multi-MW peak power laser systems
in the sub-100 fs regime.

6.4 Conclusion

In conclusion, we have demonstrated the generation of high peak power sub-100 fs
pulses from the extended cavity Yb:KGW bulk oscillators. Pulses with 78 fs duration and
0.65 MW peak power were delivered at a repetition rate of 36 MHz. At a lower repetition
rate of 18 MHz, 85 fs pulses with peak power as high as 1 MW were generated. To the
best of our knowledge, this is the first demonstration of sub-100 fs pulses from the

extended cavity Yb-ion based oscillators.
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Chapter 7
Ultrafast OPOs pumped at 1.04 pm

Optical parametric oscillators (OPO) are widespread and versatile sources for
generating wavelength-tunable coherent continuous or pulsed radiation in a broad
spectral range that spans from the infrared to the ultraviolet [1]. When pumped by
Yb:KGW lasers with 1 pm radiation, a continuous tuning of near-IR wavelength can be
obtained. Such laser sources are especially useful for many biological and medical
applications. In this chapter, the feasibility of developing such laser sources are
demonstrated through a thorough theoretical analysis of the near-IR properties of two
promising periodically poled OPO materials: KTiOPO, (PPKTP) and stoichiometric
MgO-doped LiTaO3; (MgO:PPSLT).

7.1 Optical parametric oscillators

7.1.1 Induced nonlinear polarization

The interaction of radiation with a medium is manifested through the induced electric
dipoles, each of which served as a contributor to a new radiation. Macroscopically, this
effect is described by the induced polarization (which is defined as the dipole moment

density):
P(t) = 5,7 "E(t) + £, PE()* + &, ), WE(D)", (7-1)
n=3

where ¢ is the vacuum permittivity, ;((“) is the n-th order susceptibility tensor of the
medium and E(t) is the time-dependent electrical field of the light. The first term on the
right hand side of the equation is related to the linear response of the medium, while the
rest of the terms are related to the nonlinear response. Since the higher orders of;((”) (n=
2) are much smaller than X(l), only light with high enough intensity (e.g. femtosecond
laser) can excite the nonlinear terms, causing a nonlinear response of the polarization to

the electrical field of the incident light.
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Optical parametric oscillation is a process related to the second order response of the
induced polarization. Fig. 7.1 shows a scheme of an optical parametric process as an
intense radiation with frequency w, propagates through the medium. From the energy
point of view, an incident pump photon with energy of 7wy, is split into two photons with
energies of Zws and Zwi. The resulting two new waves with frequencies ws and w; are
called signal and idler, respectively. The energy conservation condition requires the

satisfaction of the relationship wy=ws+ w;.

E>

Fig. 7.1. Scheme of an optical parametric process.

7.1.2 Phase matching

If the incident wave and output waves are matched in phase, the incident energy will
efficiently flow from it to the output waves; otherwise the energy will flow in an opposite
way. In the case of an optical parametric process, the phase mismatch between incident

and output waves can be quantified as:

— —

Ak =k, =k, —k;, (7-2)
where IZp, IZS and Ei are the wave vectors of the pump, signal and idler waves. In a

collinear propagation, this equation can be rearranged as:

AK = np;‘)p _ nsé"s _ nis)i , (7-3)

where n is the wavelength-dependent refractive index, and c is the speed of light in
vacuum. When 4k=0, the phase of the waves are perfectly matched, resulting in the
highest conversion efficiency. The conventional method to achieve the phase-matching is
to take advantage of the optical birefringence of the crystals, known as birefringent

phase-matching (BPM) technique. In this method, the polarization of laser radiation,
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incident angle and crystal temperature are adjusted such that the phase velocity mismatch
between the interacting waves is compensated. Nonetheless, this approach has some
problems and restrictions in practical applications, such as spatial walk-off effect and
inconvenient phase-matching temperatures and angles. More importantly, BPM cannot be

realized in plenty of nonlinear media with good nonlinear properties.

An alternative way of achieving the phase-matching condition is the so-called quasi-
phase-matching (QPM) technique by using periodic stacks of nonlinear crystals that have
opposite signs of ¥ [2]. These stacks of crystals are called periodically poled crystals,
and their structure is schematically shown in Fig. 7.2 (a). By applying a high voltage
electric field to the patterned electrodes, the nonlinearity of the ferroelectric crystal is
modulated with a period twice of the coherence length of the nonlinear interaction. In
QPM technique, all of the interacting waves have the same polarization, resulting in a
certain amount of phase mismatch (Ak==0) in each ferroelectric domain. The phase
mismatch would cause the energy to flow back to the pump wave beyond the coherence
length if no controls are implemented (red line in Fig. 7.2 (b)). Since in periodically poled
crystals the »® nonlinear coefficient is reversed over a distance that equals to the
coherence length, the phase mismatch is compensated in the next domain, resulting in the
continuous energy flow from the pump wave into the newly generated signal and idler
waves (blue line in Fig. 7.2 (b)). When compared with the BPM, QPM has several
advantages:

1) Since all the interacting waves are polarized in the same direction, the effect of
spatial walk-off is eliminated;
2) The largest elements on the diagonal of the nonlinear coefficient tensor

(dy = 2% 12) can be utilized, resulting in a larger conversion efficiency;

3) QPM offers noncritical phase-matching at any wavelength within the transparency
region of the material. This enables a very large wavelength tuning range.
4) QPM largely extends the variety of nonlinear crystals that can be used for

parametric frequency conversion.
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Fig. 7.2. (a) Schematic structure of a periodically poled crystal; (b) the generated wave
intensity within eight coherent lengths (Lc) under quasi-phase-matched and non-phase-

matched conditions.

7.1.3 Optical parametric oscillators

With optical feedback provided by the mirrors for the parametric process, an OPO
system is formed. Under the QPM condition, the signal (idler) wavelength can be tuned
by varying the poling period or the temperature of the crystal. The oscillation starts from
the randomly generated signal and idler photon pairs in the medium. When the generation
of the photon pairs surpasses the loss in the cavity, the signal and idler waves get
amplified. For ultrashort pulse pumping as in our case, regime of synchronous pumping
scheme is commonly used (Fig. 7.3) [3-4]. In this configuration, the OPO cavity length is
designed to match the cavity length of a pumping source such that the signal (idler) pulse
produced by the pump pulse could meet the next incoming pump pulse in the nonlinear
crystal. Due to the high peak intensity of the pulses, the threshold for a singly resonant
oscillation can be easily achieved. Therefore such OPOs usually operate in singly

resonant oscillation mode where only signal (or idler) beam is coupled out.
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Fig. 7.3. Schematic configuration of an ultrafast OPO system synchronously pumped by an
ultrafast Yb:KGW laser.

7.1.4 Dispersion management

For operation on a femtosecond time scale, the dispersive characteristics of the
nonlinear crystals become an important factor that need to be considered carefully. As the
interacting pulses have very different wavelengths, they will propagate through the
crystal with different group velocities. This will lead to the so-called temporal walk-off,
which affects the pulse duration and shape. Consequently the effective interaction length
in the crystal and the output power are limited by this factor [5]. The group velocity
mismatch (GVM) is a quantitative description of the temporal walk-off effect. The GVM
can be calculated using the following formula:

cm=1_1 (7-4)

2 Vj

where v; and v; correspond to the group velocities of the two interacting pulses, i.e. pump-
idler pulses or pump-signal pulses.

For each single pulse, due to its large spectral bandwidth, different frequency
components travel through the medium with different velocities, resulting also in the
spreading of the pulse in time domain. This effect can be estimated by the group velocity
dispersion (GVD) using the equation:

2 dn)
27c*  dX?

where ng(4) is the wavelength-dependent extraordinary refractive index of the crystal, and

GVD = : (7-5)

c is the speed of light. Positive GVD in the crystal produces a linear chirp that increases

the duration of the output pulses.
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7.2 Selection of periodically poled materials

By using the QPM technique, a large variety of materials can be utilized as the
frequency converting media. In this work, we mainly concentrate on two promising ones:
PPKTP and PPSLT. A comparison of these materials with the commonly used PPcLN
(periodically poled congruent LiNbOs) is shown in Table 7.1. Among them, PPcLN has a
large effective nonlinear coefficient of 17 pm/V when the e —e+e interaction is employed
(e represents the extraordinary polarization) [1]. However, PPcLN suffers from some
drawbacks that limit its usage in many applications. Firstly, due to its low photorefractive
resistance, PPCLN crystals are easily damaged by the high intensity light. This problem
can be dealt by either heating the medium to above 100<C or doping the crystal with
MgO [6-7]. Secondly, the coercive field, which is used for modulating the nonlinearity of
the crystal domains, is quite large. Thus the thickness of the PPcLN or MgO:PPcLN

crystals is limited to 0.5 mm.

Table 7.1. Comparison of nonlinear crystals

Material (Z;T:S) (p?r:‘;fV) Din Ve (KV/mm) Ref

PPCLN 0.35-5.2 17 Low 21 [8-9]

PPKTP 0.35-35 9.5 High 2 [1,10-11]
MgO:PPSLT 0.27-6 11 High 17 [12-14]

Awans: transparent wavelength; de: effective nonlinear coefficient (deg =2d3s/mt, where
dss is an element in the nonlinear coefficient tensor); Dy,: photorefractive damage
threshold; V,: coercive field.

PPKTP and MgO:PPSLT crystals are considered as two promising substitutions to
PPcLN and MgO:PPcLN crystals. Their nonlinear coefficients are twice smaller than that
of PPcLN crystal, but they are still much larger than those utilized in birefringent phase
matching [10, 13]. Besides, the coercive fields of these two materials are more than ten
times lower than that for PPCLN crystal: 2 kV/mm for PPKTP and 1.7 kV/mm for
MgO:PPSLT, allowing thicker crystals to be obtained [11,14]. More importantly, PPKTP
and MgO:PPSLT have much higher photorefractive damage threshold. High power

operation, therefore, can be carried out even at room temperature.
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7.3 Theoretical studies of material properties for near-IR OPOs

Before experimentally developing an OPO system based on the materials listed above,
a theoretical calculation is necessary to determine the dependence of wavelength tuning
on the parameters of the crystals and the cavity, as well as the dispersive characteristics to
select a suitable crystal length. Generally, there are mainly four parameters that can be
adjusted for wavelength tuning: pump wavelength, cavity length, crystal poling period,
and crystal temperature. Since the Yb:KGW lasers have very limited wavelength
tunability and the cavity length tuning strongly depends on experimental conditions, our

theoretical calculations are mainly focused only on the last two methods.
7.3.1 Phase matching properties

In order to calculate phase-matching ranges of the QPM-based OPO as a function of

grating period or temperature, two conditions should be met simultaneously:

1 1 1
PRI )
(A T) n(AT) n(AT) 1, (7-7)

Ay A A A(T)

The first condition is the energy conservation and the second one is the momentum
conservation, which is also called QPM condition. Under the QPM condition, an extra
term 1/4(T) related to the phase compensation from the modulated nonlinearity is added
when comparing with equation (7-3). In these two equations, the subscript “s” represents
the signal wave, “i”” the idler wave and “p” the pump wave. s, 4; and 4, are the signal,
idler and pump wavelengths, respectively. 4(T) is the temperature-dependent grating
period of the crystal that takes into account thermal expansion [15-16]. ne(4s,T), Ne(4i,T)
and ne(p, T) are the extraordinary refractive indices of the signal, idler and pump waves,
respectively. They are calculated from the temperature corrected Sellmeier equations.
The detailed Sellmeier equations and A4(7) equations for PPKTP and MgO:PPSLT
crystals are described in the Appendix C.

Presented in Fig. 7.4 (a) are the calculated wavelength tuning ranges as a function of
grating period for the PPKTP and MgO:PPSLT crystals pumped at 1040 nm. The

temperatures used in the calculations are the ones where usually no obvious
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photorefractive damage to the crystals is observed. The lower branch of the curve is the
signal radiation and the upper branch is the idler radiation. The degeneracy can be
observed at the point where the signal wavelength is equal to the idler wavelength, i.e. at
2080 nm. The degeneracy point occurs at 38.24 um and 31.94 pm for PPKTP and
MgO:PPSLT, respectively. It should be noticed that for PPKTP, because of the limited
transparency range, the wavelength can be tuned only from 1.480 pum to 3.500 um,

corresponding to the grating period range of 34.84-38.24 um.
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Fig. 7.4. (a) Signal and idler wavelength tuning curves as a function of grating period for
MgO:PPSLT and PPKTP crystals. (b) Signal wavelength tuning within 1.3-1.8 pm as a
function of grating period for MgO:PPSLT and PPKTP crystals. The pump wavelength is
1040 nm.

7.3.2 Wavelength tuning characteristics

A closer view of the wavelength tuning in the 1.3-1.8 um range, which is attractive for
biomedical applications, is presented in Fig. 7.4 (b). It shows the signal tuning in this
range by changing the grating periods. It can be seen that different grating periods should
be chosen for generating the desired signal wavelength. For example, to generate 1.55 um
signal wavelength the grating periods of 35.24 um for PPKTP and 29.84 pm for
MgO:PPSLT should be chosen. It also can be seen that the tuning curve is quite steep,
indicating that the change of grating periods is a coarse way of wavelength tuning.
However, this can be compensated by the finer temperature tuning.
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Temperature tuning of the signal wavelength in the 1.3-1.8 um range for different
grating periods in MgO:PPSLT and PPKTP are displayed in Fig. 7.5 and Fig. 7.6. By
changing the temperature between 20 <C and 200 <C, continuous tuning over tens of
nanometers is possible with a single grating. By choosing grating periods that have an
overlap in their individual tuning ranges, such as in the grating periods shown in the
figures, it is possible to achieve continuous wavelength tunability over a much wider
range. It is apparent that the variation of the signal wavelength with the temperature
becomes more pronounced as the wavelength gets closer to the degeneracy point. Please
note again that the wavelength tuning range of PPKTP is restricted by its transparency
range, i.e. absorption of idler at wavelengths longer than 3.5 pm. Therefore, PPKTP is

not suitable for generation of signal wavelengths shorter than 1.48 pum.
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Fig. 7.5. Signal wavelength tuning as a function of temperature for MgO:PPSLT in (a) 1.40
to 1.80 pm range and (b) 1.29-1.4 um range . The pump wavelength is 1040 nm.
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It also should be noted that because of the imperfectness of the Sellmeier equation for
PPKTP there is a temperature difference of approximately 25 <T between the theoretical
and experimental values of wavelength tuning [15]. In order to determine the exact
temperature shift, a comparison between the theoretical and experimental results was
made [17-18]. Since there are no experimental results for the wavelength tuning of
PPKTP excited at 1040nm, the closest pump wavelength of 1064 nm from the Nd-doped
lasers was selected. The results suggest that the temperature used for the calculation
should be 18 <C lower than that for the experiment, i.e. if the crystal is set to operate at
50 <T in the experiment, then 32<C should be used for calculating the output wavelength.
All the calculations for PPKTP listed above introduced this temperature shift for

correctness.

7.3.3 Dispersive properties

The GVM data in the near-IR region between the pump (1.040 um) and signal as well
as the pump and idler for PPKTP and MgO:PPSLT are plotted in Fig. 7.7. It can be seen
that at the idler wavelength of around 3.2-3.4 um (which corresponds to the signal
wavelength of around 1.55 pm), the GVM between the pump and idler beams equals to
zero, which means that both of them travel at the same group velocity. The idler
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wavelengths for the zero-GVM point are slightly different. The zero-GVM point results

from the non-monotonicity of the group velocity curve as a function of wavelength.
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Fig. 7.7. GVM between the pump and signal and the pump and idler for MgO:PPSLT and
PPKTP pumped at 1.040 pm. The dotted line indicates the idler wavelength.

The data in Fig. 7.7 can be used to estimate the length of the nonlinear crystal for a
particular duration of the pump pulses. The average GVM between the pump and the
signal is about 75 fs/mm for PPKTP (for MgO:PPSLT it is about 20% larger). This
translates into a temporal delay between the pump and signal of 300 fs (a typical duration
of pulses for an Yb-ion laser) after propagation in a 4 mm long crystal. At the same time
for PPLN the average GVM between the pump and signal is about 100 fs/mm, thus
reducing the crystal length to 3 mm for the same pump pulse duration [8]. In order to
restrict the pulse broadening to ~10%, the temporal walk-off between the pump and the
signal should be kept at half the initial pump pulse width [4], i.e. in this case a crystal
length of ~2 mm should be chosen for both PPKTP and MgO:PPSLT. When pumped by
the 70 fs pulses generated from our developed laser oscillator presented in Chapter 5,
crystals with ~0.5 mm length should be chosen for PPKTP and MgO:PPSLT and with
~0.3 mm length for PPLN to produce sub-100 fs signal pulses. The interaction length

obtained with an excitation source at 800 nm (e.g. Ti:sapphire laser) is even shorter.

The GVD curves for these materials were calculated and shown in Fig. 7.8. It was
found that the GVD of MgO:PPSLT is larger than that of PPKTP and they both decrease
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with the increase in wavelength. The GVD becomes zero at 1.83 um for MgO:PPSLT
and at 1.80 um for PPKTP. Intracavity GVD compensation mechanism, such as a prism
pair, should be used in the femtosecond OPOs to keep the duration of pulses at a
minimum value [19]. Commonly, glasses such as SF10 and SF14 with high dispersion
are used for this purpose [5, 20].

140
120
100 }
80 |
60 |
40}
20 f
0_ .................................... Y

'20:—....1..A.|A...|........
1.3 1.4 1.5 1.6 1.7 1.8

——MgO:PPSLT@100°C
——PPKTP@22°C

GVD (fs®/mm)

Wavelength (um)

Fig. 7.8. GVD for MgO:PPSLT and PPKTP in the 1.3-1.8 pm wavelength range.

7.4 Conclusion

In conclusion, a detailed analysis of the optical, phase-matching, wavelength tuning,
and dispersive properties of PPKTP and MgO:PPSLT materials for generation of near-
infrared radiation in the 1.3-6.0 um range was presented. To the best of our knowledge,
this is the first detailed account of PPKTP and MgO:PPSLT crystal properties relevant to
the optical parametric interactions in the near-IR. The work also discussed advantages of
these two promising periodically poled materials with respect to the more common
PPcLN crystal. The results of the presented analysis will provide a thorough reference for
the practical design of PPKTP- or MgO:PPSLT-based OPOs pumped by the ultrafast Yb-

ion lasers.
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Chapter 8

Conclusion

Passively mode-locked laser oscillators based on Yb-doped materials provide an ideal
platform for delivering extremely short pulses in femtosecond regime. Of particular
interest is the generation of multiwatt sub-100 fs pulses, which is still a challenging task
today. The work presented in this thesis is devoted to such challenge by developing and
investigating a number of high power Yb:KGW bulk oscillators in both CW and mode-

locked regimes.

The research was started from addressing two fundamental issues that are critically
important in power scaling of the Yb:KGW oscillators. In Chapter 2 we explored the
feasibility of an Npy-cut Yb:KGW crystal to achieve reduction of the thermal lensing
effect and its potential in producing high power lasers. The proof of principle of the
proposed pumping scheme was demonstrated with the development of a diode-pumped
laser oscillator based on a 2-mm long Np-cut Yb:KGW crystal slab. At the pump power
of 17.3 W (~7.8 W absorbed), the laser delivered 2 W average output power at 1040 nm.
A detailed analysis has shown the reduced strength of the thermal lensing in the Np-cut
Yb:KGW crystal when compared to the previously reported results based on the
traditional N,- or Ng-cut Yb:KGW crystals.

In Chapter 3, we proposed a new technique to characterize the intracavity loss, which
is another fundamental factor in determining the performance of a laser. This technique is
based on the spectral gain measurement and can be applied to many other broadband
quasi-three-level lasers, where the traditional methods are not applicable. Moreover, this
technique potentially can be used at any laser output power levels, thus allowing a
dynamic optimization of laser performance. Successful experimental demonstration was
carried out with a diode-pumped Ng-cut Yb:KGW CW oscillator. A comparison with

traditional Findlay-Clay analysis and numerical modeling was also made.
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Chapter 4 described the simultaneous dual-wavelength lasing operation observed in a
diode-pumped Ng-cut Yh:KGW CW oscillator during the optimization of its performance.
Without inserting any optical elements for polarization control, the Nm- and Np-polarized
modes, each of which possessed a distinct wavelength, switched twice and coexisted in
two power regimes during the increase of the pump power. The two wavelengths and
their separation varied slightly for different output couplings. The wavelength switching
and coexistence were studied and explained by considering the thermal and spectral
anisotropy of the Yb:KGW crystals, which further led to the polarization-dependent

reabsorption loss in the unpumped region of the crystal.

In Chapter 5, | reported on the generation of 67 fs pulses from a diode-pumped mode-
locked Yb:KGW bulk laser oscillator. The enhanced performance of this oscillator
benefitted from the dual action of Kerr-lens and saturable absorber (KLAS) mode locking.
The mode locking was initiated by a SESAM with 2% modulation depth at 1040 nm.
With the Kerr lensing effect present, instabilities such as the Q-switched mode locking or
multipulse mode locking were suppressed, which led to a stable mode locking with a
single pulse inside the cavity. In the single pulse mode-locked regime, Fourier transform-
limited pulses with 67 fs duration and 16.8 nm of bandwidth (FWHM) were obtained.
The average output power reached 3 W, corresponding to >38 nJ of pulse energy
and >570 kW of peak power. To the best of our knowledge, this is the highest average
output power produced to date from Yb-ion based bulk lasers with such a short pulse

duration.

In Chapter 6, the KLAS mode locking was transferred to Yb:KGW laser oscillators
with low repetition rates in order to scale the peak power of the pulses. The 36 MHz
oscillator delivered 78 fs pulses with pulse energy of 50 nJ and peak power of 0.65 MW.
The cavity was extended by inserting a 1:1 imaging telescope, allowing 85 fs pulses to be
generated at a repetition rate of 18 MHz. The pulse energy up to 83 nJ was reached,
corresponding to a peak power as high as 1 MW. To the best of our knowledge, this work
also for the first time demonstrated sub-100 fs pulses directly from the diode-pumped

mode-locked Yb:KGW bulk oscillators operated at a low repetition rate.
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Pumping of the optical parametric oscillators (OPOs) with the ultrafast lasers allows
generation of the wavelength-tunable pulses in femtosecond regime. In Chapter 7, we
theoretically discussed the feasibility of employing new nonlinear crystals, including
periodically poled KTiOPO4 (PPKTP) and stoichiometric MgO-doped LiTaO3
(MgO:PPSLT), for optical parametric oscillation pumped by the powerful femtosecond
Yb:KGW oscillators developed in this work. The optical, phasematching, wavelength
tuning, and dispersive properties of these crystals for parametric interactions are analyzed.
The results formed a useful reference for the selection of materials and operating
conditions for the practical design of high power femtosecond optical parametric

oscillators with excitation at 1 pum.

We believe the performance of the Yb:KGW bulk oscillators based on KLAS mode
locking presented in this thesis was limited by the pump power launched into the crystal.
As higher pump power becomes available, sub-100 fs pulses with higher average output
power and peak power can be expected. Of course, this also necessitates further
optimization of the oscillator in both CW and mode-locked regimes. For example, at
higher pump power levels, the thermal lensing of the laser crystal will become stronger,
leading to a change of the cavity stability regions. Correspondingly, the cavity geometry
has to be adjusted to allow the laser to be operated within the stability region. Moreover,
stronger Kerr lensing should be introduced to suppress the multipulse mode locking at
higher powers. In addition, a thorough investigation on the Kerr-lens sensitivity against
the pump power as well as the effect of the fluence on the SESAM would be helpful for
the improvement of the lasing performance. The next step could be to experimentally
pump the PPKTP and MgO:PPSLT based OPOs with these powerful Yb:KGW
femtosecond oscillators. High power sub-100 fs pulses with tunable wavelength in the
range of 1.3-1.8 um are expected to be produced and will be attractive for various

applications.
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Appendix A

Bulk and thin disk laser geometries

In an end-pumped bulk laser geometry, as shown in Fig. A.1, the crystal is usually
wrapped in indium foil and sandwiched between two water-cooled copper or aluminum
heat sinks. In such laser system, the pump and the laser beam travel parallel to each other
in the crystal. A good spatial overlap between them is one of the critical factors to
achieve an efficient lasing process. Typical dimensions of the crystal and the laser beam
are also shown in Fig. A.1. In a lasing process, the main portion of the generated heat
flows two-dimensionally over the planes perpendicular to the propagation direction of the
laser beam. As was explained in Chapter 2, this heat flow forms a temperature gradient
inside the crystal, making it to act as a thermal lens. In order to remove the heat load
effectively, a thin crystal with ~1 mm thickness is usually used. Depending on the
absorption coefficient and the length of the crystal, up to 100% of the pump power can be
absorbed in a single pass. To obtain an efficient pumping and lasing, both the pump and
the laser beams are tightly focused to a dimension of 100-300 um in diameter in the

crystal.

(b) Pump 5mm

(a)

0.1 mm

1.2 mm

Heat sink

1-2 mm
et 4

Heat sink Heat flow

Fig. A.1. Scheme of the bulk (a) and the thin disk (b) laser geometry with typical dimensions.
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The thin disk laser geometry, which was firstly demonstrated by Giesen in 1993,
recently has also been widely employed for the generation of high power lasers in both
CW and pulsed regimes [1]. In such a laser system, the crystal is shaped as a very thin
disk with 100-200 um of thickness and is usually mounted or glued on a water-cooled
copper heat sink. This allows the generated heat in the lasing process to be removed
efficiently. The heat flows coaxially along the propagation direction of the laser beam,
therefore forming a one-dimensional temperature gradient. On the other hand, the surface
of the crystal has a uniform temperature and hence less deformation. Therefore, the thin

disk geometry suffers less from thermal issues when compared to the bulk laser geometry.

The crystal is usually AR-coated on the front surface and HR-coated at the back
surface (contacts to the heat sink) at both of the pump and the laser wavelength. The
pump radiation incident into the crystal will be reflected from the back surface. However,
due to the short travel distance of the pump in the crystal, only a small amount of pump
power can be absorbed in a single reflection. In order to achieve an efficient absorption,
the pump radiation usually recycled to have multiple reflections in the crystal, which
requires a complex design of the pump system. This is a disadvantage of using the thin

disk laser geometry.

For the laser beam, the lasing process with a single reflection in the crystal requires an
output coupling with low transmission to reach high round-trip gain. Therefore, the
intracavity loss (Chapter 3) needs to be considered carefully and be kept at very low level.
In some cases, output coupling with high transmission was used to extract more power
(or energy) from the cavity [2-3]. However, complex cavities were needed to allow the
laser beam to be reflected multiple times through the crystal in one round-trip. Power
scaling of the thin disk lasers can also be achieved by proportionally increasing the pump

and laser beam spots (typically 1-2 mm) incident onto the crystal.
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Appendix B

Ray transfer matrix

For a Gaussian beam, its radius w(z) and wavefront radius of curvature r(z) can be
integrated into the so-called complex g parameter, which can be expressed as the
following:

1 1 id
92 @) m@)?

As a Gaussian beam travels through an optical component, the g parameters of the input

(B-1)

and output beams are related by:

9,,A+B

: B-2
qinC +D ( )

Qout =

A B
where A, B, C, and D are the four elements of the ray transfer matrix LC DJ of the

optical component. The following lists the matrices of some important optical

components used in this work.

1 d
Propagation in free space 0 1) d is the distance
Propagation in the crystal L L/ lo Is the crystal length
Pag Y 0 1 n is the refractive index
: : 0
Reflection from flat mirror 0 J

1 0
Reflection from concave mirror J r is the radius of curvature, r<0

2/r 1
1 0 )
Thermal or Kerr lens 2/ J f is the focal length, >0
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Appendix C
Sellmeier equation and thermal expansion

equation

The Sellmeier equation describes the wavelength dependence of the refractive indices

of the crystals. Since the refractive indices also change with the crystal temperature, a

temperature corrected Sellmeier equations should be used. The following section lists

wavelength and temperature dependent Sellmeier equations for extraordinary axes of

MgO:PPcLN, MgO:PPSLT and PPKTP crystals.

Sellmeier equation for MgO:PPcLN [4]:

R2(AT)=a +b f(T)+ 220l b @) ;0 oy
A~ —[a; +b, f(T)] A" —a;g
where f(T) is the temperature correction term which is expressed as:
f(T)=(T —24.5)(T +570.82). (C-2)
Other parameters are listed in Table C.1.
Table C.1. Sellmeier equation coefficients for MgO:PPcLN
ai s as a4 as dg b1 b2 b3 b4
5756 0.0983 0.2020 189.32 1252 1.32x10% | 2.860x10°  4.7x10®  6.113x10®  1.516x10*
Sellmeier equation for MgO:PPSLT [5]:
a,+ f,(T) a a 2
n>(A,T)=a, + 2 1 +———+—" _ta,l c-3
e( ) o 22_[a3+f2(|')]2 /Iz_aaz lz_ag ) ( )
The temperature correction term f;(T) and f,(T) are expressed as
f (T)=a(T +273.15)%, f,(T)=A(T +273.15)°. (C-4)

The parameters used are listed in Table C.2.
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Table C.2. Sellmeier equation coefficients for MgO:PPSLT

ai ao as g as dg ar dsg
4528254  0.012962  0.242783  -0.02288  0.068131  7.061878  1.307470  7.061878
a 3.483933x%10° B 1.607839x10°®

Sellmeier equation for PPKTP [6-7]:

(A T) =0, (2)-+ (AT —25) +n, (A)(T 25", (c-5)
n2(l)=a +—2 1 % 422 (C-6)
1-23 _8
P
- b, _NyCn _
n, (1) = %F n,(4) = 2o (C-7)

The parameters used are listed in Table C.3.

Table C.3. Sellmeier equation coefficients for PPKTP

ai ar as g as dg
2.12725 1.18431 5.14852x1072 0.6603 100.00507 9.68956102
bo b1 b, bs
9.9587x10°° 9.9228x10°° -8.9603>10°® 4.1010x10°®
Co C1 C2 C3
-1.1882x10® 10.459>10® -9.8136x10°® 3.1481x10®

Thermal expansion equation

Since the thermal expansion of the crystals would affect the poling periods, which
in turn changes the output wavelength from the OPO system, it also should be considered
in the calculations. The thermal expansion equation can be expressed as:

ANy, T) = A1+ a(T -Ty)+ B(T _To)z]’ (C-8)
where Ay and Ty are the initial poling period and temperature. The thermal expansion

coefficients o and g for different crystals are listed in Table C.4.

Table C.4. Thermal expansion coefficients

a /] reference
MgO:PPcLN 1.54<10” 5.3%10” [4]
MgO:PPSLT 1.610° 7%107 [8]
PPKTP 6.7x10° 11x10° [6]
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