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Abstract

This thesis describes ultrashort pulse generation from Tm-based 2 pum solid-state lasers using the
novel gain media which exhibit broad gain bandwidth overcoming conventional limitations. Tm-
doped materials are interesting gain media for highly efficient high-power 2 pum lasers due to the
availability of high-power laser diodes (LD) as their pump source and so-called two-for-one pumping
scheme which enables quantum efficiency close to 2. However, the relatively narrow gain bandwidth
makes ultrashort pulse generation in the mode-locked Tm lasers challenging. In the last decade,
aiming to further shorter pulse generation, a lot of research focusing on the development of novel
host materials and the improvement of mode-locking techniques have been done and that enabled
sub-100-fs pulse generation. However, due to the finite gain bandwidth, ultrashort pulse lasers tend
to consist of low-loss cavities with lower transmittance output couplers, resulting in limited output
powers.

In this study, two novel methods were proposed to realize broader gain bandwidth for the gen-
eration of high-power ultrashort pulses. The one is the combined gain media which is consisted of
different gain materials. Using different gain media in the same cavity, the laser can benefit from
the gain spectra of both materials. Kerr-lens mode-locked (KLM) laser experiments were performed
using a Tm:LusO3 and a Tm:ScoO3 simultaneously. Owing to broad effective gain bandwidth, the
shortest pulse duration of 41 fs was achieved also supported by the intracavity nonlinear process.
The other method is the development of mixed sesquioxide. Rare-earth doped mixed sesquiox-
ides exhibit broad and smooth gain profiles owing to inhomogeneous spectral broadening caused
by various crystal field strengths in the mixed crystal composition. That is suitable for broadband
mode-locked lasers. Moreover, the reduction of melting temperature of mixed sesquioxide enables
us to use the Czochralski(Cz) growth method for the fabrication of high-quality large-size crystals
while it was impossible for the conventional non-mixed sesquioxides due to their extremely high
melting temperatures. In this study, the novel mixed sesquioxide Tm:YScOj3 crystals were grown
by the Cz-method using iridium crucibles for the first time. Spectroscopic investigations and laser
experiments with the as-grown crystals revealed their suitability for ultrashort pulse generation in

the mode-locked lasers.
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Chapter 1. Introduction

Chapter 1

Introduction

Tm lasers are interesting light sources operating at 2 um wavelength range. Tm ions can be pumped
by commercially available high-power AlGaAs laser diode (LD), which can emit up to several hun-
dreds watt at 0.8 um. An ion excited at 0.8 pm can excite a neighboring Tm ion via cross relaxation
process, which enables quantum efficiencies close to 2. This so-called ”two-for-one” pumping scheme
can realize the slope efficiency up to ~80% while the Stokes efficiency is as low as ~40% [1]. There-
fore, Tm lasers are promising especially for high-power and highly efficient laser operation. In the
CW laser regime, Tm-doped fiber laser (FL) with an average output power of 1 kW at a wavelength
of 2050 nm with a slope efficiency of 53% was achieved under 793 nm fiber-coupled LDs pumping
[2], which is actually the second highest average power among rare-earth doped FLs next to Yb-
doped FL [3]. For solid-state laser, an output power of 245 W at a wavelength of 1990 nm with a
slope efficiency of 46% was achieved by a Tm:YAP InnoSlab laser pumped by 795 nm four-bar LD
stacks [1]. In the pulsed laser regime, due to the comparably long fluorescence lifetime of Tm-based
gain materials, Q-switched lasers are successful. A peak power of 18.6 kW with a pulse duration
of 41 ns and a pulse energy of 800 uJ at 2044 nm was demonstrated by Q-switched Tm-doped FL
[5]. Moreover, a pulse energy of 128 mJ at 10 Hz repetition rate with a pulse duration of 160 ns
was achieved from a 785 nm LD-pumped Tm:YAG Q-switched laser [6]. The power scalability of
2 um Tm lasers is interesting for the nonlinear wavelength conversion. Freqency upconversion via
high harmonic generation (HHG) is interesting to reach soft X-ray region to explore the dymanics
of atoms and electrons. In this process, the cut-off frequency is proportional to the wavelength
of the driver laser, thus the 2 pm lasers enable to reach higher energy region compared with the
conventional near infrared lasers. On the contrary, the mid-infrared spectral region (4.0 - 20 pm)! is
called molecular fingerprint region because there are a lot of molecular vibrational absorption lines.
That enables ultrafast spectroscopy applications with high sensitivity, e.g., bioimaging [7, 8, 9], gas
sensor [10, 11], breath analysis [12, 13] as well as polymer processing [14, 15]. Optical paramet-
ric oscillator (OPO) or optical parametric amplifier (OPA) is the common technique of frequency
down-conversion. To reach the mid-infrared (4.0 - 20 pm), only non-oxide nonlinear materials such
as GaAs, GaSe, AgGaS,, and ZnGeP5 are available since oxide materials are typically not transpar-

ent above 4 pm [16]. However, non-oxide materials exhibit an absorption edge around 1 pm due

IThere are many opinions regarding wavelength range to define MIR and molecular fingerprint region.
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to the small bandgap. Therefore, the near-infrared lasers (Ti:AloO3, Nd, Yb lasers) are not suited
for direct conversion to mid-infrared (MIR) owing to the one-/ two-photon absorption process in
the nonlinear materials. Actually, conventional mid-infrared OPO/OPA has been basically achieved
by multiple wavelength conversion schemes from near-infrared lasers [17, 18, 19]. While these are
matured sources and commercially available, the configuration is complicated and overall conversion
efficiency is strongly limited. However, 2 pm lasers enable direct conversion to mid-infrared [20].
The use of 2 pm lasers for the system can benefit for improving conversion efficiency, simplifying

configuration, downsizing, and cost reduction.

emission
absorption
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Figure 1.1: Absorption and emission band of 2 pwm laser ions and their available pump sources.

Besides Tm lasers, Ho- and Cr-based lasers are also eligible candidates as the driving laser
for nonlinear wavelength conversion. These lasers typically operate at roughly 2.1 and 2.4 pm,
respectively. Figure 1.1 shows the typical gain band and pump band of the 2 um lasers. Since above
wavelength conversions are based on the nonlinear optical effect, high optical intensity is desirable
for highly efficient conversion and higher yield. Thus, the ultrafast lasers with high peak power
are desirable for this application and peak power scaling can be achieved by higher pulse energy
and/or shorter pulse durations. Cr?*-doped chalcogenide lasers have a huge advantage in terms
of ultrashort pulse generation. This is due to their broad gain bandwidth thanks to the vibronic
transition. In the Cr?T lasers, sub-50-fs pulse generation is possible and the shortest pulse duration
of 23 fs was recorded by KLM Cr:ZnS laser [21]. Cr?*t lasers are typically pumped by rare-earth
doped solid-state lasers, i.g. Er, Tm, Ho fiber/bulk lasers. Despite these solid-state lasers being well-
developed and commercially available, these are expensive compared with LDs, and Er, Tm, and Ho
lasers tend to affect instabilities owing to unwanted transition between their complex energy levels,
resulting in limited maximum output powers. Ho lasers are excellent, especially for high-power laser
operation [22] owing to comparably high gain cross sections and long lifetime of upper laser level

among rare-earth ions. However, Ho lasers are pumped by Tm lasers, Thus, it is restricted in terms
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of available pump power and cost as same as Cr lasers. Moreover, Ho emission band is narrow and
highly structured, consequently, available pulse duration mostly remains picosecond regime. The
shortest pulse duration of 190 fs was achieved by dispersion managed mode-locked Ho laser [23],
however, sub-100-fs pulse generation is considerably difficult. Compared with Cr?* and Ho lasers,
Tm lasers are advantageous owing to the availability of high-power LD pumping and highly efficient
laser operation owing to two-for-one pumping scheme. Regarding the pulse duration, the relatively
narrow gain bandwidth of Tm lasers makes sub-100-fs pulse generation challenging, although several

hundred fs pulses have been routinely achieved.
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Figure 1.2: Ever reported pulse durations of mode-locked Tm-based solid-state lasers.

In the last decade, to overcome the limitation of pulse duration, a lot of efforts have been made
for pulse shortening in Tm lasers. The main challenges are the development of novel laser host
materials which show broad gain bandwidth. Figure 1.2 shows the evolution of pulse durations of
Tm-based solid-state bulk lasers. The first sub-100-fs pulse generation was achieved by the Tm-
doped MgWOy, crystal laser based on the graphene mode-locking in 2017 [24]. Afterward, further
shorter pulse durations were demonstrated successively using disordered host materials, e.g., multi-
component garnet [25, 26, 27] and mixed sesquioxides [28, 29, 30, 31]. However, the shortest pulse
duration still remains above 50 fs. In addition, most of the mode-locked lasers for sub-100-fs pulse
durations adopt low-loss cavities at the expense of average output power to overcome the finite
gain bandwidth. Those indicate the limitation of the gain bandwidth of the conventional Tm-doped
crystalline materials.

Here, this study aims to generate high-power ultrashort pulses from Tm-based lasers using novel
techniques to achieve broader gain bandwidth. This thesis proposes two different approaches. One

is the combined gain media laser. The other is the development of novel disordered gain materials.
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This thesis is organized as follows. Chapter 2 describes the basis of laser gain medium to under-
stand the role of active ions and host materials. The origin of characteristics of laser materials and
their fabrication techniques, especially for Tm-doped sesquioxides which are used in this study were
described. Chapter 3 describes the basis of mode-locking. Fundamental theory, practical methods,
and its limitations due to various instabilities are described. Chapter 4 dedicates the concept and
experiments of combined gain media laser. Simulation of effective gain and experimental setup, prop-
erties of CW and ML laser operation are described. Chapter 5 devotes the growth, spectroscopy, and
laser experiments of Tm-doped mixed sesquioxide crystals. Chapter 6 describes the conclusion and
outlook. The comparison of combined gain media and mixed sesquioxide gain materials is detailed

discussed in this chapter.
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Chapter 2

Laser gain medium

Gain medium is an essential element for the lasers. Basically, it defines laser parameters, e.g., laser
wavelength, amount of optical gain, available pulse duration, and so on. Thus, the proper choice of
a gain medium is essential to achieve the desired specification.

This chapter gives the fundamentals regarding laser gain medium to understand the role of the active
ions and host materials particularly focusing on Tm3* and sesquioxides. Section 2.1 deals with the
energy diagram of Tm?t ion and important processes of ions in the host materials. Section 2.2
explains the role of host materials and characteristics of cubic sesquioxides, comparing with other

host materials. Section 2.3 gives an introduction of fabrication methods for sesquioxides.
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Figure 2.1: Operation wavelengths of typical solid-state lasers.
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2.1 Dopant ion

2.1.1 Laser active ions

Transitions of electrons involving absorption and emission occur in between two different energy
levels of dopant ions. The absorption/emission wavelength is determined by the energy gap between
the two corresponding energy levels. These cross sections represent the transition probabilities
of corresponding levels [32]. Figure 2.1 shows typical active ions of solid-state lasers and their
operation wavelengths from visible to MIR spectral region [33, 34, 35, 36]. Laser ions are mainly
divided into two groups, i.e. transition metal and rare-earth ions. The difference between them is
the orbital which is utilized for laser transitions. Figures 2.2 and 2.3 show the electron configurations
of transition metal and rare-earth ions. In transition metal ions, transitions will occur within the 3d
orbital that is directly exposed to the surrounding environment, thus the electron is strongly affected
by the crystal field (strong electron-ion coupling). On the contrary, in the trivalent rare-earth ions,
transitions mainly take place within the 4f orbital which is shielded by the fulfilled 5s and 5d shells.
Therefore, the 4f electrons of the rare-earth ions are less influenced by surrounded crystal field (weak
electron-phonon coupling) than transition metal ions. This makes major differences in the optical
spectra in terms of line width, structure, and cross sections between the two kinds of ions. While
transition metals show broad spectra (AX ~100s nm) and larger cross sections (o ~10718-10729
ecm 1), the rare earth ions exhibit narrow multiple peaks (AX ~nm to 10s nm at full width at half

maximum (FWHM)) and smaller cross sections(oc ~1071°-1072* ecm™1).

Atomic
Xe 54 2 2 6 2 6 10 2 6 10 2 6

La 57 Xe core Xecore 1(0) 2(0)
Ce 58 Xe core 1 Xecore 1(0) 2(0)
Pr 59 Xe core 3(2) Xecore 2 (0)
Nd 60 Xe core 4 (3) Xe core 2 (0)
Pm 61 Xe core 5(4) Xe core 2 (0)
Sm 62 Xe core 6 (5) Xecore 2 (0)
Eu 63 Xe core 7(6) Xecore 2 (0)
Gd 64 Xe core 7 Xecore 1(0) 2(0)
Tb 65 Xe core 9(8) Xecore 2 (0)
Dy 66 Xe core 10 (9) Xe core 2 (0)
Ho 67 Xe core 11 (10) Xe core 2 (0)
Er 68 Xe core 12 (11) Xe core 2 (0)
Tm 69 Xe core 13 (12) Xe core 2 (0)
Yb 70 Xe core 14 (13) Xe core 2 (0)
Lu 71 Xe core 14 Xecore 1(0) 2(0)

Figure 2.2: Electron configurations of rare-earth atoms/ions. Red-colored numbers in brackets are
for trivalent ions.
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number
Ar 18 2 2 6 2 6 10

Figure 2.3: Electron configurations of transition metal ions.

Ti 22 Ar core 2(1,2) 2 (0)
\% 23 Ar core 3(2,3) 2 (0)
Cr 24 Ar core 5(3,4) 1(0)
Mn 25 Ar core 5(4,5) 2 (0)
Fe 26 Ar core 6 (5, 6) 2 (0)
Co 27 Ar core 7(6,7) 2 (0)
Ni 28 Ar core 8 (7,8) 2 (0)
Cu 29 Ar core 10 (8, 9) 1(0)
Zn 30 Ar core 10 (9, 10) 2 (0)

brackets are for trivalent and divalent ions, respectively.

2.1.2 Tm?t ion

Thulium is the chemical element belonging to the lanthanide family with the atomic number of
69. Tt is the lowest abundance in Earth’s crust among rare-earth (RE) ions (RE = lanthanide
and Yttrium (Y) and Scandium (Sc)) [37]. The electron configuration is [Xe]4f'3 6s? where [Xe]
=1522522p83523p%3d104524p4d195525p®. When Tm is doped in a host material, two 6s electrons
and one 4f electron are lost to be a trivalent ion with the configuration of [Xe]4f'2. The energy level

scheme of Tm in Y903 is shown in Fig. 2.4 [38, 39, 40].
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Figure 2.4: Energy diagram of Tm:Y50s. (The unit is nm. CR: Cross relaxation.)
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Tm ion has a lot of energy levels split by the spin-orbit interaction. 2 pm laser transitions
involve the 3F, manifold to the 3Hg ground state manifold. To obtain optical gain, we need to excite
sufficient numbers of ions to the F, manifold. Practically, many interionic processes influence the
population on the 3F, manifold; consequently, they affect laser performance and/or spectroscopic
measurements. Figure 2.5 shows the important interionic processes including radiative and non-

radiative processes as follows:

Reabsorption an emitted photon by an ion is absorbed by another ion on the ground state man-
ifold. This process can be crucial, particularly for (quasi-) three-level laser systems such as
Tm and Yb lasers because their absorption and emission bands are partly overlapping. It also

causes experimental artifacts in fluorescence spectroscopy (detailed in Chapter 5.3).

Energy migration the whole exciting energy of an ion is resonantly transferred to another ion.
This non-radiative process basically does not degrade the laser performance, as long as energy
is transferred to the same active ions. However, it can be losses if impurities become the

acceptors.

Energy transfer upconversion (ETU) ETU takes place between two ions in the excited states.
An ion transfers excitation energy to another ion. If the final state of the acceptor ion is
energetically higher than the initial state of the donor, it is referred to as energy transfer
upconversion. In the Tm ions, this process will occur between ions in the upper laser level 3F,
depending on the average distance of excited ions, i.e. lattice constant, doping concentration,
and excitation density. It leads to the depopulation of the upper laser level, i.e. quenching,

thus quantum efficiency will decrease.

Cross-relaxation (CR) CR is the inverse process to energy transfer upconversion. The difference
in the definition is the final state of the acceptor ion, which is lower than the initial state
of the donor ion. For the Tm ions, there are several combinations of energy levels with the

same order of separation in Tm?3", thus there are a lot of upconversion and cross relaxation

transitions.
S — -
: v
; : ; : v :
i —— —— —— —— s
—— —0— —— —0— —— - — —0—
Reabsorption Energy migration Energy transfer Cross relaxation

upconversion

Figure 2.5: Interionic process in Tm37 ions.
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Figure 2.6: Pumping scheme of Tm3*.

To excite Tm ions to the upper laser level, two pumping schemes are available. The pumping
schemes are shown in Fig. 2.6. One is two-for-one pumping using the cross relaxation 3Hy — 3F4
/ 3Hg — 3F4, which enables effcient population to the 3F4 manifold. Once an ion is excited to the
3H,, sufficiently close distance between Tm ions enables to achieve two excited ions by only one
excited photon, which leads to quantum efficiency close to two overcoming conventional limitation
at sufficiently high doping levels. Moreover, the energy gap between 3Hg and 3Hy is ~12600 cm ™1,
corresponding to 0.8 pwm, where commercial available high power AlGaAs LDs are suitable. These
are cheap and compact, and can emit up to several hundred watts with multimode-fiber coupled
modules. In addition, well-developed Ti:AlyOg3 lasers are also available. Their excellent beam
quality eases Kerr-lens mode-locked lasers. The disadvantage of this pumping scheme is relatively
large quantum defect. Although two-for-one pumping scheme is available under 0.8 um pumping,
the efficiency of cross relaxation does not reach 100% in most cases. Ions which not contribute
to cross relaxation will lead to multi-phonon relaxation and there are several channels of phonon
decay, resulting in high thermal load. Especially for high-power laser operation under 0.8 pm LDs
pumping, special treatment for cooling of gain materials is required, e.g. gain fiber is cooled by

immersing in a water-filled basin [41].

Another scheme is in-band pumping, corresponding to the transition >Hg — 3F,, which wave-
length is around 1.6 pm. In this pumping scheme, the quantum efficiency never exceeds unity.
However, the absorption cross section is generally higher than that of the 0.8 pm absorption band,
resulting in higher absorption efficiency. In addition, the quantum defect is smaller than ”two-for-
one” pumping. Compared with ”two-for-one” pumping, in-band pumping does not need high doping
concentration. Therefore, in-band pumping with lower doping gain material could achieve highly
efficient laser operation by mitigating the quenching effect at a higher inversion level. For 1.6 pm
wavelength range, longer wavelength Er fiber lasers [12] and Raman-shifted Er fiber lasers [13, 44]
are available. In recent years, InP-based LDs became available owing to their improved output

powers up to several watts.
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2.2 Host material

2.2.1 Role of host material

One of the important roles of the host material is to resolve a degeneracy of the Stark levels of a
dopant ion by the crystal field. Figure 2.7 shows the schematic of the energy level distribution of Tm
[45, 46]. When the ions enter a solid, owing to the electrostatic field of the ligands, the degenerated
energy levels of the dopant ion split, resulting in broad absorption/emission spectra. This effect is
called Stark effect or Stark splitting. For ions with an even number of electrons, the manifold splits
into (2J+1) sublevels, while for ions with an odd number of electrons a 2-fold degeneracy remains
according to the Kramers theorem, thus the manifold splits into (2J+1)/2 sublevels. Here, J is the
total angular momentum quantum number. Since 4f electrons are shielded by the outer fulfilled
orbital, the Stark effect is about one order of magnitude smaller than the spin-orbit interaction.
Different host materials variously modify the spectroscopic properties of dopant ions, e.g. cross

sections, spectral bandwidth, radiative/fluorescence lifetime, anisotropy, and so on.

Free ion In solid
4f12
SH
~6x10% cm1 L
3H T ~8x 102 cm.
~8x10% cm? ,/z/J+’1/
3H6 &
Electron-electron ) o ) o
4f12 state interaction Spin-orbit interaction Stark splitting

Figure 2.7: Schematic of representation of energy diagram and splitting in solid.

The important parameters of the host materials other than the interaction with the dopant
ions are thermo-mechanical and thermo-optic properties. These parameters dominate the laser
performance particularly at higher output power levels. Thermal conductivity determines the cooling
efficiency of the materials. Thermal expansion coefficient influences the mechanical stability of the
gain material. Thermo-optic coefficient, denoted by dn/dT, signifies the impact of temperature on
the refractive index. When the gain material is heated up by gaussian shaped beam, the temperature
profile will change following the beam profile, thus the refractive index will also change. As a
result, the changed refractive index will form a lens, which is called thermal lensing. It influences
beam propagation, which leads to unstable cavity conditions and degradation of laser performance.
Therefore, efficient laser operation even at high output power levels requires efficient cooling of the
gain material as well as the choice of host materials that have high thermal conductivity, small

thermal expansion coefficient, and small thermo-optic coefficient.

10
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For high-intensity light, host materials exhibit nonlinear effects. One of the third-order nonlin-
ear effects is the optical Kerr effect. It enables mode-locking, i.e., Kerr-lens mode-locking, which is
detailed in Chapter 3.3. Owing to the lattice vibration, the host material can act as Raman gain
media. High intense lasers undergo stimulated Raman scattering (SRS), originating from the inter-
action of laser photons with lattice phonons, and laser photons are spectrally red-shifted, which is
one of the main limitations for power scaling of fiber lasers [47]. On the other hand, it could be use-
ful for wavelength conversion, i.e., self-Raman lasers [18, 19]. Besides, using other nonlinear effects,
2-, 3-, 4-th harmonic generation and super continuum (SC) generation by the random quasi-phase

matching in the polycrystalline media are also observed [50].

2.2.2 Cubic sesquioxide
Crystallographic properties

Laser host materials are classified into single crystalline, polycrystalline (ceramics), and glass. For
cubic sesquioxides, single crystalline and polycrystalline are available, thus this section deals with
crystalline materials. Cubic sesquioxides, LusO3, ScoO3, and Y203 possess cubic C-type structure
(bixbyite structure), which belong to the rare-earth sesquioxide family. Their lattice constants
are around 10 A and the cation densities are around 3 x 1022 c¢m?, which is higher than that of
other common laser crystals, e.g., twice as high as that of Yttrium Aluminium Garnet (YAG) [51].
Therefore, rare-earth ion doped sesquioxides show conspicuous interionic processes described above
with comparably low doping levels because of the closer average distance between doped ions. Figure
2.8 shows the unit cell and two crystal sites of the cubic sesquioxides. The unit cell is composed of
16 formula units, thus contains 32 cations. 24 cation sites have Cy symmetry and the rest 8 have
Cs; symmetry. As the Cz; symmetry shows inversion symmetry, electric dipole transitions remain
forbidden. Therefore, the optical transitions of doped ions on this site are significantly weaker
than that on the sites with Cy symmetry. In other words, spectroscopic characteristics are mainly

determined by the dopant ions on Cg symmetry sites.

- 480°(C)

24 RE3* (Cy)

8 RE®* (Cy)

Figure 2.8: Schematic of the bixbyite structure of the cubic sesquioxides. The left is the unit cell
and the right is Co and Cs; symmetry sites.
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Optical properties

Cubic sesquioxides exhibit a transparency range from ~220 nm in the UV to ~8 um in the mid-
infrared. The Sellmeier equations to determine the refractive index for different wavelengths have

been reported as follows, where the unit of A is pm [46]:

Luy03 : n(A) = (3.62004 + % —0.0086344 - X?)'/2, (2.1)

Sco03 : n(A) = (3.83252 + % —0.014094 - A2)/2, (2.2)

Y203 : n(\) = (3.5387 + % —0.00914896 - A2)1/2, (2.3)

The temperature-dependent Sellmeier equations are also proposed in Ref. [52]. Figure 2.9 shows

refractive indices of cubic sesquioxides at room temperature calculated using the Sellmeier equation
(2.1, 2.2, 2.3). The refractive indices at 2 pm are 1.9, 1.95, 1.87 for LusOs, ScaO3, and Y2Os,

respectively.

200 T T 1 1 I
= =35C,0;4
- Y,0
$ 1954 ~ = o
© ’ 5- = - — — — 7
E 1 = = - —
]
=
©
@ .
© - i
e 1.90
1.85 T T T T T T T T T
1.6 1.8 2.0 2.2 2.4

Wavelength (um)

Figure 2.9: Refractive indices of cubic sesquioxides from 1.5 to 2.5 pm wavelength range.

The nonlinear refractive index, responsible for the Kerr-lensing and self-phase modulation (the
time-dependent phase shift caused by the optical Kerr-effect), is a key parameter for mode-locked
laser operations, which is described in Chapter 3. The nonlinear refractive indices can be measured
using the induced birefringence [53], the critical power of self-focusing [54], the nearly degenerate
three-wave mixing [55], and the Z-scan method [56]. The reports of the nonlinear refractive indices
of cubic sesquioxide are summarized in Table 2.1.

Material dispersion is one of the origins of phase shift and deformation of an optical pulse shape.

Optical pulses generated by mode-locking are formed by the coherent superpositions of numerous
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Table 2.1: Nonlinear refractive indices of cubic sesquioxides

sample

ng 10716 cm? /W

ref.

LusO3 ceramic

ScoO3 ceramic
Y203 ceramic
Y203 crystal

(Lug/3Scy/3)203 ceramic

8.5 @ 0.5 pm
3.3 @ 2.0 pm
11.1 @ 0.5 pm
12.6 @ 0.5 um
11.6 @ 1.0 pm
4.66 @ 2.0 pum

[57]
[58]
[57]
[57]
[55]
[44]

frequency modes (longitudinal modes), and waves of different frequency modes propagate at a dif-
ferent speed owing to the material dispersion. Group delay (GD) is the time delay experienced by
the whole optical pulse, thus the carrier frequency and pulse shape do not change with propagation.
group velocity dispersion (GVD) is the wavelength dependence of the group velocity and the total
amount of GVD for the propagation length is called GDD. Higher order effect of dispersion is called
high order dispersion (HOD). Material dispersion can be calculated from the refractive index n(\)
and GVD and third order dispersion (TOD) are described as follows:

dn(w), 1

GD:E[TL0+W dw ]757 c 5 (24)
L AGV) N dPn())
GVD = d\ 27 dX2 (25)
_d(GVD) N2 Ldn(\) | sdPn())
TOD = =7 = = 55BN + X ). (2.6)

Figure 2.10 shows the material dispersion of cubic sesquioxides calculated using Egs. (2.1)-(2.6).
GVD and TOD at 2 um are -7, -36, and -10 fs?/mm and 275, 413, and 292 fs*/mm for LuyOs3,

Sce O3 and Y2 Ogs, respectively.
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Figure 2.10: (a) GVD and (b) TOD of cubic sesquioxides.
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Thermal properties

Sesquioxides are well-known for their high thermal conductivities. Thermal conductivity indicates
the ability of heat transfer, thus host materials with high thermal conductivities enable faster heat
ejection resulting in higher cooling efficiency. That is crucial especially for high-power laser opera-
tion. Thermal conductivities are mainly limited by the phonon scattering via umklapp process and
at point defects [59]. The former is caused by phonon collision which is depending on the excited
phonon numbers at high temperatures (above the Debye temperature); thus, thermal conductivity
is inversely proportional to temperature. The latter is the phonon scattering due to the crystal’s im-
perfections such as grain boundary, point defect, dislocations, and impurities including laser active
ions. Therefore, the thermal conductivity of the laser material changes depending on the doping
concentration of the active ion as well as the quality of the crystal. Thermal conductivity of non-
doped LusOs, Sca03, and Y503 are reported to be 12.8, 18, 13.4 W/m-K, respectively [51]. These
are compatible with the value of YAG (14 W/m-K) [60]. However, the thermal conductivity reduces
with doping ion concentration as mentioned above, which is caused by the difference of ionic radii
and mass between donor and acceptor ions. Actually, active ions doped sesquioxides exhibit higher
thermal conductivity than that of YAG. In addition, in this respect, LuyOs is promising material
because the difference of mass of Tm3+ and Lu3" are quite small resulting in a small reduction
of thermal conductivity with increased doping concentration [G1]. On the other hand, the mixed
sesquioxides, which is composed of a mixture of pure sesquioxides (Lu;ScyY;)203 (z +y+ 2z =1),
exhibit significantly reduced thermal conductivity due to the disordered crystal structure led to in-
creased phonon scattering. The values of non-doped materials were reported 1/2 to 1/3 of that of
non-mixed sesquioxides, but do not significantly drop with doping ion concentration [62, 63]. These
values are even higher than that of other host materials such as glasses [64] and double-tungstates
[65].

The thermo-optic coefficient is often referred to as thermal lensing coefficient. When the material
is heated by the gaussian shape beam, the refractive index profile will follow the beam profile. This
results in the formation of the positive thermal lens if dn/dT > 0. The thermal lens directly affects
the beam profile of the laser and induces instability on the cavity stable condition and/or worth
mode-matching between the pump and laser beam. The heat shock parameter is the fracture limit
in power scaling of the solid-state lasers [66].

Consequently, the suppression of the thermally induced effects is crucial for high-power laser
operation, thus, host materials with higher thermal conductivity are desirable. Table 2.2 shows the

crystallographic, spectroscopic, and thermo-mechanical properties of the cubic sesquioxides.

2.3 Fabrication of sesquioxide

Although the sesquioxides are promising candidates as a laser host material, crystal growth of the
sesquioxides is challenging owing to their high melting temperatures of more than 2350°C. Their
huge potential for laser applications was already proposed in the 1990s, however, laser-quality crystal
growth became possible in the only last decade. Sesquioxide crystals are mainly grown from a melt,

thus special treatments or devices are required to perform crystal growth at high temperatures.
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On the other hand, the sesquioxides ceramics can be fabricated at sintering temperature ~ 1700°C
which is significantly lower than the melting temperature. However, they have a particular problem
to exclude the scattering centers for the fabrication of high-quality ceramics. In this section, the

fabrication techniques for sesquioxides and these advantages/disadvantages are described below [67,

, 62].

2.3.1 Single crystal growth
Crucible-free crystal growth methods

The main problem of the growth of high-melting-temperature crystals is the lack of choice of crucible
material. Iridium, which is the most common material for the growth of high-melting-temperature
oxide crystals, is not suitable for the growth temperature of sesquioxides. Therefore, crucible-free
growth techniques have been developed.

The Verneuil method is the earliest melt technique, also known as the flame-fusion technique.
Crystal growth is performed with finely powdered raw material and Hy/O5 flame. The raw material
is continuously supplied into the Hy /Oy flame and it melts into fine droplets, which fall onto a seed
crystal. This technique enables the growth of high-melting-point crystals with cm3-scale in a short
time. However, as-grown crystals tend to exhibit inclusions and strong internal stress due to the
high thermal gradients during growth (~400 K/cm to ~800 K/cm). Despite the sesquioxide crystals
growth by the Verneuil method having been demonstrated in 1958 [68], their size and optical quality
were strongly limited.

The floating zone technique is performed using a sintered rod of starting material. A small
region of the rod is molten and recrystallized. During growth, the molten zone moves along the
rod and crystallized as it cooled down. As a heating source, electron beams, halogen lamps, arc
plasmas, gas burners, or lasers are utilized. Particularly, the laser-based technique is so-called laser
heated pedestal growth (LHPG). This technique is suitable for high-purity crystal growth by using
a crystalline rod instead of a sintering rod, and the crystal growth is relatively fast. The quality of
crystals grown by the LHPG method is sufficient for spectroscopy [69, 70, 71], but insufficient for
lasers because of strong stress induced by large thermal gradient during growth, resulting in cracking
of the crystal. In addition, the dimension is also limited.

The pulsed laser deposition (PLD) is a technique to fabricate thin films. A high-power pulsed
laser is focused on the surface of a solid target inside a vacuum chamber and the vaporized materials
form a thin film up to a few pm thick on a substrate. It can be utilized for sesquioxide crystal
growth [72], however, the dimension is strongly limited, thus it cannot be used for lasers.

In conclusion, crystals grown by crucible-free techniques are strongly limited in terms of dimen-
sions, purity, and/or quality. Therefore, these methods are sufficient to grow crystals for spectro-
scopic measurements, however, it is basically impossible to grow laser-quality crystals using crucible-

free methods.

Crucible-based crystal growth method

The most established growth technique to obtain high-quality cm?>-scale laser crystals is crucible-

based method. For sesquioxide crystal growth, rhenium (Re) is the only crucible material. Re
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sustains the high growth temperatures (~2400°C) and is chemically inert to the melt at the required
growth atmospheres.

So far, cm3-scale laser quality sesquioxide crystal growth was succeeded only by the heat ex-
changer method (HEM) from Re crucibles [73, 74, 75, 76].
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Figure 2.11: Typical setup for the HEM growth.

HEM is a variation of the Bridgman method. In the basic Bridgman method, the crucible is filled
with raw materials and heated up to melt the materials. Subsequently, the crucible is moved from a
hot zone to a cold zone, and the melt in the crucible is cooled down and directionally crystallized from
one side where the seed crystal may be placed. There are two geometry types: vertical Bridgman
and horizontal Bridgman. In this method, crystallization is occur inside the crucible, thus crystals
suffer from stress from the walls. If there is a big difference of the thermal expansion coefficient
between crystal and crucible material, crystals tend to strain strongly. HEM is a development of
the vertical gradient freeze (VGF) method. VGF method is also a modification of the conventional
Bridgman without moving the crucible. Crystallization is performed by changing the heat supply in
the electromagnetic gradient multi-zone furnace, which enables to reduce internal stress. The HEM
growth setup is shown in Fig. 2.11. In this method, the temperature gradient is mainly made by
actively cooling the bottom of the crucible using gas flow. In this method, it is possible to delay
the contact between the crystal and the wall of the crucible by maintaining constant heating of the
crucible. That enables less stress crystals compared with the basic Bridgman method. Consequently,
laser-quality Tm:LuyO3, Tm:Scy03, and Tm:LuScO3 crystals have been successfully grown by HEM
from Re crucibles [73, 74, 75, 76]. However, the fabrication of Re crucible is troublesome and thus

they are expensive. In addition, their sensitivity to oxygen in the growth atmosphere [74] makes
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high-quality crystal growth difficult.

The Czochralski (Cz) method is also crucible-based growth technique. This is the most commonly
used technique for the growth of the high-quality semiconductor and oxide crystals [77]. Figure 2.12
shows the typical growth setup of the Cz method. In this method, the raw materials are filled in
the crucible. The pulling rod, commonly with a seed crystal at the tip, is dipped to the surface
of the melt. Crystallization starts by the difference of temperature between the melt and the rod,
subsequently, the growing crystal is slowly pulled out from the melt under rotation. In this method,
the diameter of the crystal boule can be controlled by the melt temperature and the pulling and
rotation speed. However, at the same time, growth instability such as a spiral can occur, under
inappropriate growth parameters. Well-investigated growth parameters and matured technique are

necessary to obtain high-quality crystals.

< - Seed holder
= Seed crystal

Crystal boule

| __— Heating coil

Insulating ceramics
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Figure 2.12: Typical setup for the Cz growth.

Mix and Fornasiero had been investigated the Cz growth of pure sesquioxide (LusOs, Y203, and
Sca03) [78, 79], however, they obtained only ~mm-long small crystals. At extremely high growth
temperatures, the average photon energy of the emitted heat radiation is increased. At the same
time the band gap energy of the growing crystal is reduced due to the increased atomic vibration
[30]. Therefore, the growing crystals partially absorb the thermal radiation, but heat transportation
is hindered due to reduced thermal conductivity at high temperatures. Consequently, significant
growth instabilities occur. This strongly limits the size and quality of crystals. However, in very
recent years, the phase diagram of the mixed sesquioxide was reinvestigated and the significantly
reduced melting temperatures below 2150°C were found at certain compositions [62]. This melt-

ing temperature is acceptable for the Cz growth from conventional iridium crucibles. The details
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regarding the Cz-growth of mixed sesquioxide is described in Chapter 5.2.

As another crucible-based method, flux growth is available. This is only available if the raw
materials can be solved in a suitable flux. The suitable flux enables to reduce melting temperature,
thus it has been investigated in the past years [81, 82]. Crystallization occurs as the solution cools
down. Owing to the low growth temperature and low growth speed, a significantly small thermal
strain is introduced into the crystal. However, the yield is quite small (=~ mm3-scale) despite the
long growth time of several weeks to months. In addition, the as-crystals tend to exhibit inclusions

of the solution, limiting the quality of the crystal.

2.3.2 Fabrication of laser ceramics

Laser ceramics have been developed as host materials alternative to single crystals and glasses.
As the development of lasers toward higher average power levels and highly efficient operations,
laser ceramics demanded better thermo-mechanical properties, higher optical homogeneity, larger
size as well as the opportunity for composite configurations. They can be fabricated at a sintering
temperature that is significantly lower than the melting point. That can be a huge advantage
especially for high-melting-point materials such as sesquioxides. The general fabrication procedures

of laser ceramics are shown in Fig. 2.13 [33, 81].

Solid state reaction (SSR) Aqueous solution
Raw materials Chloride solution
! !
Ball milling Adding dropwise and stirring
! '
Spray drying Filtering
! !
Cold isostatic Pressing (CIP) Washing and Drying

!

precursor
!

Calcining
!

Ball milling
!

molding
: !
Sintering (Vacuum, HIP, SPS etc...)
!
Post annealing

Figure 2.13: Ceramics fabrication procedure.
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There are two kinds of powder preparation methods to be applied before sintering. The powder
preparation process influences the grain size in ceramics. In general, solid state reaction (SSR) leads
to larger grain size 20~50 pum, while aqueous solution enables ~um size grain, as well as a highly
homogeneous mixture and uniform size [35]. There are several sintering methods and their minor
modifications, e.g., vacuum sintering [36, 87, 88], hot isostatic pressing (HIP) sintering [39, 90]
and spark plasma sintering (SPS) [91, 92] have been applied for sesquioxide ceramic fabrication.
Sintering promotes the growth of each single crystal by diffusion at grain boundaries, resulting in
dense polycrystals. A challenge in ceramics fabrication is to achieve high transparency. Due to their
polycrystalline nature, ceramics shows light scattering as shown in Fig. 2.14.

Scattering centers in ceramics are attributed to refractive index changes by (1) pores or impurities,
(2) grain boundary, (3) secondary phase introduced by sintering aids such as ZrOs, LiF, and LasO3
[93, 94], and (4) surface scattering by roughness. Since the generation of scattering centers strongly
depends on the fabrication process, the proper choice of a preparation/sintering method with well-
optimized parameters is necessary. In addition, anisotropic materials show large scattering losses at

the grain boundary due to the random orientation of each grain.

1) Pores or impurities

2) Grain boundary

3 — Secondary phase

(4) — Surface roughness

Figure 2.14: Scattering centers in ceramics.

So far, cubic structure materials such as garnets and cubic sesquioxides have been mainly fab-
ricated. However, in recent years, there are several works to achieve highly transparent anisotropic
ceramics using strong magnetic field alignment [95, 96] or finer grains [97, 98].

Sesquioxide ceramics have been highly developed as an alternative to single crystals. There
are many reports of the successful fabrication of rare-earth doped sesquioxide ceramics, their spec-
troscopy [99], as well as CW [36, 100, 87, 83, 90] and ML laser operations [101, 102, 103, 104, 31, 105].
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Table 2.2: List of crystallographic, spectroscopic, and thermo-mechanical properties of sesquioxides
in comparison to YAG.

LUQO3 SCQOg Y203 LuSc03 LUY03 YSCO3 Y3A15012

Acronym  LuO ScO YO LuScO LuYO  YScO YAG
Lattice structure  cubic cubic cubic cubic cubic cubic cubic
Space group Ta3 Ta3 Ia3 Ta3 Ta3 Ta3 Tad3

Site symmetry Cg/Cs;  Co/Cs;  Co/Cs;  Cg/Cs C/Csi Ca/Cay D,
Cation radius (A) 0.86 0.75 0.90 (0.81) (0.88) (0.83) 1.02

Lattice constant (A)  10.391 9.857 10.602  10.124  10.497  10.230 12.00

Cation density
(1022 cm~3)

Density (g cm™3)  9.42 3.85 503 (6.64)  (7.23)  (4.44) 4.56

2852  3.355  2.687  (3.104) (2.767) (2.989) 1.39

Melting point (°C) 2450 2430 2430 2360 ~2350  ~2100 1940

Refractive index

1.9 1.95 1.87 1.80
at 2 pm
Transparency range 90 ¢ 9918 22.8  0.23- 0.12-8
(pm)
Thermal conductivity %
(W m—TK-1) 12.8 18 13.4 3.6 6.24 8.8-12.9
Thermo-optic coeff.
OpHle o 7.1 10.8 8.3 9
4 (10-°K)
Thermal expansion Ok
cooff, L4 (10-0K) 8.6 9.6 6.3 ~9 7
Max. phonon energy 612 669 592 ~603  ~633 857

(em™!)

* (Y0.6455¢0.355)203 ** (Y0.545¢0.46)203

The values for mixed sesquioxides in brackets are averages of non-mixed sesquioxides.
The lattice constant of mixed sesquioxides were derived from Vegard’s law.

The references for the values can be found in appendix A.
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Chapter 3

Mode-locked laser

This chapter gives an introduction of mode-locked lasers; the mechanisms of optical pulse generation
and practical mode-locking techniques. Before going to the mode-locking, the basics of quasi-three
level lasers are described in Section 3.1. Subsequently, Section 3.2 explains the fundamentals of
mode-locking, particularly for soliton mode-locking, which is achieved in the anomalous dispersion
regime. Section 3.3 explains the mechanism of Kerr-lens mode-locking, which is adopted in this
study, and its potential for the shortest pulse generation. Section 3.4 explains about the limitations
of mode-locked operation regarding the shortest pulse duration, power scalability, and mode-locking

instabilities. In addition, particularities of Tm>* laser are described in Section 3.4.3.

3.1 Quasi-three level lasers

Before starting mode-locking experiments, we generally construct a CW laser to evaluate an efficiency
of the laser, estimate a cavity loss, confirm a free running laser wavelength, and so on. In the 2
um Tm laser system, laser transition takes place between the ground state *Hg and the first excited
state 3F, manifolds. Since each manifold has the splitted sublevels, resulting in finite width, Tm
lasers are generally classified as quasi-three (quasi-four) level lasers. This section gives the basics of
quasi-three level continuous wave lasers. Figure 3.1 shows a schematic of the quasi-three level laser.
When ions are excited to the upper manifold, they are distributed to the Stark sublevels according
to Boltzmann distribution. Subsequently, the excited ions will be relaxed to the lower manifold via
radiative/nonradiative processes. The sum of ion density in the upper and lower manifolds are equal

to the density of dopant ions Nqop, as follows:
N1+ N3 = Ngop- (3.1)

The change of the ion density in the upper manifold can be described as follows:

dNs qc N,
Y2 Wy — — 2 (5o Ny — oane Ny ) — 22 3.2
dt P Aefflc(a 2= Oabal1) Ty 32
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Figure 3.1: Schematic of the quasi-three level laser.

where W), is the pumping rate, ¢ is the photon number in the laser mode, A¢yy is the effective laser
mode area, [ is the optical path length of the cavity, o, and o445 are the emission and absorption
cross sections, and 7y is the fluorescence lifetime of the upper manifold. Under lasing, ion numbers
became steady state, thus Eq. (3.2) equals to 0. The threshold pump power of the quasi-three level
laser with the intracavity loss L; and the output coupling loss Toc can be described as follows [106]:

hvy (Vest /L)

Py, =
B 2m0na(fi + fa)oTy

(L; + Toc + 2N} al), (3.3)

where hy,, is the pump photon energy, 7, is the quantum efficiency that indicates the ratio of ions
in the upper laser level created by an absorbed photon, 7, is the pump absorption efficiency, fi
and fy are the fractional population in the lower and upper laser level, respectively. NV is the ion
density in the lower laser level at unpumping condition (doped ion density) and Vg is the effective
mode volume of the laser mode. Since Tm?>* lasers’ behavior is affected by interionic processes
such as ETU and CR, the accurate analysis for laser performance needs to take these processes into
account. Ref. [107] gives a modeling of Tm lasers accounting for upconversion and ground-ground
state depletion. Once lasing starts, the laser output power linearly increases with the pump power
as

Pous = nsl(Ppump - Pth)~ (3-4)

Here, 74 is called slope efficiency, which includes any efficiencies which affect laser performance. It

can be described as follows:

Toc
Nsl = Nst " Ng * Na - m “Moverlap * - - - » (35)

where 7 is Stokes efficiency determined by the ratio of pump and laser photon energies, Noverlap iS

overlapping efficiency of the pump and laser modes. The slope efficiency 7y can be derived from
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the pump power and the laser output power. To find the slope efficiency is useful to estimate the
intracavity loss using Eq. (3.5). Since all efficiencies are smaller than unity, the following relationship

can be obtained,
Toc

, 3.6
Toc + L; (3.6)

7s1 < Nst *

The stokes efficiency 15 = Apump/Alaser 18 known from pump and laser wavelengths. From Eq. (3.6),

the intracavity loss L; can be expressed as follows:

Li < Toc - (X —1). (3.7)
Ts1

Therefore, smaller transmittance output coupler (OC) is useful to estimate the cavity loss more
precisely. The Caird analysis is a well-known method to estimate the cavity loss from the slope
efficiencies with different transmittance OCs [108]. The Caird analysis is according to ng = 7o -
Toc/(Toc+ L;) where 1 is the internal slope efficiency defined as the slope efficiency with Toc = 0.
Theoretically, the slope efficiency increases as increasing the output coupling. However, in Tm
lasers, for larger OCs, the laser performance will be deteriorated [109, 27, 61, ]. This is mostly
explained by the increased thermal load indirectly induced by ETU between excited Tm3* ions.
ETU is depending on the ion density on the upper laser level 3F,, and the excited ions via ETU
generate heat with relaxation. Thus thermal load will increase at higher inversion levels, leading
to thermal lensing and cavity-mode instabilities. Such phenomenon is also experimentally found in
other rare-earth ion doped lasers [111, , 113] even in Yb lasers [114, 115] which have only two
manifolds. This would be explained by the same mechanism, increased thermal load induced by

energy transfer from an excited ion to another dopant ion or impurities in active materials.

3.2 Fundamental physics of mode-locking

Mode-locking is a technique to obtain periodic optical pulses by locking the relative phase of the
longitudinal modes oscillating in the cavity. The effective gain at a certain optical frequency v

valances with the loss of the cavity [116] as follows:

1
(W) =a— 71nrirs, (3.8)

where ~; is the effective gain, a is a linear loss of the cavity round trip, [ is the length of gain
material (assuming that [ is the same as the cavity length), and 7y and ro are the reflectivities of
cavity mirrors. The frequency interval of the longitudinal modes is determined by the optical length

of the cavity as follows:
c

Tl

Here, if the gain is sufficient to overcome the loss, several longitudinal modes which have a spectral

V41 — Vg (39)

distance with Eq. (3.9) can oscillate simultaneously as shown in Fig. 3.2. When multiple longitudinal

modes oscillate, the optical-electric field at an arbitrary point can be described as follows:

E(t) =Y Cmexp|(wo +m + Qt + ¢y, (3.10)
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Figure 3.2: Schematic of multi-longitudinal mode structure in a laser.

where C,, is amplitude, ¢,, is the phase of the mth mode, and ) is the free spectral range of angular
frequency (2 = me/l). Equation (3.10) is a periodical function with a period of 7 = 27/Q. 7 is

equivalent to the cavity round-trip time. Optical-electric field at ¢ + 7 is described as follows:

E(t+7) =) Cpexp {z [(wo + mQ) (t + 2;;) + qu] }
= Z Cexp {i [(wo + mQ) t + ¢} exp {Z [271' (% + m)} } (3.11)
= E(t) exp (127w /).

Equations (3.10) and (3.11), are the same except for some phase terms. FE(t) can be periodical
when ¢,, is constant in time. However, in general, ¢,, is unstable and easy to change in time.
Consequently, intensity of the laser will vary in time and deteriorate the temporal coherence. This is
caused by random interference between oscillating modes. Mode-locking technique is relative phase
¢m between the modes. For example, when the phase ¢,, of all modes is 0 and assuming that the

amplitude of each mode C, is identical, the optical-electric field can be described as:

| X
E(t)= — exp [i(wop + mQ)i]

VN rr; (3.12)
sin (NQ¢)

— — exp {ilwo + (N + D20 Gy

vN
Here, the amplitude of electric field is normalized to have constant energy independent of N. As a

result, the power of the laser is proportional to FE(t)E*(t) and described as follows:

1 sin® (NQt/2)

PO o 552 @) -

(3.13)
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Mathematically, Eq. (3.13) indicates following characteristics:

1. Mode-locked pulses are extracted from the cavity by a period of 7 = 27/w = 2l/c which is
corresponding to the round-trip time.

2. Peak intensity is scaled by the number of modes N.

3. A pulse width is determined as 7o = 7/N. When N >> 1, the pulse width approaches to FWHM
of the peak.

To simplify Eq. (3.12), the electric field of an optical pulse can be written as follows:

E(t) = A(t) exp [i(®(t) — wot)] + c.c., (3.14)

where A(t) is an electric fied envelope, ®(t) is the phase, and wy is the center angular frequency.

The notation in the frequency domain can be derived via Fourier transformation and resulting in:
1 o0

EFw)=— A(w) exp [i(dp(w) — wot)]dw + c.c.. 3.15

@ === [ Aw)esplitole) —ct) (3.15)

The soliton mode-locked pulse has the sech? shaped envelope, thus A(¢) in Eq. (3.14) and intensity
1(t) are

t
T (3.16)
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Figure 3.3: Schematic of electric field and intensity of optical pulse.
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The schematics of the electric field and intensity of an optical pulse in the time domain is shown
in Fig. 3.3. Here, Ag and 7 are constant. 7 is related to the pulse width as 7, = 1.677. According
to the uncertainty principle, the pulse width 7, and the spectral bandwidth Av (FWHM) of optical
pulse have the following relationship.

Tp - Av > k. (3.17)

where k is a constant which is depending on the pulse envelope shape, e.g. 0.441 for Gaussian shaped
pulse and 0.315 for sech? shaped pulse. Eq. (3.17) means that broader spectral bandwidth results
in shorter pulse width. When 7, - Av = k, the optical pulse has no chirp [cf. Chapter 3.2.1] and is

called Fourier transform limited pulse.

3.2.1 Soliton mode-locking

Soliton is one of the mathematical resolutions of nonlinear equations. Soliton waves can propagate
with constant shape and velocity. Soliton mode-locked pulses are pulses with a certain balance
between self phase modulation (SPM) and negative dispersion. It enables to maintain pulse shape
during propagation by canceling negative dispersion and SPM each other. In solid-state bulk lasers,
as the laser cavity is composed of spatially discrete optical components such as active medium and
dispersion mirrors, the generated optical pulse in effective anomalous dispersion regime is so-called

quasi-soliton pulse.

Self-phase modulation

A temporal profile of an optical pulse causes the optical Kerr effect by interacting with nonlinear
X2 materials. Once the optical pulse incident to the nonlinear material, the refractive index of the
material will change according to the light intensity. The intensity-dependent refractive index is
written as:

n(I) = ng +n2l(t). (3.18)

Subsequently, the modulated refractive index will induce an intensity-dependent phase shift. This
is so-called self-phase modulation (SPM).
The phase shift caused by SPM for the propagation of a distance L is written as:

B(t) = —wot + %(no 4 noI(1))L. (3.19)

Here, the carrier frequency w(t) determined by differentiating Eq. (3.19) is as follows:

dd(t wo dI(t)
t)= ——~ =wyg— —NoL——=
w(?) dt wo c 2 dt (3.20)
= wg + ow(t),

where dw(t) is the frequency shift due to SPM. Intensity-dependent frequency modulation of an
optical pulse is illustrated in Fig. 3.4(a, b). The strength of SPM depends on the light intensity as
well as the nonlinear refractive index no which is a materials’ intrinsic parameter. Eventually, SPM

modulates the carrier frequency of the optical pulse while maintaining the envelope of the electric
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field. In other words, SPM chirps the optical pulse. Figure 3.4(c) shows an example of an electric
field modulated by SPM. For positive nonlinear refractive indices ny > 0, the phase velocity of the
higher frequency component is faster, so the pulse is positive chirped. In the frequency domain, the

optical spectrum becomes broader.
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Figure 3.4: Schematics of SPM. (a) Intensity of optical pulse, (b) modulated frequency of optical
pulse and (c) modulated electric field.

Dispersion

When an optical pulse passes through a dispersive element, it undergoes a frequency chirp. The
phase of the optical pulse ¢(w) in Eq. (3.15) can be expressed as the following Taylor series:
do(w) 1 d¢(w)

¢(W)=¢O+W'(W—Wo)+§ 12

(w—wo)+.... (3.21)

The first term is a constant which is independent from w, thus it does not cause frequency chirp. The

second term corresponds to linear phase shift and the third and higher terms correspond to nonlinear

2
chirp. The coefficients %&") in the second term and < d(i(;” ) in the third term are known as GVD

and GDD, respectively. The coefficients of higher-order terms are so-called high-order dispersion
(HOD). The frequency chirp in the laser cavity is caused by material dispersion, angular dispersion,
waveguide dispersion, and so on. If GDD and HOD are not 0, the phase of each longitudinal mode
of the pulse is not synchronized, resulting in the change of the pulse shape. Therefore, to obtain the
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shortest pulse duration without chirping, dispersion compensation is important. Chirp-free pulse
corresponds to transform-limited pulse. In general, the influence of HOD on the pulse width is
significantly small compared with GDD. For the design of ML solid-state lasers, GDD is primarily

taken into account.

The propagation of a slowly varying finite amplitude plane wave considering SPM and GDD,

known as the nonlinear Schroddinger equation, is written as:

2
0A(z, 1) _ 1“@8 A(z,T)

Oz 9 O72 - i’Y‘A(ZvT)FA(th)' (3.22)

The second term respects the influence of dispersion and ko is GDD. The third term corresponds to

SPM where ~ is the SPM coeflicient expressed as

NaWo

= 3.23
Ly (3.23)
where Aqg is the laser effective mode-field area. From this equation, by solving for 0A/dz = 0, the
pulse energy of the soliton F, and pulse duration 7 have the following relationship:
1.76| D
E,= M, (3.24)

p ~NT

where Dy is a total GDD per cavity round-trip and this is so-called the fundamental soliton solution.

3.3 Kerr-lens mode-locking

To achieve phase locking between oscillating longitudinal modes (mode-locking) as described above,
the modulation with the period of cavity round trip time ¢/2L is needed. In the CW regime, the
distance between adjacent longitudinal modes is not constant because of dispersion. By applying
modulation with the period of ¢/2L, sidebands created by the modulation couple to adjacent longi-
tudinal modes, resulting in synchronization with the original laser mode. Consequently, the relative
phase of numerous longitudinal modes is locked. This effect is so-called frequency pulling. As the
modulator, the saturable absorber (SA) is generally used for passive mode-locking. The SA has
higher absorption for only lower-intensity light. By inserting the SA in the laser cavity, since weak
light is affected by higher loss, only high-intensity light (pulse) can survive during propagation. There
are real and artificial SA. The real SA means nonlinear elements such as semiconductor saturable
absorber mirror (SESAM), single-walled carbon nanotube (SWCNT), graphene, black phosphorus,
transition metal dichalcogenides, topological insulator, and so on [117]. They are basically solid-state
components and have finite unsaturated losses. The artificial SA is the method creating nonlinear
loss or gain based on nonlinear optical effect, e.g. Kerr-lens mode-locking, nonlinear polarization
rotation (NPR), nonlinear optical/amplifying loop mirror (NOLM/NALM), and Mamyshev oscilla-
tor. In general, the real SA benefits for self-start operation and long-term stability. However, they
are usually categorized as slow SA and have smaller modulation depth. On the contrary, since the

artificial SA is based on nonlinear effect, the response time can be femtosecond order, thus they are
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categorized as fast SA.

Kerr-lens mode-locking (KLM) is one of the artificial SA using the optical Kerr effect. When
high-intensity light incidents to a nonlinear medium, the refractive index will change n(I) = ng+nal
by the optical Kerr effect. The change of the refractive index affects the spatial profile of the incident
beam as well as the temporal profile. If the incident beam has a Gaussian shape, the refractive index
will change according to the spatial beam profile, resulting in lensing effect and self-focusing of the

beam. This is called Kerr-lensing and more intense light will undergo tighter focusing.
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Figure 3.5: Schematic of Kerr-lens mode-locking using (a) hard aperture effect and (b) soft aperture
effect.

KLM is categorized into two different methods to obtain the modulation. Figure 3.5 shows the
schematic of the KLM with two types of modulation. By inserting the slit to add losses only for
high intense part of the beam can survive during round-trips, thus loss modulation can be obtained
as shown in Fig. 3.5(a). The other method is achieved by setting the pump beam slightly smaller
than the continuous wave laser mode, high intense part tightly focused by Kerr-lensing will obtain
higher gain. That makes gain modulation (Soft-aperture effect). In other words, KLM is achieved
by optimizing the cavity condition for the high intense light (pulsed light). Therefore, if the CW
component can not satisfy the stable condition and only pulsed component can lase, modulation
depth could be theoretically 100%, which is similar to the idea of Mamyshev oscillator which can
completely suppress the CW components [118, ]. In general, as the nonlinear refractive index ngy
reduces at longer wavelengths, Kerr-lensing effect becomes weaker at longer wavelengths. Moreover,
the Rayleigh length becomes shorter at longer wavelengths, thus KLM at 2 pm wavelength range
is more challenging compared with conventional near-infrared (NIR) range. For Tm-based lasers,
KLM Tm lasers at 2 pm and 2.3 pm wavelength ranges have been demonstrated in 2017 for the first
time [120, ]. Both KLM lasers were achieved by a detailed cavity design and high beam quality
pump lasers.

In this study, we adopted the soft-aperture KLM to achieve pulsed laser operation. KLM has
some advantages compared with other mode-locking method. Table 3.1 shows a comparison of KLM
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and SESAM mode-locking which is the most common ”real” SA in the 2 um lasers. KLM enables
large modulation depth, a fast response time, and a high damage threshold. Moreover, soft aperture
KLM is using gain modulation mechanism, thus it does not need any loss elements (no unsaturated
losses). This is actually the most established method to achieve the shortest pulse generation from
various solid-state lasers [122, , 21]. However, since KLM is achieved using the spatial change of
beam profile, it is quite sensitive to the alignment. As a result, self-start operation and long-term
stability are generally challenging. The practical cavity design for KLLM lasers is described in section
3.5.

Table 3.1: Comparison of KLM and SESAM mode-locking.

KLM (Soft-Apeature) SESAM*
Relaxation time fs 1-30 ps
Nonsaturable loss 0 1-30%
Modulation depth  overlap ratio between pump and laser ~ 1-30%**
Damage threshold J/em?*F* ~mJ/cm?
Long term stability X O
Self-start X O

*referred to BATOP, GmbH
**depends on nonsaturable loss

***depends on the host material. For sesquioxides: [124]

3.4 Limitations of mode-locked operation

3.4.1 Q-switching instability

Q-switch instability is a problem in mode-locking operations. Figure 3.6 illustrates CW mode-locking
and Q-switch mode-locking. The latter is originated from a fluctuation of the population inversion
caused by the nonlinear loss depending on the intracavity intensity [125]. A giant pulse generated
by Q-switch instability could damage optics, thus this is an undesirable phenomenon for most of the
time. The suppression of Q-switch instability has been studied mostly focusing on the SESAM mode-
locking [126, ]. The simple criteria were derived for suppressing Q-switch instability. However,
the criteria are based on the assumption of an invariant spatial beam profile, thus it can not be
applied for KLM with a significant beam profile change. The criteria for KLM was developed in
Ref. [128]. The basic criterion for Q-switch instability can be written as:

! + P >7£@ . (3.25)
Tinv  Esat TrdP|,

where 1/7;,, is the decay rate of the population inversion, IB/Esat is the stimulated transition
probability, Tx is the round trip time, ¢ is the nonlinear loss per round trip, and P is the average
power. The left-hand side of Eq. (3.25) can be regarded as the effective rate of gain recovery and

the right-hand side represents the rate of change of the nonlinear loss. Therefore, when the gain
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recovery rate exceeds the change of nonlinear loss, the mode-locking remains stable. Further detailed
discussion about this theory for the case of KLM is discussed in [128]. Practically, in the general
soft-aperture KLM lasers, Q-switch instability can be suppressed by increasing intracavity power,
making the spatial mode matching between the pump beam and the cavity mode. The latter can

be achieved by optimizing the cavity design and the alignment.

O e

Time

Figure 3.6: Schematic of (a) CW and (b) Q-switch mode-locking.

3.4.2 Multi-pulse operation

When the pulse duration in the ultrashort pulse lasers is close to the minimal value, the laser
operation tends to show instability and pulse splitting. As the net GDD reduces to zero, a nonregular
pulsing or a stable multi-pulse operation often occurred [129]. While the multi-pulse operation is
generally considered as an obstacle for pulse shortening, this can be also used to achieve high
repetition rate lasers by harmonic mode-locking [130]. The nature of the destabilization of single-
pulse operation in the soliton-mode-locked regime is owed to the interplay between the gain and
loss saturation in the combination with spectral filtering. As a result, stable multi-pulse operation
is caused via background amplification due to insufficient gain saturation by the pulse with reduced
pulse energy or excitation of the pertubation bounded within the high-energy pulse. Figure 3.7
shows an example of the optical spectrum and the waveform in a multi-pulse laser operation. In
mode-locked laser experiments, the transition from single-pulse to multi-pulse operation is observed
when the pump power increased. In the multi-pulse operation, the average output power and
pulse duration increase, and a pulse energy decreases. The spectral bandwidth becames narrower
compared with single-pulse operation and sometimes the spectral fringes can be seen. The fringe is
corresponding to the pulse-to-pulse distance.

To suppress the multi-pulse operation, the following methods are available: decrease of the

pump power, decrease of the gain relaxation time, increase of modulation depth, increase of output
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coupling, and increase of the gain saturation.
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Figure 3.7: (a) Example of observed optical spectrum and (b) schematics of pulse train of multi-pulse
operation.

3.4.3 Available shortest pulse duration from Tm laser

Here we discuss about the limit of the shortest pulse duration from mode-locked Tm lasers consider-
ing the above-mentioned factors. First of all, since the stable single-pulse mode-locking is sustained
by sufficient gain saturation for the whole spectral range, the gain medium with a broad and flat
gain profile is necessary for ultrashort pulse generation. However, a large modulation depth and
sufficiently strong SPM can overcome the gain bandwidth limitation [131]. This enables to broaden
mode-locked spectrum beyond the gain bandwidth. Of course, the spectral component outside of
the gain profile can not contribute to gain saturation. From this point of view, broadened spectral
components can be considered as an additional loss for the ML pulse. Therefore, to sustain ML

operation, the laser cavity should be satisfied the following condition:
Lyt + Lsa < Lew, (3.26)

here, Ly, is the total loss for ML pulse, Lga is the loss caused by SA effect, and Loy is the
total loss for CW laser. This also can be explained by gain, the effective gain for ML pulse must
exceed that for CW. In the general ML lasers, this is achieved by SA effect suppressing CW lasing.
Therefore, large modulation depth is the key to sustain spectral broadening even for outside of the
gain. It should be noted that the pulse duration and the pulse energy have a relationship from

Eq.(3.23) and (3.24) as:
176 Dy| Mg

Tsoliton =
E
p

(3.27)

UP)

In this equation, no is the specific value for the gain media and/or Kerr-medium in the cavity.
Generally, Tm-based gain material shows particularly small no compared with other laser active
materials. Since the refractive index and nonlinear refractive index decrease as wavelength became

longer, Tm-doped materials show smaller value than that of 1 pm Yb- and 1.5 pm Er-based gain
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materials. In addition, 2.4 um Cr:ZnS/ZnSe chalcogenide laser materials show an order of magnitude
higher value. Therefore, the basic strategy for ultrashort pulse generation from Tm-based lasers is
increasing pulse energy by making high-Q cavity with smaller GDD and low transmittance OC.
Under these conditions, while the average output power should decrease for the shortest pulse
generation, it enables significantly high intracavity peak power, e.g., graphene mode-locked Cr:ZnS
laser generates pulses as short as 45 fs with an average output power of 500 mW at a repetition
rate of 64.7 MHz using a 34% OC [132], resulting in an intracavity peak power of 0.47 MW. KLM
Tm:Lus O3 laser achieved a pulse duration of 60 fs with an average output power of 81 mW at a
repetition rate of 93.7 MHz using a 0.5% OC [133], resulting in an intracavity peak power of 2.9
MW. This unique feature is interesting for applications using nonlinear process such as spectral
broadening using intracavity SRS [134, 135], Brillouin feedback and/or SC generation [136] as well

as intracavity second harmonic generation (SHG) or HHG.

3.5 Cavity design for Kerr-lens mode-locked laser

3.5.1 ABCD matrix calculation

Before starting the experiments, we need to design a laser cavity. Temporal and spatial evolution
of the electric field of the laser output can be analyzed by the Maxwell equation. However, the
Gaussian profile laser beam can be applied to geometrical analysis using ¢ parameter defined as
follows:

1 1 ) A

@ - R(2) a Jﬂ'nOwQ(z)’ (3.28)

where R(z) indicates the curvature radius of the wavefront of the Gaussian beam and w(z) is the

beam spot diameter. The propagation of a Gaussian beam is shown in Fig. 3.8.

equiphase surface -
curvature: R

Rayleigh length

Figure 3.8: Propagation of a Gaussian beam.

When the Gaussian beam passes optics such as a lens, the modified Gaussian beam can be

expressed as follows:
_Aq+B

—_— m7 (3.29)

q2
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where, A, B,C, and D are the elements of ray-transfer matrices of the optics defined as

Tout
/
Tout

where, r and 7’ are the position of the beam height and the angle against the optical axis, respec-

A B
C D

”“] , (3.30)

/
Tin

tively. Table 3.2 shows the coefficients of basic ray-transfer matrices. This expression of ray-transfer
matrices is quite useful when we deal with complex series of optics for the cavity design. When the
Gaussian beam passed the multiple optics, the ray-transfer matrices can be expressed as the product

of each of the independent matrices as shown in Fig. 3.9.

Ar Br _ Ap_1 Bn Ay Bo A B (3.31)
Cr Dr Cn-1 Dp Cy Dy Cy Dy’ .
Argin + Br
out = 4~ 3.32
fout Crgin + Dt (3:32)

Therefore, the above expression enables us to define the curvature and beam diameter of the Gaussian

beam during propagation.

LG Ds

Ar BT] Az 33] Ay Bz] Aq B1]

Cr Dy C; D2l Gy Dy

Figure 3.9: Ray-transfer matrix of series of optics.

For the stable laser cavity, the laser mode parameter must be identical at the same position after

a round trip, thus, the g-parameter is imposed so-called self-consistent condition [116],

_ Ags+ B

qs = CotD (3.33)

Since the ray-transfer matrix is the unimodular matrix, the condition can be modified by sovling
Eq. (3.33) for g5 as follows.

D—-A)+./(D—-A)?+4B
1 _(D-A)+/(D- AP IBC 530
qs 2B

D—A  sinf

=S5 tig (3.35)
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Table 3.2: Ray-transfer matrices for basic optics

. . ___._--—---"_'__--_-_--.‘v
Parallel plate with thickness d — [(1) ﬂ
d
/A\ 1 0
Thin lens with the focal length f 1 1
v 7
1 0
Interfaces of media with different refractive indices /}/ lo nl]
14 ‘ g n2
2
= L
Spherical mirror with curvature R £ 2 1
/ 7
R ™
Here,
D+ A
6 = |cos™? ( ; )‘ (3.36)

The beam diameter can be defined from Eq. (3.28), and it must have a finite value. Therefore, the

stable condition for the laser cavity can be described as follows:

’D+A

. ‘ <1 (3.37)

Under this stable condition, the beam radius w at the arbitrary position in the laser cavity can be

calculated using the matrix elements.

(AN By
o= (=) T (3:35)

Figure 3.10 shows the example of the cavity design for the simple plane-concave linear cavity
which is utilized in Chapter 5. The laser performance is strongly depending on the pump density
and the mode-matching efficiency between the pump and laser mode in the gain medium (cf. Section
3.1). Therefore, the proper choice of the cavity configuration and the lens unit for pump focusing

are important.

35



Chapter 3. Mode-locked laser

——1
—

o
o

o
SN
1

©
N
]

Mode radius (mm)

o
o

10 20 30 40 50
Distance from pump mirror (mm)

o

Figure 3.10: Beam diameter calculation in the plane-concave cavity.

3.5.2 Astigmatically compensated cavity

In this study, we used the conventional astigmatically compensated Z-shaped cavity for the mode-

locking experiments. The schematic of the Z-shaped laser cavity is shown in Fig. 3.11.

Figure 3.11: Schematic of Z-shaped cavity.

In this cavity, since the beam incidents to the gain medium and the spherical mirrors at some
angles (cf. Fig. 3.11), these components exhibit astigmatism. For Brewster’s cell with the thickness

of ¢, the effective thickness for the sagittal and tangential plane can be written as follows [137]:

tvn? +1

daag = =5, (3.39)
tvn? +1

dtan = T (340)
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For the spherical mirrors with a focal length of f, the effective focal length can be written as follows:
fsag = f X 00897 (341)

ftan = f/cosé. (3.42)
From Eq. (3.39) and (3.42), the difference of optical path between sagittal and tangential plane can

be compensated each other by adjusting the incident angle theta to satisfy the following equation:

dsag - dtan ~ ftan - fsag~ (343)

To include the effect of astigmatism on the cavity design, we need to consider the ray-transfer

matrices of the astigmatisms. I depicted the model of Brewster’s cell (gain medium) as shown in
Fig. 3.12 and 3.13.

tvn? +1
n \
0
Wsag
y y
z
X
tvn? +1
n 7 n
X
saggital plane tangential plane
Figure 3.12: Astigmatisms in Brewster’s cell. Variation of beam diameter.
y y
z
X Z
b
saggital plane tangential plane

Figure 3.13: Astigmatisms in Brewster’s cell. Variation of refractive angle.

For the saggital plane, when the beam incidents to the cell, the beam diameter is identical, but

the angle against the optical axis is affected due to the difference of refractive index between air
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and the Brewster’s cell by a factor of 1/n. Subsequently, the beam will propagate for the length of
tv/n? + 1/n. For the tangential plane, the incident beam diameter becomes n times larger, and the
angle is also affected by a factor of 1/n?. Therefore, the the ray-transfer matrices at the Brewster’s

cell can be written as follows:

1 0
Sin,sag = [ ] 5 (344)

0 1/n
Sin tan = lg 1/(;2] , (3.45)
Sout,sag = Ll) 2] , (3.46)
Sout,tan = llén 7?21 . (3.47)

Here, Sinsag, Sin,tags Sout,sags ad Sout tan are the matrices of the interface of Brewster’s cell for
incident and output for the sagittal and tangential plane, respectively. By calculating matrices for

the propagation through the Brewster’s cell using Eq. (3.44) - (3.47), we can obtain the matrices

as:
1 o] |y tvn? +1 1 0 tvn? +1
Ssag = [ ] n 1| = n2 y (348)
0 n] o 1 0~ o 1
1 . tvn2+1] [, o ) tvn? +1
Stan = |1 n 1 = n4 . (349)
0 »2| o 1 0 3 0 1

Now, comparing with Table 3.2, we can see the product of matrices [Eq. (3.48), (3.49)] regarding
Brewster’s cell is identical to the propagation with thickness tv/n2 + 1 /n? and tvn2+1 /n*. These
results are well matched with Eq. (3.39) and (3.40). For the angle incident to the spherical mirrors,
we can obtain the coefficients in the matrix just by replacing the modified focal length [Eq. (3.41),
(3.42)] as follows:

1 0
Msag = 1 s (350)
f X cosf
1 0
Mian = 1 . (3.51)
f/cosf

3.5.3 Nonlinear ABCD matrix calculation

Since KLM is achieved by the modulation of the spatial profile of the laser, we need to consider the
Kerr-lens effect for the cavity design. Equation 3.18 can be described using the beam diameter w as

below:
P

ey (3.52)

n =ng + nol = ng + no
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Here, w? is replaced as w;-w,. Based on Eq. (3.52) and the ray-transfer matrix for the gradient-index

profile, the ABCD matrix of the Kerr medium can be described as follows [116]:

1
cosyt  —sinvt

—vsinyt  cosvyt

1 4’/’[,0P
= —\/—. 3.54
" w2\ n'rw ( )
More simply, the Kerr-lensing effect can be approximated as an effective focal length [138],
1 4 P
= 277 (3.55)
fr T w
1 l
Mx1,,0 = 1 , (3.56)
fxL(w)

where [ is the length of the Kerr medium. For the calculation of the beam radius with Kerr-effect,
we utilized iterative numerical calculation according to the flowchart (cf. Fig.3.14 [139]) based on

the model of lens relay shown in Fig. 3.15 which is equivalent to Fig. 3.11.

Calculate the laser mode radii wy, ,(z), wy, »(2)
by ABCD matrix

!

Introduce the Kerr-lens matrix at each point
using calculated mode radii wy ,(z), wy »(2)

|

Recalculated the laser mode radii wy 4+1(2), Wy n11(2) Replace wy ,(2), wy 5 (2)
by nonlinear ABCD matrix bY Wy nt1(2), Wy, 41(2)

Difference of mode radii

f [(Wx,n - Wx,n+1)2 + (Wy,n - Wy,n+1)2] dz=07?

No

Laser mode radii wy(z), w,(z) including Kerr-lens effect

Figure 3.14: Flowchart of calculation for the laser mode with Kerr-effect.
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Figure 3.15: Model of lens relay equivalent to Z-shaped cavity for ABCD calculation.

To achieve soft aperture KLM, mode matching efficiency between pump and laser mode must
increase for high intense light (pulsed light) to cause more efficient gain saturation with pulsed light.
Thus, the magnitude of soft aperture effect can be defined by the ratio of the mode radii of weak

light wew and high intense light wikrm-

Figure 3.16 shows the 2D-map of the ratio of the mode radii for CW and pulsed light during gain
material. Ly and Ls correspond to the distance between the concave mirror and gain crystal (cf, Fig.
3.15). For the calculation, cavity parameters shown in Table 3.3 were used. This figure indicates
that the soft aperture effect becomes larger when the cavity condition is close to an unstable region
for the sagittal and tangential plane, which is consistent with the empirically known fact. From
Fig. 3.16, the point where the soft aperture effect is maximized is slightly different for the sagittal
and tangential planes. At (a) shown in Fig. 3.16, the soft aperture effect is obtained in the sagittal
plane, however, the soft aperture effect is negative in the tangential plane (wew/wkrm > 1). We
calculated the laser mode radii for CW and pulsed light using the cavity length which would lead to
the largest soft aperture effect for both planes ((b) shown in Fig. 3.16).

Table 3.3: Parameters for the cavity mode calculation.

Ly 780 mm
Ly 760 mm
Lo and L3 varied
ROC of M2 and M3 100 mm
Incident angle into the M2 and M3 5.9°
Thickness of gain medium ¢ 5 mm
Refractive index 1.9 (Tm:LusO3)
Intracavity peak power 1 MW

Figure 3.17 shows the calculated mode radii of CW and pulsed light. Owing to the Kerr-lensing
effect, the laser mode of pulsed light is significantly changed from CW. During the gain crystal, the
mode radii of pulsed light become smaller than that of CW light, resulting in better mode-matching
with the pump beam.
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Figure 3.16: 2D-map of the soft aperture Kerr-lens effect.
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In practice, after calculating the laser mode inside the cavity, we construct the cavity according
to the parameters which satisfy the stable condition. For the initiation of mode-locking and large
modulation depth, i.e. the largest shrinkage by Kerr-lensing effect, the cavity condition is optimized
by varying the distance between M2 and M3 (Ls, L3). The laser cavity defines the laser mode and the
repetition rate. The stable region and the mode shrinking ratio are varied with the distance between
each mirror as well as the cavity length. In addition, the Kerr-lensing effect is depending on the
repetition rate as it affects intracavity peak power. Therefore, to start setting the cavity parameters
is not so easy. If there is no requirement regarding laser specifications such as the repetition rate or
the pulse energy, it is better to make a prototype following other papers or prior works, afterward,

improve the laser cavity based on the experiments as well as the calculations for stable mode-locking

(cf. Section 3.4).
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Chapter 4

Combined gain media lasers based

on Tm-doped sesquioxides

As described in Chapter 3, the achievable shortest pulse duration is mainly determined by the gain
bandwidth. Combined gain media is a powerful technique to extend gain bandwidth overcoming the
limitation of the single gain medium, which is desirable for broad wavelength tuning and ultrashort
pulse generation. It is realized by using different gain media simultaneously in the same cavity.
This idea was first proposed by A.Kaminskii in 1968 [140] and SESAM/Kerr-lens mode-locked
Yb:Sco03/Yb: Y203 combined gain media lasers have been demonstrated in 2009 [141]. Tokurakawa
et al. demonstrated the shortest pulse duration among Yb-based lasers at the time. Basically, this
technique can be utilized for any gain materials. For short wavelength infrared (SWIR) lasers, an
extremely broad tuning range was demonstrated in a combined gain Cr:ZnSe and Cr:CdSe laser
[142]. In this study, we utilized this technique for 2 pm mode-locked Tm laser for the first time and

achieved the shortest pulse duration of 41 fs among ever-reported Tm-based mode-locked lasers.

Section 4.1 deals with spectroscopic properties of Tm:LusO3 and Tm:Sc,O3 and a simulation of
the effective gain to optimize parameters for the broadest gain bandwidth. In Section 4.2, contin-
uous wave and tunable laser experiments are described, and in Section 4.3, Kerr-lens mode-locked
experiments are described. Section 4.5 gives a discussion about the experimental results including

the spectral broadening effect.

Effective gain

Gain

Gain 1 Gain 2 Gainl Gain2

Wavelength

Figure 4.1: Schematic of the combined gain media. The red and blue curves in the right figure are
the gain spectra of each of gain materials and the black curve is the effective gain of the combined
gain media.
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4.1 Tm:Lu;03/Tm:Scy03 combined gain media

4.1.1 Effective gain of the combined gain media

The idea of the combined gain media laser is very simple: different gain materials are used simulta-
neously in the same cavity (shown in Fig. 4.1), so that the laser can benefit from the gain spectra
of both materials. This can be considered as an intracavity passive beam combining in the spectral
domain.

Figure 4.2 shows the absorption and emission cross section spectra of Tm:LuyO3 and Tm:ScoO3.
Their emission bands spread exceeding 2000 nm, which are the longest wavelengths among Tm-
doped laser materials due to large Stark splitting caused by the strong crystal field of sesquioxides.
While Tm:LusO3 has emission peaks at ~1950 nm and ~2060 nm, Tm:Sc,O3 has peaks at longer
wavelengths around sim1980 nm and ~2120 nm owing to the stronger crystal field strength on the
smaller Sc3* site compared to larger Lu®t site. As a result, the linear combined gain spectrum can
be broad and flat.

81 (a) — Tm:Lu,0O,
1 — Tm:Sc,04

1 1 1 v
1700 1800 1900 2000

Wavelength (nm)

v 1
1500 1600

14 T T T T T T T T T T

12 _ (b) E— Tm:Lu203 _
- —— Tm:Sc,0,

Oy (10721 cm?)

1 1 1 1 1
1600 1700 1800 1900 2000 2100 2200
Wavelength (nm)

Figure 4.2: (a) Absorption and (b) emission cross sections of Tm:ScoOg and Tm:LusOs.
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The effective gain cross section oeg resulting from the use of Tm:LuyO3 and Tm:ScyO3 can be

described as:

Oeff = O‘[/Blaem,l - (1 - ﬂl)gabs,Q] + (1 - O‘)[ﬂZUem,Q - (1 - 52)Uabs,2]7 (41)

where Oem,1;0em,2, Tabs,1, Tabs,2, are the emission and absorption cross sections of Tm:LuzO3 and
Tm:Scy03, respectively. 81 and B indicate the population inversion, the fraction of populated ion
density and the total ion density, for each gain medium. « indicates the ratio of the Tm>3*t-ions in
the Tm:LuyO3 against the total amount of Tm3* ions in both gain media. « is resulted from the
parameters of both gain media, thus it can be tuned by the doping concentration and/or the thickness
of the gain materials. The inversion parameter (8 is mainly determined by the pump intensity. Figure
4.3 shows the example of calculation results with different o and 3. The effective gain o.g¢ shape
and bandwidth strongly depend on the ratios a and [, thus the broader gain bandwidth and a flat

and smooth profile can be obtained by a proper choice of all parameters.
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Figure 4.3: Simulated effective gain of combined gain media with different o and f.
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4.1.2 Gain saturation in the combined gain media laser

When Tm:LusO3 and Tm:ScoO3 are used in the same cavity, each gain will be independently
saturated depending on the operating wavelengths. Therefore, the combined gain media can be
regarded as artificial inhomogeneously broadened gain material, although Tm:LusO3 and Tm:Sco O3
are homogeneously broadened materials. The saturation gain of homogeneously broadened gain

material considering the laser wavelength can be described as follows:

go(A)
s(A 4.2
95(N) = 1+f1 )/ I, (N d\ (4.2)
where g, is saturation gain, go is small-signal gain, I(\) and I;(\) are laser intensity and saturation

intensity, respectively. The saturation intensity for a three-level laser system Is(A) [66] is

_ Wy, + (1/m)]

= ol (g (4.3)

where hv is photon energy, W), is the pump rate, 7 is the fluorescence lifetime of upper laser level,
o is emission cross section, and g1, go are the degeneracy of the lower and upper laser level. The

saturation gain of combined gain media can be expressed as follows:

Js,combined = Js,1 + gs,2
_ 90,1 (A) +
1+ [ I(N)/Isp(N)dA

902()\) <4'4)
1+f] )/Is,2(A)d d\’

where, gs.1, 9s.2, 90,1, 90,2, and I 1, I o are saturation gain, small-signal gain, and saturation intensity
of each gain material, respectively. From Eq. (4.4), the strength of gain saturation in each gain
material is defined by [I(X)/Is1(A)d\ and [ I(N)/I2(N)dA.

@)

Gain 1 Gain 1
— Small-signal gain g, e = — Small-signal gain g,
~ ~ = Saturation gain g P 1° ~ ~ = Saturation gain gg

Laser spectrum I (1)

(b)

Wavelength

Figure 4.4: Gain saturation in the combined gain media CW laser with (a) single-wavelength and
(b) dual-wavelengths.
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Figure 4.4 shows the example of gain saturation in the combined gain media in CW laser regime.
If the small-signal gain of Gain2 is larger than that of Gainl, lasing will start at the wavelength cor-
responding to the peak wavelength of Gain2 above laser threshold. At this time, the gain saturation
efficiently occurs in Gainl, but Gainl is not saturated since the laser wavelength is out of gain band
of Gainl. By further increasing pumping power and inversion population in Gainl reaches lasing

threshold, lasing will occur at the peak wavelength of Gainl in addition to Gain2 (cf. Fig. 4.4).

In the case of pulsed laser operation, the laser spectrum is broadened by mode-locking. Figure
4.5 shows the case of gain saturation with narrow laser spectral at the peak wavelength of Gain2. As
the laser spectrum is located at longer wavelengths, gain saturation strongly occurs in Gain2, and
weakly occurs in gainl, resulting in the larger saturation gain for Gainl and the laser spectrum can be
broadened toward shorter wavelengths. When the mode-locked spectrum is sufficiently broadened,
gain saturation will equally occur in both gain materials. The effective saturation gain will be
the broadest and the profile of the saturation gain will be identical to the small signal gain if the

saturation intensity of both materials is the almost same.

(a)
Gain 1
— Small-signal gain g,
~ — =~ Saturation gain g,

Gain 1
— Small-signal gain g,
= = = Saturation gain g

Laser spectrum (1)

Wavelength

Wavelength

Figure 4.5: Gain saturation in the combined gain media ML laser with (a) narrow and (b) broad
optical spectrum.

This inhomogeneously gain saturation is unique behavior in the combined gain media laser. Even
if the conventional homogeneously broadened material had the same effective small-signal gain spec-
trum as that of the combined gain media in Fig.4.5, spectral broadening toward shorter wavelengths
is difficult since the saturation gain at shorter wavelengths is reduced owing to homogeneously gain
saturation. Therefore, combined gain media is advantageous for broader gain bandwidth as well as
spectral broadening in the mode-locked operation. It should be noted, when we choose the gain ma-
terials to use as combined gain media, the saturation intensity of each material should be considered

in addition to the gain band to fully use the gain band of both materials.
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4.2 CW and tunable operation of combined gain laser

4.2.1 Experimental setup for CW combined gain media laser

Figure 4.6 shows the experimental setup of the combined gain media laser. we used an astigmatism-
compensated Z-shaped cavity composed of two concave mirrors (R=100 mm, R>99.9% at 1850-2200
nm), an end mirror, and a wedged output coupler. Wavelength tunability was measured by inserting
a prism in front of the end mirror and achieved by the angular dispersion of the prism. As gain
media, we utilized two sets of combined gain media, a 3.7-mm thick 1.0 at.%-doping Tm:Scy03
crystal and two different Tm:LuyOg3 ceramics, which all remain uncoated. The properties of gain
media are shown in Table 4.1. The Tm:ScoO3 and a Tm:LusO3 were physically contacted and held
in the same holder as shown in Fig. 4.7. The gain media were placed in the focus between the two
concave mirrors at Brewster’s angle. It should be noted that since LusO3 and ScyOg have similar
refractive indices of ~1.9, Brewster’s angles of both materials are ~63°. Therefore, we can utilize

this configuration in this case.

Table 4.1: Properties of the Tm:LusO3 and the Tm:ScsO3.
doping concentration (%) thickness (mm) pump absorption @ 1611 nm (%)

Tm:LuyO3 -1 1.5 4.0 18
Tm:LusO3 -2 4.0 4.0 40
Tm:Scy03 1.0 3.7 68
Wavelength
tuning

M3

) Wt
\\\\\\““
ut

M1 f=74 f=18.4

O

1611 nm
Er:Yb fiber MOPA

Tm:Sc,05, Tm:Lu,O4

Figure 4.6: Experimental setup of the combined gain media laser (M1, M2: curved mirrors (R=100
mm), M3: a flat high reflective mirror, OC: a wedged output coupler). For CW laser operation, a
dashed beam path was used.
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Figure 4.7: Photograph of the combined gain media in the laser cavity.

As a pump source, we used a home-build 1611 nm Er:Yb-doped all fiber master-oscillator power
amplifier (MOPA) which has a linear polarized output with a maximum output power of 3 W [42].
At the pumping wavelength, Tm:LuyO3 has a lower absorption cross section than Tm:Sco O3 (cf. Fig.
4.2(a) and Table 4.1). In order to balance pump absorption for both gain media, the Tm:LusO3 was
placed closer to the pump source and the Tm:ScyO3 at the opposite side, so that the Tm:ScoO3 was
pumped by the residual pump beam transmitting the Tm:LusO3. The estimated beam diameters of

the pump and the cavity fundamental mode at the focal point were 43 x 43 um? and 66 x 65 um?,
respectively.
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Figure 4.8: Calculated effective gain cross sections of (a) the 4 mm-thick Tm(4.0%):LusO3 and
the 3.7 mm-thick Tm(1.0%):Sc203, (b) the 4 mm-thick Tm(1.5%):LusO3 and the 3.7 mm-thick
Tm(1.0%):Sco03 combined gain. Note that the ratio between 81,0 and Bs.o must remain constant
as both media are pumped by the same pump source in this configuration.
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The calculated effective gain spectra of two different combinations under these conditions were
shown in Fig. 4.8. In Fig. 4.8(a), since the doping concentration of the Tm:LusOs -1 is low, the total
contribution of Tm:LuyOg is smaller than Tm:SceO3. On the contrary, in Fig. 4.8(b), the higher
doping concentration of the Tm:LusOg3 -2 makes the larger contribution of Tm:LusOg3. In addition,
due to the smaller absorbed pump power of the Tm:ScyO3, the inversion level of the Tm:ScoO3 B
is significantly smaller than Tm:LuyOg, thus the gain at shorter wavelengths is suppressed in (b)

compared with (a).

4.2.2 CW laser operation

The CW laser experiments were performed using different OCs with transmittance of 1.0%, 1.5
%, 3.0%, 5.0%, 9.0% and 10%. Figure 4.9 shows the laser output characteristics using the 4 mm-
thick Tm(1.5 at.%):LugOg ceramic and the 3.7 mm-thick Tm(1.0 at.%):ScoOg crystal. With the
increase of OC transmittance, the slope efficiency increased. The highest slope efficiency of 60% and
maximum output power of 800 mW were obtained using the 9.0% OC. However, for the 10% OC,
the slope efficiency decreased to 57%. The Stokes efficiency 7stokes 18 &~ 76%, thus highly efficient
laser operation was achieved. The laser wavelengths were 2120 nm for lower transmittance OCs and
1980/1990 nm for higher OCs. This is typical for the quasi-three level lasers, as the gain at shorter

wavelengths increases at higher inversion levels.
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Figure 4.9: (a) Laser output power as a function of absorbed pump power of the combined gain
Tm(1.5 at.%):LuyO3 and Tm(1.0 at.%):ScaO3 laser and (b) free running spectra.

Figure 4.10 shows the CW laser result using the 4 mm-thick Tm(4.0 at.%):LuzO3 ceramic and
the 3.7 mm-thick Tm(1.0 at.%):ScoO3 crystal. In this case, the highest slope efficiency of 57%
was obtained using the 5.0% OC and the slope efficiency already dropped for the 9.0% OC. This
is generally explained by the ETU increased at high inversion levels [61]. Especially for higher
doping levels, the closer average distance between excited ions features detrimental energy transfer

processes, resulting in a low laser performance for the combination of the higher doped Tm:LusOg3
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and the Tm:ScoO3 with the higher transmittance OCs, compared with the previous experiment. The
laser wavelength was almost the same as in the previous experiment; however, the dual-wavelength
operation was more often observed in this experiment as the gain of Tm:LusOg3 increased with a
higher doping level.
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Figure 4.10: (a) Laser output power as a function of absorbed pump power of the combined gain
Tm(4.0 at.%):LusO3 and Tm(1.0 at.%):ScoO3 laser and (b) free running spectra.

4.2.3 Wavelength tunablility

Wavelength tunability was measured by inserting a prism (fused silica) as a tuning element in the
cavity. Figure 4.11 shows the results of wavelength tuning for each combination of the gain media.
For the combination of the Tm(1.5 at.%):LusO3 and the Tm(1.0 at.%):Sc2O3, wavelength tuning
from 1890 to 2243 nm was obtained using a 1.0% OC. By replacing a OC to a 0.5% one, the
wavelength could be tuned from 1881 to 2217 nm. For the 0.5% OC, the longer wavelength edge was
limited by the specific coating of the OC. For both OCs, broad and flat tuning curves were obtained.
For the combination of the Tm(4.0 at.%):LusO3 and the Tm(1.0 at.%):ScoOg3, wavelength tuning
from 1962 to 2252 nm and from 1962 to 2228 nm was obtained using the 1.0% OC and the 0.5%
OC, respectively. For this case, the longer wavelength edge was almost the same as in the previous
experiment. However, the shorter wavelength edge was limited by the increased loss caused by the
reabsorption in the Tm:ScoO3 compared with the previous experiment. As the absorbed pump
power in the Tm:LuyOj3 increased owing to higher doping concentration, the inversion level for the
Tm:Scy O3 decreased and the ratio of ground state absorption (GSA) increased. These results reflect
the feature of the gain spectra (cf. Fig. 4.8). The measured tuning range was extended beyond
2000 nm where no strong water vapor absorption exists and a maximum tuning range of 353 nm

was achieved. This should support ultrashort pulse generation in mode-locking experiments.
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Figure 4.11: Wavelength tunability of the combined gain (a) Tm(1.5 at.%):LuzO3 and Tm(1.0

at.%):Sco03 laser and (b) Tm(1.5 at.%):LusO3 and Tm(1.0 at.%):Sca03 laser with 1.0% and 0.5%
OC under 2.1 W pumping.

4.3 Kerr-lens mode-locked combined gain laser

4.3.1 Experimental setup for KLM combined gain media laser

KLM experiments were performed with the same cavity configuration as the CW laser experiment (cf.
Fig. 4.6), but the cavity mirrors were replaced by the chirped mirrors for dispersion compensation.

Table 4.2 shows the list of the combinations of gain media and cavity dispersion.

Table 4.2: Combination of gain media and the cavity GDD for KLM experiments.

Gain media OC (%) Total GDD (fs?)
4.0 mm Tm(1.5 at.%):LuzO3+3.7 mm Tm(1.0 at.%):Sc203 1'2 _;:8
777777777777777777777777777777777777 30 1580
4.0 mm Tm(4.0 at.%):LuyO3+3.7 mm Tm(1.0 at.%):Sc,05 30 -2560
1.0 -880
0.5 -880

4.3.2 KLM Tm(1.5 at.%):Lu,O03/Tm(1.0 at.%):Sc,O; laser

First, we used the 4 mm-thick Tm(1.5 %):LusO3 and the 3.7 mm-thick Tm(1.0 at.%):Sc2O3 as gain
media. KLM operation was initiated by moving the mirror M2 (see Fig. 4.6). Using a 1.0% OC, KLM
was obtained at an absorbed output power of 0.79 W. Figure 4.12 shows the output characteristics

of the KLM laser. When the ML operation started, the average output power increased. This is
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typical behavior for KLM lasers because the cavity condition

(pulsed light) in the KLM, resulting in higher output powers.

is optimized for high intense light
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Figure 4.12: (a) Average output power and (b) optical spectrum (grey: measured spectrum, red:
sech? fit) of the combined gain Tm(1.5 at.%):LusO3 and Tm(1.0 at.%):ScoO3 laser using the 1.0%
OC. (c) SHG intensity autocorrelation trace after compression (red circle: measured data, black:
sech? fit).

In this configuration, pulses as short as 71 fs were obtained directly after the OC with a maximum
output power of 105 mW. After compression using a 1 mm-thick Si plate (GDD~+770 fs?), the
pulse duration of 63 fs was determined by SHG intensity autocorrelation as shown in Fig. 4.12(c).
A pulse repetition rate was 93.3 MHz, thus the corresponding pulse energy and peak power were 1.13
nJ and 17.8 kW, respectively. The spectral bandwidth was 74 nm at a center wavelength of 2097
nm. By further increasing pump power, the transition to the multi-pulse operation was observed

and the pulse duration was broadened.
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Figure 4.13: (a) Average output power and (b) optical spectrum (grey: measured spectrum, red:
sech? fit) of the combined gain Tm(1.5 at.%):LuzO3 and Tm(1.0 at.%):ScoO3 laser using the 0.5%
OC. (c¢) SHG intensity autocorrelation trace after compression (red circle: measured data, black:
sech? fit).

We replaced the OC with 0.5% one to further shorten the pulse duration. In this case, KLM could
be initiated at an absorbed pump power of 0.67 W. Figure 4.13 shows the output characteristics. At
a maximum average output power of 52 mW, pulses as short as 60 fs were obtained after compression.

the spectral bandwidth of 78 nm was obtained at a center wavelength of 2097 nm. Therefore, the
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time-bandwidth product was ~0.32, indicating transform-limited pulses. The pulse energy and the

peak power were 0.58 nJ and 9.3 kW, respectively.
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Figure 4.14: Optical spectrum of the KLM Tm(1.5 at.%):LuzO3 and Tm(1.0 at.%):ScaO3 laser with
CW component (grey) and effective gain (blue).

In this case, the shortest pulse duration and mode-locked operation were limited by the appearance
of the CW component around 1980 nm as shown in Fig.4.14. The wavelength of the CW component
corresponded to the peak of the effective gain. As described in Chapter 3, ML is sustained by the
balance between spectral broadening effect by SPM and SA effect to suppress the CW operation.
However, if the SA effect can not fully support spectral broadening, a transition to the multi-pulse
operation or appearance of the CW component will occur. Intuitively, it can be considered that the
laser oscillating mode will change to be more ”comfortable” condition for gain saturation. In this
case, the CW component appeared, and the power density of the CW component only increased by

further increasing pump power afterward.

4.3.3 KLM Tm(4.0 at.%):Lu,O03/Tm(1.0 at.%):Sc,O; laser

Next, to overcome the limitation in the previous experiment, we used the Tm(4.0 at.%):LuyO3 and
the Tm(1.0 at.%):ScoO3 for the second experiment. Using the higher doped Tm:LuyOg, the gain
peaks at shorter wavelengths were suppressed by increased absorption loss in the Tm:Sc2Og3, and a
flatter gain profile was obtained (cf. Fig. 4.8). Thus, the broadband mode-locked operation without
the appearance of CW component would be expected.

First, we used a 3.0% OC and increased cavity GDD. KLM was obtained at an absorbed pump
power of 1.4 W. By increasing the pump power, a maximum average output power of 316 mW at an
absorbed pump power of 1.8 W (cf. Fig. 4.15(a)). The optical spectrum of the mode-locked laser is
shown in Fig. 4.15(b). The spectral bandwidth was 64 nm at the center wavelength around 2090 nm.
The pulse duration after compression was 73 fs as shown in Fig. 4.15(c). The repetition rate was

93.2 MHz and the calculated pulse energy and peak power were 3.4 nJ and 46.4 kW, respectively.
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Figure 4.15: (a) Average output power and (b) optical spectrum (grey: measured spectrum, red:
sech? fit) of the combined gain Tm(4.0 at.%):LuzO3 and Tm(1.0 at.%):ScoO3 laser using the 3.0%
OC. (c) SHG interferometric and intensity autocorrelation traces after compression (red circle: mea-
sured data, grey: sech? fit, black: intensity autocorrelation).

Using the same transmittance OC, we further increased cavity GDD to -2560 fs? by inserting
prism pair in the cavity. As a result, we obtained mode-locked laser operation with higher output
powers (cf. Fig.4.16). A maximum average output power of 538 mW was achieved at an absorbed
pump power of 2.7 W with a longer pulse duration of 118 fs. The calculated pulse energy and peak
power were 5.8 nJ and 49 kW, respectively. The increased pulse energy compared with the prior
experiment can be explained by Eq. (3.24). According to Eq. (3.24), large cavity dispersion Ds

leads to large pulse energy.

600 : : : T T 1.0 . r 8 T —— T T T
il sech? fit
500 (a) .* ] (b) (C) i ”l‘ Measured
g ° cw I.. 08 Measured 3 6 1 aIE:zrc‘z:'tryelalion'
E 400{ ® ML o {13 — Sech?fit S H
= ] S 0.6 2
3] ™ ~ D
c§> 300 1 L 4 {1 2 43 nm c4
a ° @ — k3]
= ° g 044 £
3. 2001 ° 1 g Iy
3 o* Y 527
© 100 o ; @
® 0 A PR L R
°®
04— T T T T 0.0 T T .' 04 T —h- T T T
00 05 10 15 20 25 3.0 2000 2100 2200 -300 -200 -100 O 100 200 300
Absorbed pump power (W) Wavelength (nm) Time delay (fs)

Figure 4.16: (a) Average output power and (b) optical spectrum (grey: measured spectrum, red:
sech? fit) of the combined gain Tm(4.0 at.%):LusO3 and Tm(1.0 at.%):ScoO3 laser using the 3.0%
OC with increased cavity GDD. (c) SHG interferometric and intensity autocorrelation traces after
compression (red circle: measured data, grey: sech? fit, black: intensity autocorrelation).

For a shorter pulse duration, we replaced the OC with 1.0% OC and reduced the cavity dispersion
to -880 fs?. The ML laser characteristics are shown in Fig. 4.17. In this case, KLM is obtained
at an absorbed pump power of 1.3 W. The threshold of ML is lower than the previous experiment
because of the higher intracavity power owing to the lower transmittance of OC. A maximum average
output power of 81 mW was obtained at an absorbed pump power of 1.6 W. As expected, the pulse
duration directly after the OC was reduced to 67 fs at a repetition rate of 93.2 MHz. After an
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external compression by a 3 mm-thick ZnSe window (GDD~+495 fs?), pulses as short as 52 fs were
obtained as shown in Fig. 4.17(c). The spectral bandwidth was 89 nm centered around 2095nm
(Fig. 4.17(b)). The broadened spectrum was obtained by the combination of the large SPM and
the broad gain spectra of the combined gain media. The time-bandwidth product was 0.315, thus

the chirp free pulses were obtained by the proper compression.
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Figure 4.17: (a) Average output power and (b) optical spectrum (grey: measured spectrum, red:
sech? fit) of the combined gain Tm(4.0 at.%):LuzO3 and Tm(1.0 at.%):ScoO3 laser using the 1.0%
OC. (c) SHG interferometric and intensity autocorrelation traces after compression (red circle: mea-
sured data, grey: sech? fit, black: intensity autocorrelation).

Finally, in order to obtain the further shorter pulses at the expense of a reduced output power,
we increased the quality-factor (Q-factor) of the cavity by replacing the 1.0% OC with a 0.5% OC.
The KLM was obtained with the laser characteristics shown in Fig. 4.18.
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Figure 4.18: (a) Average output power and (b) optical spectrum (grey: measured spectrum,
red: sech? fit, blue: effective gain spectrum of the combined gain) of the combined gain Tm(4.0
at.%):LuyO3 and Tm(1.0 at.%):ScoO3 laser using the 0.5% OC.

In this configuration, the broadest spectrum was observed at a center wavelength of around 2094 nm

with a maximum average output power of 42 mW. In addition to the sech?-shaped (soliton-shaped)
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spectrum, some spectral components are found in the wavelength range between 2210 nm and 2350
nm as shown in Fig. 4.18(b), where both gain media have no gain (cf. Fig. 4.2). It should be
noted that the reflection band of the OC is narrower than the mode-locked spectrum (up to ~2170
nm, >99.0%). These additional spectral components could be explained by Raman-assisted spectral
broadening [134] caused by a significantly increased intracavity peak power resulting from the high
Q-factor cavity, since it was only observed for this 0.5% OC (This is described in the following Section
4.4.1 in more detail). In fact, while a reduced average power for lower OC transmittance, the laser
using the 0.5% OC shows the highest intracavity peak power of 2.20 MW compared with 1.55 MW
and 1.70 MW at 3.0% and 1.0% OC, respectively. Figure 4.20 shows the Raman gain spectrum of
combined gain media. The wavelength range where the additional spectral components appeared is
located inside the Raman gain band calculated as the convolution of the Raman spectrum and the
soliton spectrum. The structural characteristics of the optical spectrum of the mode-locked pulses as
well as the cavity conditions are similar to previous reports of spectral broadening due to intra-pulse
SRS [134, 135]. The transform-limited pulse duration calculated using only the sech?-shaped soliton
mode-locked component of the optical spectrum is 45 fs. In contrast, from the whole spectrum, the

transform-limited pulse duration reaches ~29 fs as shown in Fig. 4.19(a).
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Figure 4.19: (a) Calculated transform-limited pulse duration with (grey) and without (red) the
2210-2350 nm spectral components. (b) SHG interferometric and intensity autocorrelation traces
after compression (red circle: measured data, grey: sech? fit, black: intensity autocorrelation).

As an experimental result, the pulse duration measured by the SHG autocorrelation trace
amounted to 41 fs (cf. Fig. 4.19(b)), which indicates that the additional spectral components
contribute somewhat to pulse shortening. To evaluate the stability of ML operation, we measured
radio frequency (RF) spectra shown in Fig. 4.21. The signal with a signal-to-noise ratio of more
than 70 dB at the fundamental repetition rate of 93.3 MHz was obtained, thus we confirmed the
stable ML operation.
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Figure 4.20: Mode-locked spectrum (grey) and Raman gain spectrum (red) of Tm:LuyOs and
Tm:ScoO3 combined media, which was calculated as the convolution of the Raman spectrum and
the mode-locked spectrum.
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Figure 4.21: RF spectra in (a) 500 kHz and (b) 1 GHz span range.

Note that the additional spectral components act as a nonlinear loss for the ML pulses, as
they do not contribute to stimulated emission owing to the lack of gain at these wavelengths (cf.
Section 3.4). Therefore, a high modulation depth of KLM sustained extremely broadband ML
laser operation without multi-pulsing or the appearance of narrow CW components in this case.
Therefore, KLM has been shown to be a suitable method to achieve stable ML in the anomalous
spectral broadening regime, thus overcoming the additional nonlinear losses. Moreover, it is worth
noting that, although the spectra of the lasers are nonlinearly broadened (by Raman processes
and/or self-phase modulation) beyond the gain bandwidth, the broadened gain bandwidth of the
combined gain media is necessary to sustain mode-locked operation under such large nonlinear

spectral broadening effect.
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4.4 Discussions

4.4.1 Anomalous spectral broadening at longer wavelength region

In the last 5 years, ultrashort pulse generation from Tm-based solid-state ML lasers has significantly

evolved. Actually, most of the ML spectra of mode-locked lasers with pulse durations on the order

of 50-fs show anomalous spectral broadening in the longer wavelength range [29, 30, 26, 31, | as
same as this study (cf. Fig. 4.18).
The intracavity spectral broadening was first explained by Kimura et al. [134]. They found anoma-

lous spectral broadening in the high-Q cavity KLM Yb:CALGO laser. From the threshold-like
behavior and the additional spectral components only present on the longer wavelength side, they at-
tributed this to the intracavity SRS effect. The model and simulation using the nonlinear Schrédinger
equation is described in Ref. [134]. They achieved pulse shortening from 67 fs to 22 fs by the use of

broadened spectral components.

On the other hand, Zhao et al. attributed the observation of the anomalous spectral broadening
to the multiphonon-assisted transitions of the Tm3* ions [31]. They compared the Raman spectrum
of the gain medium to the Stark sub-levels and concluded that the virtual energy levels created by
phonon-electron coupling enable the longer wavelength emission, i.e. there is stimulated emission
gain at the longer wavelengths where additional spectral components were observed. However, if
there is really a stimulated emission gain, CW wavelength tuning should reach those wavelengths.
Loiko et al. reported the extremely long wavelength laser operation using Tm:KLuW crystal in the
CW and Q-switching regimes [143]. Liang et al. demonstrated extremely long wavelength operation
using multiphonon-assisted transition in the Yb:YCOB laser by constructing high-Q cavity optimized
for the particular wavelengths [144].
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Figure 4.22: Wavelength tunability of the combined gain laser using high Q-factor cavity consisted of
all cavity mirrors with high reflectivity R>99.9%/(1980-2450 nm) and the emission cross section of the
Tm:ScoO3. Note that the Tm:ScoO3 shows fluorescence at longer wavelengths than the Tm:LusOsg,
thus wavelength tuning above 2200 nm is achieved only by the gain of the Tm:Sc2O3.
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Therefore, to see the multiphoton-assisted lasing in the Tm-doped sesquioxide laser, we did an
additional wavelength tunable experiment using higher Q-factor cavity using a <0.1% OC. Figure
4.22 shows a wavelength tunability of the combined gain Tm:LusO3/Tm:ScoO3 laser. The operation
wavelength could reach up to 2300 nm. Concerning the emission cross section of the Tm:ScoOg3
(gray curve in Fig. 4.22), wavelength range beyond 2200 nm corresponds to the tail of the emission
spectrum. Due to the limited sensitivity of the measurement system, it is difficult to identify
the end of this tail, thus it may be possible to extend the laser wavelength toward further longer
wavelengths by optimizing cavity condition. However, our experimental results indicate that, even
though multiphonon-assisted transitions play a role, lasing beyond 2300 nm was impossible using

the Tm:LusO3/Tm:ScoO3 because there is no stimulated emission gain available beyond 2300 nm.

In addition, we observed the threshold-like behavior of the anomalous spectral broadening during
the KLM experiment. Figure 4.23 shows examples of observed laser spectra in the KLM Tm:Lus0O3
laser. By increasing pump power, the soliton spectrum centered around 2100 nm was significantly
broadened at the average output power of 10.3 mW. At the same time, additional spectral com-
ponents appeared above 2200 nm. The broadened spectrum indicates a shorter pulse duration,
resulting in increase of the peak intensity. Therefore, the appearance of the additional spectral
components can be explained by the nonlinear effect and the experimental result is consistent with

the report which attributes the anomalous spectral broadening to intracavity SRS [134].
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Figure 4.23: Optical spectra of the high Q-factor KLM Tm:LusOg laser at different average output
power.
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4.4.2 Comparison with single-gain ML lasers

To evaluate the impact of the combined gain media, we compare with the KLM single gain lasers
[135, 133]. KLM experiments of the single gain Tm-doped sesquioxide lasers were performed using
the same cavity configuration and the pump source as described above. The properties of the gain
media and cavity GDD are shown in Table4.3. The shortest pulse duration was obtained using a

0.5% OC among a variety of OCs for both cases.

Table 4.3: Properties of the Tm:LusO3 and the Tm:ScoO3, and the cavity GDD.

Gain medium Total GDD (fs?)
4.0 mm, Tm(4.0 at.%):LugO3 ceramic -1160
3.7 mm, Tm(1.0 at.%):Sc2O3 crystal -1420
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Figure 4.24: Intensity autocorrelaion trace of the KLM (a)Tm:LuzOz and (b) Tm:ScoOg3 lasers.

We obtained mode-locked laser operation with the pulse duration of 60 fs and 72 fs after compres-
sion using the Tm:LusO3 and the Tm:ScyOg3, respectively. Figure 4.24 shows the autocorrelation
trace of the KLM Tm:LusO3 and Tm:ScoOg3 lasers. The maximum average output power was 81
mW and 130 mW, respectively. Figure 4.25 shows the comparison of optical spectra of the single
gain KLM Tm:LusOg3 laser and the Tm:ScyO3 laser, and the combined gain KLLM laser. The center
wavelengths of the single-gain lasers were 2100 nm and 2108 nm and the spectra were broadened
from 1980 to 2240 nm and from 2000 to 2220 nm for the Tm:LusO3 and the Tm:ScyO3, respectively.
The narrow spectral peaks on the spectra could be Kelly sidebands which are often found in soliton
ML lasers [145, 116]. The soliton-shaped optical spectrum of the combined gain laser covers the
whole spectral range of both single-gain lasers and is further broadened toward shorter wavelengths.
As described in Section 4.1.2, the difference between the single gain medium and the combined
gain media is gain saturation. In the combined gain media, gain saturation would inhomogeneously
occur, while it homogeneously occurs in the single gain medium. That should support the spectral
broadening in the mode-locked operation. Therefore, the experimental results indicate that the ul-
trashort pulse generation in the combined gain laser was achieved by the broad and flat gain profile

as well as inhomogeneous gain saturation in the combined gain media.
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Figure 4.25: Optical spectra of the KLM (a) Tm:LuyOs, (b) Tm:Sc3O3, and (¢) combined gain
lasers.

4.5 Summary

In this chapter, we demonstrate the combined gain KLM lasers aiming for the broader gain band-
width exceeding the limit of the single gain medium. By combining a Tm:LusO3 and a Tm:Sc,Os,
a broad and flat effective gain profile was obtained. In addition, we confirmed that the effective
gain spectrum changes by changing the contribution of each gain medium from the calculation. The
highest slope efficiency of 60% in the CW operation shows the highly efficient laser performance
with the combined gain configuration, and the extremely broad tuning range from 1890 to 2243 nm
indicates the huge potential for the ultrashort pulse generation. In the KLM experiments, using a
3.0% OC, the highest average output power of 538 mW with a pulse duration of 118 fs was achieved.
In a high-Q-factor cavity configuration using a 0.5% OC, the pulse duration of 41 fs corresponding to
5.9 optical cycles was obtained. Figure 4.26 shows the average output power and the pulse duration
of Tm-based mode-locked bulk lasers. We achieved the shortest pulse duration and high average
power laser operation with relatively short pulse durations. These results were achieved by the
broadband gain and the flat gain profile adjusted by the proper combination of the gain materials

with the suitable doping concentration and the pumping condition.
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Figure 4.26: Average output power and pulse duration of Tm-based mode-locked bulk lasers.
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Chapter 5

Tm-doped mixed sesquioxides

This chapter proposes another idea to realize a broadband gain. Here, mixed sesquioxides consist
of three cubic sesquioxides in an arbitrary ratio (Lu,Sc,Y.)203 (z +y + 2z = 1), so that the optical
spectra can be considered as the average of those of Tm-doped pure sesquioxide. This idea is
similar to combined gain media. However, doped ions in the mixed sesquioxides are influenced by
various crystal fields owing to randomly distributed host cations (cf. Fig. 5.1), resulting in broader
and smoother spectral profile by inhomogeneous spectral broadening. Moreover, as described in
Section 2.3, the fabrication of conventional sesquioxides is challenging. Although the combined gain
sesquioxide laser has been shown as a powerful technique for high-power ultrashort pulse generation,
the laser performance strongly depends on the quality of the gain materials [147]. In this chapter, we
demonstrate the crystal growth of Tm-doped mixed sesquioxides, and spectroscopic investigations
and laser experiments were carried out to explore its potential for ultrafast lasers.

Section 5.1.1 gives a background of this study including the history of the fabrication and laser
applications of mixed sesquioxides. Section 5.2 deals with the Cz-growth. Subsequently, the char-
acterizations of as-grown crystals are described in Section 5.3. Section 5.4 deals with the laser
experiments using as-grown crystals and different pump sources, and Section 5.6 gives a discussion

about the results and comparison with ceramics technology.

O Tm3+* O Y3+ O Sc3+

Crystal field

Figure 5.1: Conceptional schematic of mixed sesquioxide crystal structure (oxygen ions are omitted)
with varied crystal field strength.
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5.1 Introduction

5.1.1 Historical overview on mixed sesquioxides for solid-state lasers

As the first investigation of mixed sesquioxide as a laser material, Bagdasarov et al. focused on
Nd:YScOs in 1975 [148]. Afterward, the main advantage of the mixed sesquioxide regarding broad
spectral features was revealed using Yb:LuScOj3 in the 2000s [149, , , ]. The Yb:LuScO3
shows an emission bandwidth of more than 20 nm and pulses as short as 74 fs were achieved by
KLM laser [152].

In the last decade, Tm-doped mixed sesquioxides have also been investigated for 2 pm ultrafast
lasers. A Tm:LuScOg crystal was grown by the HEM method [153] and highly efficient CW laser
operation with a slope efficiency of 55% was demonstrated [61]. In addition, a SESAM mode-locked
Tm:LuScO3 laser achieved 148-fs pulses [58]. This was the only Tm-doped mixed sesquioxide crys-
tal reported so far, because of the difficulties in the growth of the high-quality sesquioxide crystals.
Therefore, in recent years, mixed sesquioxide ceramics have been highly developed. There are many
successful reports on their fabrication [90, , ] as well as CW [155, , ] and ML lasers
[31, 44, 29, 26]. However, the laser efficiencies with sesquioxide ceramics did not reach the results
with single crystals [158]. This can be partly attributed to the tendency for increased scattering

losses in ceramics (cf. Section 2.3).
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Figure 5.2: Binary phase diagram of the system ScaO3-Y203 [62].

In 2021, Krénkel et al. reinvestigated the phase diagram of mixed sesquioxides [62] and revealed
the availability of the Cz method for mixed sesquioxide crystal growth. Figure 5.2 shows the binary
phase diagram of the system ScoO3-Y203. The lowest melting temperatures below 2150°C were
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found in the composition around ScoO3:Y203 = 50:50. This temperature range is suitable for the
conventional Cz method using iridium (Ir) crucibles to grow large-size high-quality laser crystals.
Until now, Er- and Yb-doped mixed sesquioxides have been successfully grown by the Cz method.
Particularly for Yb:YScOs, highly efficient laser operation was demonstrated [159]. These studies
show the huge potential of the Cz-grown mixed sesquioxide crystals as highly efficient laser material

as well as their future commercial availability.

5.1.2 Comparison with ceramics technology

For rare-earth-doped cubic sesquioxides, ceramics are excellent host materials as they can be fab-
ricated at significantly lower sintering temperatures than their melting temperatures. Moreover,
especially for the SWIR lasers, the influence of scattering in the ceramics can be mitigated compared
with the conventional Vis-NIR lasers as scattering losses decrease in proportion to wavelength A~4.
The fabrication of transparent YScOs ceramics is reported by several groups [160, , , ]
However, YScO3 has a perovskite phase at 1200-1700°C [164, ] and perovskite YScOj3 exhibits
uniaxial birefringence which causes scattering losses at grain boundary. Therefore, the formation of
the perovskite phase should be avoided and the formation of single-phase bixbyite YScOgs requires
special treatment. According to Ref. [164], in the rare-earth scandates (RE303-Sc203, RE = rare-
earth ion), the formation of the perovskite phase is inhibited by decreasing the ion radius of RE3*.

YScO3 which has moderate ion radii partly made perovskite phase by sintering in air at 1600°C.

Weight the starting materials
(TMo.02Y 0.495C0.49)203

|

Ball milling (wet milling) (6 h)

|

Remove ethanol solvent
by drying mill slurry

|

Molding to a rod

|

Cold isostatic pressing (CIP)
(180 sec, 2000 bar)

|

Sintering (10 h)
at 300, 600, 900, 1200, 1500, 1700°C

|

Powder-XRD analysis

Figure 5.3: Procedure of TmYScOg sintering experiment.
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To observe the phase transition in the Y503-ScyO3 system in the temperature range between 300
and 1700°C, we performed an experiment following the procedure shown in Fig. 5.3. The raw materi-
als of TmoO3, Y203, and ScoO3 were prepared according to the composition of (Tmg 002 Y0.495€0.49)203.
It was uniformly mixed by ball milling, and it was afterward molded in a rod shape and sintered in
air at different temperatures. The phase of the sintered materials was identified by powder-X-ray
diffraction (XRD) measurements. Figure 5.4(a) shows the XRD-pattern of the sintered materials.
At sintering temperature of 1200°C, the perovskite phase appeared. The peaks in the XRD pattern
of sintering temperature of 1700°C shown in Fig. 5.4(b) indicate the mixture of perovskite and

bixbyite phase.

According to Ref. [164], the formation of the perovskite phase is supported by the high-pressure
environment, and single-phase perovskite was obtained by sintering under 20,000 MPa. The forma-
tion of the perovskite phase is also depending on the synthesis method [165]. Therefore, to avoid the
formation of the perovskite phase, the synthesis under low pressure is desirable, thus the vacuum
sintering method is suitable to obtain single-phase bixbyite YScOs [161]. For the laser quality Tm-
doped YScOj3 ceramics, Pirri et al. fabricated a (Tmg.g5Y0.6085¢0.252)203 ceramic and lasing could
be obtained with a maximum slope efficiency of 9.45% and tuning range from 1927 to 2108 nm [160].
The laser performance seemed to be limited by the quality of the ceramics. In addition, transparent
YScOs3 ceramics were only reported with Y-rich compositions [161, ], although they could sup-
press the formation of perovskite phase even in the Sc increased compositions. On the other hand,
YScOg3 crystals can not be grown with Y-rich compositions because of the existence of hexagonal
phase at higher temperatures, and the crystal growth is only possible with around (Yg.55¢co.5)203
compositions. In terms of the spectral broadening effect in the mixed material, the broadest emission
spectrum can be obtained with the composition where each host material contributes equally [166].
Therefore, for ultrafast lasers, the Cz-grown Tm:YScOg cystals should be advantageous in terms of

the spectroscopic properties and the quality of as-grown crystals.
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5.1.3 Spectroscopic characteristics of mixed sesquioxides

In the mixed sesquioxides (Lu,ScyY.)203 (2 + y + 2=1), the difference of lattice constant of the
constituents leads to distortion of crystal structure, resulting in various crystal field strengths. That
makes the absorption and emission spectra broad and smooth, i.e., inhomogeneous spectral broad-
ening effect. Among cubic sesquioxides, Sc2O3 has the smallest lattice constant (ScaO35: 9.86, Y2Os:
10.60, LuyO3: 10.39 A), thus by mixing ScoOs with LuyOs or Y203, a large modification of the
crystal field strength would be expected. Mixed sesquioxides combine the absorption and emission
features of their constituents. Tm-doped ScyO3 shows the emission band in significantly longer
wavelength region compared with that of Tm-doped LusO3 and Y203 [158]. Therefore, it is intu-
itive that the emission band of Tm:LuScO3 or Tm:YScO3 extends to longer wavelengths compared
with Tm:LuYOgs. It should be noted that as the emission wavelengths of Tm:LuyO3 and Tm:Y203
are almost the same, the combined emission band in Tm:LuScO3 and Tm:YScO3 are also almost
identical. Besides, in the mixed sesquioxides, the peak wavelengths of absorption and emission spec-
tra would be tuned by changing the compositions, however, it depends on the availability of the
fabrication method with desired compositions.

In this study, we demonstrate the Cz-growth of Tm-doped mixed sesquioxide crystals for ultra-
short pulse lasers. Because of the availability and the Cz-growth method and expected spectroscopic

features, we choose Y203 and ScoO3 as the host material.

5.2 Czochralski growth of mixed sesquioxide

Tm-doped YScOg crystals were grown by the Czochralski method from Ir crucibles. The raw ma-
terials of TmyO3, Y203, and ScoO3 powders with a purity of 99.999% (5N) were mixed for the
compositions (Tmg.p2Y0.495¢0.49)203 and (Tmp 025 Y0.4865¢0.486)203. The detailed growth proce-
dure and parameters for each growth are shown in Fig. 5.5 and Table 5.1. The starting powders
prepared according to the procedure were placed in an RF-heated Ir crucible (=40 mm both in
diameter and height) embedded in ZrO, and Al;Os insulation. The growth was performed using
a Yb(0.4 at.%):YScOg3 crystal as a seed crystal with random orientation. To reduce the vertical

thermal gradient in the growth setup, an Ir afterheater was utilized.

Table 5.1: Growth parameters for Tm-doped YScOj3 crystals

Growth rate Rotation rate Cooling time
Growth atmosphere
(mm/h) (rpm) (h)
1st growth 0.7 10 Static 100% Ar 15
2nd growth 0.6 10 Flowing 100% Ar 24

The photographs of two as-grown crystal boules with different Tm-doping levels are shown in
Fig. 5.6. These are transparent and show no inclusions. For both crystals, length and diameter were
about 5 cm and 2 cm, respectively. At the bottom of the boule, a spiral formation was observed for
both crystals. This growth instability is owed to the absorption of thermal radiation during growth
and reduced heat transportation at high growth temperatures. This is also found in the Cz-growth

of pure sesquioxides [167].

67



Chapter 5. Tm-doped mixed sesquioxides

Drying (2h, 200°C)
!

Mixing (2 h)

! Powder
(180 sec, 2000 bar)

!
Sintering (12 h, 2000°C)
l v
Melting / seeding

|

Growth

|

Cooling

Crystal growth

Figure 5.5: Cz growth procedure.

Figure 5.6: Photographs of the as-grown (a) Tm(2.2 at.%):YScO3 and (b) Tm(3.1 at.%):YScO3
crystals. Cross polarizer images of (¢) Tm(2.2 at.%):YScO3 and (d) Tm(3.1 at.%):YScOs3 crystals.
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The 1st crystal grown in a static Ar atmosphere shows brownish color. The transmission spectrum
of the 1st sample was measured from ultra violet (UV) to NIR wavelength range using a dual-beam
UV/Vis/NIR spectrometer (Perkin Elmer, Lambda 1050) set to a resolution of 1 nm (shown in Fig.
5.7). This spectrum was not corrected for Fresnel reflection. The broad absorption can be seen from
UV to 1000 nm, but this color could be removed by annealing in a reducing atmosphere (forming
gas with a composition of Hy:N9=>5:95) at 1500°C for 15 h as seen in the blue curve in Fig. 5.7.
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Figure 5.7: (a) Transmission spectra of the as-grown (orange) and annealed in reducing atmosphere
(blue) Tm(2.2 at.%):YScO3 crystal shown in Fig. 5.6(a) in the UV to the NIR spectral range. (b)
Photograph of the as-grown and annealed sample.

From this result, the coloration seemed to be caused by an excess of oxygen in the growth
atmosphere, however, the origin of this coloration is still unclear. Subsequently, the 2nd growth run
was performed in a continuously flowing As gas to exclude residual oxygen from the furnace. This
results in the greenish-colored crystal, which is typically found in Tm-doped crystals and no further
annealing is required for this boule.

Figures 5.6(c, d) show cross polarizer images of the as-grown crystals. The bright parts indicate
light depolarization due to strong internal stress. This stress may be induced by the thermal gradient
during growth. To solve this problem, second growth run was performed with a slower pulling speed
and longer cooling time. However, this did not mitigate the stress. Eventually, a lot of cracks were

made during cutting the crystals.

5.3 Characterizations

5.3.1 Crystallography
Powder-XRD measurement

Powder-XRD measurements were performed to evaluate the phase of the crystal and determine the
lattice constant. Figure 5.8 shows the measured XRD-pattern and PDF references of bixbyite ScoO3
(lattice constant a = 9.846 A) and Y03 (a = 10.604 A). Each peak indicates the mirror index of

cubic structure. The peak positions locate between those of ScoO3 and Y503 as expected. Based

69



Chapter 5. Tm-doped mixed sesquioxides

on the peak positions, the lattice constant of Tm(2.2 at.%):YScO3 was calculated to be 10.14 A by
the Vegard’s law. Thus the cation density was 3.07x10%? cm™3.
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Figure 5.8: Powder-XRD pattern and mirror indices of (Tmg.o22Y0.4725¢0.506)203 and the standard
pattern of ScoO3 and Y5Os3.

ICP-OES analysis and segregation coefficient

The actual crystal composition was investigated by inductively coupled plasma optical emission
spectrometry (ICP-OES) analysis using the top part of each crystal boule. The determined compo-
sitions are shown in Table 5.2. From the difference of the composition between the initial melt and
the crystal, Tm3* may preferentially substitute Y3+ rather than Sc3* site as expected with respect

to their ionic radii (Se: 0.885, Tm: 1.020, Y: 1.040 A for sixfold coordination).

Table 5.2: Composition of the crystals

Starting powder As-grown crystal
1st crystal (Tmg.02Y0.495¢0.49)203 (Tmo.022Y0.4725¢0.506)203
2nd crystal (Tmg.028 Y0.4865¢0.486)203 (Tmo.031Y0.4745¢0.495)203

Regarding the Tm3* concentration along the growth direction, the segregation coefficient k can

be calculated via the Scheil equation:

Cs(9)/Co = k(1 — g)= b, (5.1)

70



Chapter 5. Tm-doped mixed sesquioxides

where C;(g) is the solute concentration in the grown crystal, g is the fraction of the melt solidified to
the initial melt, and Cj is the solute concentration in the initial melt. Here, for small ¢ (beginning

of the crystal), k can be calculated simply as Cs(g)/Co. The calculated segregation coefficients for
Tm3*, Y3+ and Sc3* are shown in Table 5.3.

Table 5.3: Segregation coeflicients k of the as-grown crystals.

Tm3+ v+ Q3+
1st crystal 1.10 0.96 1.03
2nd crystal 1.11 0.97 1.02

Figure 5.9 shows the variation of Tm3* concentration along the growth direction assuming a
segregation coefficient of 1.1. Considering the fact that we never used more than ~1/3 of the
starting materials for the growth due to the spiral formation, the actual Tm concentration only
varies between 2.2 at.% and 2.1 at.%, 3.1 at.% and 3.0 at.% for the lower doped and higher doped
sample, respectively as shown in Fig. 5.9. Because we only used the upper part of the crystal boule
(less than 1 cm from the top) for the spectroscopy and laser experiments, hereafter we consistently
denote the actual concentration as Tm(2.2 at.%):YScO3 and Tm(3.1 at.%):YScOs.
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Figure 5.9: Variation of the Tm concentration over solidified fraction assuming the segregation
coefficients shown in Table 5.3 and the initial concentration of 2.0 at.% (red) and 2.8 at.% (blue).
Raman spectra

The room temperature Raman spectrum of the as-grown crystal was measured by a laser Raman
microscope (JASCO, NRS-3100). Cubic sesquioxides, which have space group of Ia3 predicts the

irreducible representations for the optical mode I',,, and the acoustical mode I, for the group theory
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as follows [

Here, for the optical modes, 22 modes (44, + 4E, + 14F))

]:

T,p = 44y + 4B, + 14F, 4+ 5Ag, + 5E, + 16F,,

Toe = Fi.

IR-active, and the rest (5A4z, + 5F,,) are silent.

(5.2)

(5.3)

are Raman-active, 16 modes (16F,) are

1204 (a) (b) — Tm:Sc,04
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Figure 5.10: Unpolarized Raman spectra of Tm-doped YScO3 and ScyO3 crystals and non-doped
Y203 ceramic (a) in the range between 200 - 700 cm~! and (b) around the most intense peak.

Figure 5.10 shows the Raman spectra of the Tm-doped YScO3z and ScoOgz crystals and non-
doped Y203 ceramic for comparison. For the Tm:ScoO3 and the Y503, the overall shape and peak
positions in the spectrum were consistent with the previously published reports [169, . For
the Tm:YScOg3, due to the mixed feature, each peak was significantly broadened (FWHM: ~ 33.3
cm~ 1) and the number of identified peaks reduce compared with the non-mixed sesquioxides. The
most intense peaks at 379, 400, and 418 cm ™! for the Y503, the Tm:YScOs and the Tm:ScoO3 were
assigned to the Fy vibrations [169, 170] [cf. Fig. 5.10(b)]. The peaks corresponding to the maximum

phonon energy (the F, mode) were found at 594, 632, and 669 cm~!, respectively.

5.3.2 Spectroscopy
Absorption cross sections

To evaluate the transparency and the GSA, a transmission spectrum was measured from UV to
MIR range using a dual-beam UV/Vis/NIR spectrometer (Perkin Elmer, Lambda 1050) set to a
resolution of 1 nm. Figure 5.11 shows the measured transmission spectrum of a 1.1 mm-thick
Tm(2.2 at.%):YScO3 which was annealed in reducing atmosphere. The background loss caused
by the Fresnel reflection can be estimated to be ~19%, indicating the refractive index =1.9. All

peaks were identified to be the Tm3* GSA lines. Among these GSA lines, 0.8 and 1.6 um wavelength
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Figure 5.11: Transmission spectrum of the 1.1 mm-thick Tm(2.2 at.%):YScO3 crystal.

range is interesting for efficient excitation to the 3F4 manifold. Therefore, we measured temperature-
dependent absorption spectra around the 0.8-um and 1.6-um bands. Transmission spectra of light
emitted by a tungsten-halogen lamp through the crystal were measured at different temperatures.
The wavelength selection of the transmitted light was performed with a monochromator (HORIBA,
M1000) and the temperature of the sample was set by a closed-cycle helium cryostat (Advanced
Research Systems, DE204). A photomultiplier tube (Hamamatsu, R5108) was used to measure the
signal at wavelengths between 620 nm and 850 nm (*Hg — 3H,) and an InGaAs biased-detector
(Thorlabs, DET10D2) was used for detection between 1450 nm and 2050 nm (*Hg—>F4). From the

transmission spectra, absorption spectra were calculated using the Beer-Lambert law:
I\, d) = Ip(A\)e N4, (5.4)

where [ is the transmitted intensity, I is the incident intensity, o and d are the absorption coefficient

and the sample thickness, respectively. Thus, the absorption coefficient can be expressed as follows:

(5.5)

With the doping concentration Ngop, the absorption cross section can be determined as follows:

_a(d)
Ndop.

Tabs(A) (5.6)
Note that the cubic sesquioxides have 2 different cation sites and the Cgz; symmetry site is optically
inactive (cf. Section 2.2.2). If Tm3* ions were randomly distributed, 25% of the doped ions will

not contribute to absorption and emission. However, in the mixed host material, the Cs; inversion
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symmetry could be partially broken by the disordered structure, and the transition will be partially
allowed. In addition, the energy transfer rate between the Co and Cg; ions is not revealed. In this
study, we calculated the absorption cross sections as an effective value for this doping level assuming
that 100% Tm?>* ions contribute to optical transition, and emission cross section was calculated by
Fiichtbauer-Ladenburg equation (detailed in Section 5.3.2).

Figure 5.12 shows temperature-dependent absorption cross section of Tm(2.2 at.%):YScOgs. The
absorption bands around 0.7 pm and 0.8 um in Fig. 5.12(a) correspond to *Hg — 3Fs 5 and *Hg
— 3H, transitions, respectively. Figure 5.12(b) shows 3Hg — 3F, transition. For all transitions,
with decreasing temperature, the absorption cross section at longer wavelengths decreases owing to
thermal depopulation of the upper Stark levels of the 3Hg ground state manifold. On the other hand,
the peak cross sections at shorter wavelengths increase and the bandwidth becomes narrower. The
absorption spectra of 3Hg — 3F3 3 transition have three prominent peaks at 300 K. With decreasing
temperature, the peak around 695 nm decreases, on the contrary, the peak around 685 nm increases
by a factor of 2. The 0.8 um absorption band also has three prominent peaks at 300 K with peak
cross sections of 2.5 x 10721, 2.8 x 1072!, and 2.1 x 102! cm? at 773, 794, and 812 nm, respectively.
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Figure 5.12: Temperature dependent absorption cross section of the Tm(2.2 at.%):YScOj3 crystal in
(a) 800-nm (measured with a resolution of 1 nm) and (b) 1600-nm (measured with a resolution of 3
nm) ranges.

74



Chapter 5. Tm-doped mixed sesquioxides

At lower temperatures, the peak at 812 nm decreases and completely disappeares at 14 K. The peak
at 794 nm also decreases; however, it gradually splits into several peaks. The peak cross section
at 773 nm increases by a factor of 2 and the shape becomes sharp at 14 K. For the absorption
band around 1.6 pum seen in Fig. 5.12(b), the peak cross section amounts to 3.6 x 1072! c¢m?
at 300 K centered at 1620 nm. At 14 K, the peak cross section increases to 7.3 x 1072! cm?
while the spectral bandwidth reduces from ~70 nm to ~40 nm. The broad absorption bands even
at 14 K evidence the inhomogeneous broadening caused by the disordered structure of the mixed
sesquioxide host materials, as they are significantly broader than those of, e.g., Tm-doped Y203 at
40 K [171]. Although low-temperature spectroscopy is useful for the determination of energy levels,
it is impossible to identify the peak positions corresponding to each Stark level in this case. Due
to the inhomogeneous broadened nature, each energy level locates at a superposition of numerous
energy levels corresponding to various crystal fields. Thus, the linewidth is broad even at 14 K and

does not allow to identify individual Stark sublevels.

Figure 5.13 shows the room temperature absorption cross section of Tm:YScO3 compared with
that of Tm:Y203 and Tm:ScoO3 [158]. The peak absorption wavelengths of Tm:Y203 and Tm:Sc2O3
are 1634 nm and 1611 nm, respectively. As expected, the peak absorption wavelength of Tm:YScOg
is shifted between the values of Tm:Y203 and Tm:ScoO3. The peak cross section is reduced by a
factor of ~2 compared with non-mixed sequioxides. These indicate mized feature of these two host

materials.
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Figure 5.13: Absorption cross sections of Tm:YScOs, Tm:Y203, and Tm:ScoO3 [158] at room
temperature.
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Fluorescence lifetime

The temperature-dependent fluorescence lifetime of the *F, manifold which contributes to 2 pum laser
emission was measured. To measure the fluorescence lifetime precisely, the influence of radiation
trapping needs to be reduced [172]. Radiation trapping due to the reabsorption resulting from the
partial overlap of the emission and absorption spectra of Tm:YScO3 at 2 um [cf. Fig. 5.12(b) and
5.16]. We prepared a Tm(2.2 at.%):YScO3 sample as thin as =270 pum for these measurements.
The sample was excited by an optical parametric oscillator (OPO, GWU-Lasertechnik, versaScan)
delivering 5-ns pulses at 10 Hz repetition rate. The excitation wavelength was chosen to be 1620 nm
for in-band excitation to eliminate any influence of the population from further levels into the 2-pm
emitting level. The fluorescence signal was detected by an InGaAs biased-detector and recorded
by an oscilloscope. We measured the lifetimes at temperatures between 14 K and 300 K using the
cryostat. In addition, to evaluate the residual influence of radiation trapping in the thin sample,
the intrinsic lifetime was determined using the pinhole method [172, ] at room temperature. For
these measurements, a second sample thicker than 2.5 mm was prepared, and pinholes with different
diameters between 0.8 mm and 2.5 mm were used to apply this method. Since the setup for the
pinhole measurements is not compatible with the cryostat, we did not apply this method for the

temperature-dependent lifetimes.
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Figure 5.14: Fluorescence decay curve of the Tm(2.2 at.%):YScO3 at 300 K (orange) and 14 K
(blue) and fit curves for 300 K (red, dashed) and 14 K (dark blue, dashed).

Figure 5.14 shows the typical fluorescence decay curves on a semi-logarithmic scale measured using
the thin sample at 14 K and 300 K. The narrow peak shortly after the excitation is caused by residual
excitation light, which could not be completely blocked by a long-pass filter. The fluorescence
lifetime was determined by fitting in the range between 0.5 ms to 5.0 ms after the excitation. A

single-exponential decay curve was observed at 14 K. However, the decay curve at room temperature
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slightly deviates from a single-exponential fit. This could be explained by the influence of activated
energy migration between the optically active Csq sites and the inversion symmetric and thus weakly
optically active Cg; sites at higher temperatures [61]. Figure 5.15(a) shows the resulting temperature-

dependent fluorescence lifetimes. The measured lifetime slightly decreased at lower temperatures.
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Figure 5.15: (a) Temperature-dependent fluorescence lifetime measured using the thin-sample (blue)
and determined by the pinhole method (red). The red band indicates 95% confidence band of fit for
the pinhole method. (b) Fluorescence lifetime measured using pinholes with different diameters.

In general, the fluorescence lifetime increases with decreasing temperature because thermally
induced multiphonon fluorescence is suppressed at lower temperatures [1741]. However, the measure-
ments did not show this general trend. The fluorescence lifetime measured using the thin sample
at room temperature amounts to 4.0 ms, which deviates only by ~4% from the room-temperature
fluorescence lifetime of 3.83 ms determined by the pinhole method [cf. Fig. 5.15(b)]. While this
indicates a fairly low influence of radiation trapping in the thin sample, the difference between the
lifetimes at 300 K and 14 K found in Fig. 5.15(a) is on the same order as the influence of radiation
trapping. Therefore, it was concluded that the variation with temperature is caused by the residual
influence of radiation trapping, and there is no thermal quenching of the 2 pm emission at room
temperature in Tm(2.2 at.%):YScOs. This is explained by the sufficiently large energy gap between
the 3F, manifold and the 3Hg manifold estimated to be ~4750 cm ™! from the longest-wavelength
emission peak at 14 K (cf. Fig. 5.16): The comparably low maximum phonon energies of cubic
sesquioxides (cf. YScOsz: ~632 cm™! (cf. Fig. 5.10), Y203: 592 cm™t, ScaO3: 669 cm™! [169])

prohibit any significant non-radiative multi-phonon decay [39].

Emission and gain cross sections

The fluorescence spectra around 2000 nm corresponding to the 3F;—3Hg transition of Tm3t were
measured using the monochromator, the InGaAs biased-detector, and the helium cryostat. The
fluorescence spectra were measured in the wavelength range from 1600 to 2300 nm with a spectral
resolution of 3 nm which was sufficient to resolve all spectral features. As an excitation source, a
780 nm LD with a spectral bandwidth of 1 nm (FWHM) was utilized. We used the ~ 270 pm-thick
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Tm(2.2%):YScO3 sample to mitigate the influence of reabsorption on the fluorescence spectra. The
stimulated emission cross sections oe, can be calculated using the measured fluorescence spectra

via the Fiichtbauer-Ladenburg equation:

B AST(N)
o 87m20'rmdf)\f(/\)d/\’

Cem(A) (5.7)
where I(A) is the measured fluorescence intensity, n and 7,,4 are the refractive index and the radiative
lifetime, respectively. For n, we used the average refractive index of Y203 and ScyOg3. For 7,4,
we used the fluorescence lifetime of 3.83 ms which was derived above, assuming no temperature

dependence and the non-radiative decay to be negligible on the 3F;—3H, emission.
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Figure 5.16: Temperature dependent emission cross section of the Tm(2.2 at.%):YScO3 crystal.

Figure 5.16 shows the temperature-dependent emission cross sections. The emission peak val-
ues at 300 K are 6.8x1072! ecm? and 2.2x1072! cm? at 1949 nm and 2099 nm, respectively. The
corresponding spectral bandwidths of the peaks are 96 nm and 110 nm (FWHM). With decreasing
temperature, the fluorescence peaks at shorter wavelengths decrease owing to the depopulation of the
upper Stark levels of the 3F4 manifold. The peak emission cross sections increase to 1.7x1072° cm?
and 3.7x1072! cm? at 1945 nm and 2103 nm, respectively, and the corresponding spectral band-
widths decrease to 54 nm and 52 nm at 14 K.

Figure 5.17 shows the room-temperature emission cross section compared with that of Tm:Y503
and Tm:Scy03. We can see that the emission peaks of Tm:YScOg are shifted to values in-between
those of Tm:Y203 (1933 nm and 2048/2072 nm) and Tm:Sc205 (1972/1992 nm and 2115/2148 nm),
again, indicating mixed feature. Here, compared with the pure sesquioxides, the spectra are less
structured and the FWHM spectral bandwidth is broader even at low temperatures owing to inho-

mogeneous spectral broadening.
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Figure 5.17: Emission cross sections of Tm:YScOgz, Tm:Y203, and Tm:ScaO03 [158] at room tem-
perature.

The gain cross sections 44y can be calculated using the following equation:
Ogain — Baem - (1 - B)Uabs- (58)

Here, 0o, and 0,1 are the emission and absorption cross sections, and 3 is the inversion level which

is the fraction of ions in the excited state:

Ntot ’

B (5.9)

determined with the density of excited ions Ns and the total active ions Nit. The calculated
gain cross sections at 300 K for different inversion levels are shown in Fig. 5.18(a). The gain
spectra exhibit a broad and flat profile. Particularly for low inversion levels, laser operation in the
water-vapor-absorption-free range beyond 2000 nm is possible. This gain profile should enable broad
wavelength tunability and support ultrashort pulse generation. Figure 5.18(c) shows the peak values
of the gain cross sections with § = 0.05 at different temperatures. With decreasing temperature,
the gain at the same inversion level is increased due to the higher emission cross sections. Moreover,
the gain extends to wavelengths below 1850 nm owing to the reduced absorption in this range at
lower temperatures [cf. Fig. 5.12], thus higher gain is found at shorter wavelengths. Figure 5.18(b)
shows the gain cross sections at 100 K. Compared with the room temperature spectra, while the
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gain increases, the spectra are still fairly broad and smooth. These features are interesting for
ultrashort pulse amplification toward higher average and peak powers using the cryogenic amplifier
technique. The cryogenically-cooled lasers and amplifiers benefit for increased thermal conductivity
and higher gain cross sections [175]. However, ordered materials with homogeneous broadening
exhibit the narrow gain bandwidth at lower temperatures, it does not support the amplification of
fs-pulses because of the strong gain narrowing effect. Therefore, the inherent broad gain bandwidth
of inhomogeneous broadened materials would work for cryogenically cooled ultrafast lasers and

amplifiers.
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Figure 5.18: Gain cross sections of the Tm:YScO3 at different inversion levels at (a) 300 K and (b)
100 K. (c) Peak value of the gain cross sections at different temperatures.
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5.4 CW and wavelength tunable operation of Tm-doped mixed

sesquioxide laser

5.4.1 780 nm LD pumped CW laser operation
Experimental setup

To explore the potential of Tm:YScOg3 for 2.1-um laser operation, CW laser experiments were
performed in a short laser resonator. The experimental setup is shown in Fig. 5.19. The linear
cavity consists of a plane input coupler and a concave (R=50 mm) output coupler with a cavity
length of 48 mm. As the gain media, a 6-mm thick Tm(2.2 at%):YScOgs crystal and a 4-mm thick
Tm(3.1 at.%):YScOj3 crystal, both remaining uncoated, were prepared. The crystals were mounted
on water-cooled copper holders. We used a single-emitter C-mount LD with a maximum output
power of 3 W at a operation wavelength around 780 nm (Roithner Lasertechnik GmbH, RLT785-
4WC(C) as a pump source for two-for-one pumping. The LD has an emitter area of 200x1 pm?
(sagittal x tangential), consequently, the beam quality factor M? is about 28 and 1 for the sagittal
and tangential planes, respectively. The pump beam was shaped by a series of lenses and focused
to 220x60 um? on the gain medium. To characterize the laser performance, five different output
couplers (OCs) with transmissions of 1.0%, 3.2%, 4.0%, 5.0%, and 8.7% were used.

AL CL CL SL

= — _ _ Tm:YScOg,
780 nm f=6.24 f=6.4 =80 f=75
LD =
I Fast axis PM ocC
Slow axis (flat) (R=50 mm)

Figure 5.19: Experimental setup of the LD-pumped Tm:YScOj laser (LD: laser diode, AL: aspherical
lens, CL: cylindrical lens, SL: spherical lens, PM: pump mirror, OC: output coupler).

The pump absorption varied depending on the incident pump power level because the operat-
ing wavelength of the LD changed from 775 nm to 777 nm with increasing power. Under lasing
conditions, the corresponding pump absorption efficiency reduced from 63% to 57% for the 6-mm
thick Tm(2.2 at.%):YScO3 sample and from 60% to 53% for the 4-mm Tm(3.1 at.%):YScOg sample.
The laser spectra were recorded using an upconversion spectrometer (NLIR, S2050-130-hr) with a

spectral resolution of 4 cm™!.
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Results

Figure 5.20(a) shows the laser output power versus absorbed pump power of the Tm(2.2 at.%):YScO3
laser with different OCs. Using the lowest OC transmission of 1.0%, laser operation was obtained
at a threshold absorbed pump power of only 250 mW. With increasing OC transmission, the slope
efficiency increased and the best value of 35% at a maximum output power of 500 mW was obtained
using the 4.0% OC. For higher OC transmissions of 5.0% and 8.7%, the slope efficiency dropped.
This trend of lower slope efficiencies with higher OCs is typical for solid-state lasers. That indicates
the existence of inversion-dependent loss processes, however, the specific mechanism has not yet
been revealed. Figure 5.20(b) shows the laser spectra of free running operations. For all OCs the
laser wavelengths were centered around 2100 nm. The laser spectra exhibit distinct peaks in the
emission range. However, not all of the peaks were resolved owing to the limited resolution of the
spectrometer (resolution: 4cm~!). This structured emission profile would be owed to etalon effects
caused by the length of the plane-parallel crystal facets and their distance to the cavity components.
In addition, this broad laser emission bandwidth is typical for lasers based on inhomogeneously
broadened gain materials [90, 155]. The minor deviations are attributed to the particular coating of
the OC mirrors used in these experiments. However, no shift of the emission wavelength to values
below 2000 nm was observed, which indicates that the laser operated at moderate inversion levels

below 7.5% in all experiments (cf. Fig. 5.18.)
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Figure 5.20: (a) Laser characteristics and (b) free running laser spectra for different OCs of the
Tm(2.2 at.%):YScOj3 laser under 780nm LD pumping.

Figures 5.21(a, b) show the output characteristics and the free running spectra of the Tm(3.1
at.%):YScOg laser. Using the lower transmission OCs, higher slope efficiencies were obtained com-
pared with the Tm(2.2 at.%):YScO3 laser. This is owed to a more pronounced cross relaxation
induced by a closer average distance between the Tm3* ions at the higher doping levels. The high-
est slope efficiency of 45% and the maximum output power of 422 mW were obtained using the

4.0% OC. The Stokes efficiency defined as the ratio of pump and laser photon energies was only
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37%, hence the 45% slope efficiency evidences a quantum efficiency higher than unity enabled by
the cross-relaxation process. However, in the higher doped crystal, the laser performance strongly
degraded already with the 5.0% OC. Moreover, laser operation could not be obtained using the
8.7% OC. This may be explained by the closer average distance between excited ions also featuring
detrimental energy transfer processes at high inversion levels. The center wavelengths were almost
identical compared with the Tm(2.2 at.%):YScOg laser for each OC.
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Figure 5.21: (a) Laser characteristics and (b) free running laser spectra for different OCs of the
Tm(3.1 at.%):YScOg laser under 780nm LD pumping.

5.4.2 1650 nm LD pumped CW laser

To compare two-for-one pumping and in-band pumping scheme, 1650 nm LD pumped CW laser
experiments were performed. We used the same cavity configuration as 780 nm LD pumped laser
experiments [cf. Fig. 5.19]. As a gain medium, the 4-mm thick Tm(3.1 at.%):YScOs3 crystal was
used. As a pump source, a single-emitter C-mount LD with a maximum output power of 3 W at
an operation wavelength around 1650 nm (SemiNex, C-132) was utilized. The LD has an emitter
area of 94x1 pm?(sagittal xtangential), thus the beam quality is about 7.2 and 1 for the sagittal
and tangential plane, respectively. The pump absorption efficiency under lasing conditions varied
from 64% to 87% owing to the change of operating wavelength of the LD.

Figure 5.22 shows the laser output power versus absorbed pump power and free running laser
spectra of the Tm(3.1 at.%):YScO3 laser. In this experiment, because the output power of the
1650 nm LD fluctuated, the 2-um laser output also fluctuated compared with 780 nm LD pumping.
Using the 4.0% OC, the highest slope efficiency of 43% and a maximum output power of 771 mW
were obtained. The laser wavelengths were almost identical to the previous results. Compared with
780 nm two-for-one pumping, a lower laser threshold was obtained due to better beam quality of
the pump LD. Regarding the slope efficiency, Table 5.4 shows the comparison of the laser results

between two-for-one and in-band pumping. Considering the stokes efficiency and maximum quantum
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efficiency, the theoretical limit of laser efficiency for each pumping scheme is almost the same level
and slope efficiencies experimentally obtained exhibit close values. This indicates sufficient cross

relaxation was obtained in the two-for-one pumping scheme, and the laser performance seems to be

mainly limited by the quality of the crystal, i.e. the strong internal stress in the crystal.
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Figure 5.22: (a) Laser characteristics and (b) free running spectra for different OCs of the

Tm(3.1 at.%):YScOj3 laser under 1650 nm LD pumping.

Table 5.4: Comparison of the laser efficiency between two-for-one and in-band pumping.

TIStokes (%) nquantum(max) TNimit (%) Tlslope (max) (%)
two-for-one pumping 37 2 74 45
in-band pumping 78 1 78 43

5.4.3 790 nm high power LD pumped CW laser

To obtain higher laser output power, we demonstrate the laser experiments using high power LD
emitting at 790 nm. The experimental setup is the same as previous experiments (cf. Fig. 5.19).
As a pump source, a fiber-coupled LD with a maximum output power of 30 W at a wavelength
of 790 nm (BWT, K793DA5RN-30.00W, core diameter: 105 um, NA: 0.22) was utilized and the
pump beam was focused on the gain medium using two lenses (f1:f2=30:50). As a gain medium, the
6mm-thick Tm(2.2 at.%):YScO3 and the 4 mm-thick Tm(3.1 at.%):YScOj3 crystals were mounted
on water-cooled (18 °C) copper holder. Using this configuration, lasing could be obtained, however,
when the absorbed pump power increased above 4.5 W, the surface of the crystal was damaged for
both crystals as shown in Fig. 5.23. This is owed to the poor thermal conductivity of this material
[62]. Moreover, the thermal conductivity can be dramatically reduced depending on the quality of

crystal, thus the above results imply that the quality of the as-grown crystals is still not perfect.
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Figure 5.23: Damage on the surface of the Tm:YScOg crystals.

5.4.4 1611 nm Er:Yb pumped CW and wavelength tunable laser

Next, the CW laser experiments were performed using 1611 nm fiber laser with single-transverse
mode output as a pump source. The experimental setup is shown in Fig. 5.24. As a gain medium,
the 4-mm thick Tm(3.1 at.%):YScOg crystal was placed in the focus between two concave mirrors at
Brewster’s angle. In this configuration, polarization rotation in the crystal due to the strong internal
stress causes losses at the gain medium and a prism because of Brewster’s incident. By carefully

adjusting the position of the crystal, lasing could be obtained.

Wavelength

1611 nm
Er:Yb fiber MOPA

Tm:YScOg4

Figure 5.24: Experimental setup of the Tm:YScO5 laser (M1,M2: curved mirrors (R=100 mm), M3:
a flat high reflective mirror, OC: a wedged output coupler). For CW laser operation, dashed beam
path was used.

Figure 5.25 shows the output characteristics of the CW laser operation. As increasing pumping
power, the output power was linearly increased. However, due to thermal load, the output power
was saturated at the absorbed pump power of above ~1.2 W which corresponding to the region
highlighted in Fig. 5.25(a). The slope efficiencies were derived by omitting the saturated region. A
maximum output power of 568 mW was obtained using a 3.0% OC and a maximum slope efficiency of

51% was achieved using a 5.0% OC. A 9.0% OC was also tried, however, lasing could not be obtained.

85



Chapter 5. Tm-doped mixed sesquioxides

The laser wavelengths shown in Fig. 5.25(b) were blue shifted as increasing output coupling, this is
typical for quasi-three level lasers.

In this experiment, the good beam quality of the pump fiber laser enabled better mode matching
between pump and laser mode in the gain medium, resulting in higher slope efficiencies compared
with LD pumped experiments. The maximum output power was limited by thermal load owing to

insufficient cooling efficiency. This problem can be solved by using the appropriate crystal holder.
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Figure 5.25: (a) Laser characteristics and (b) free running laser spectra of the 1611 nm Er:Yb fiber

pumped Tm(3.1 at.%):YScOg3 laser using 1.0% OC.
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Figure 5.26: Wavelength tunability of the Tm:YScOj3 laser using the 1.0% OC and the high reflector
as OC (R>99.9%). The grey curve shows the fluorescence spectrum of the Tm:YScO3 on a semi-

logarithmic scale.
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Inserting a prism into the cavity arm, wavelength tunability was measured using 1.0% and <0.1%
OCs. The wavelength tunnability is shown in Fig. 5.26. For both OC, the tuning range of 203 nm
from 1950 to 2153 nm was obtained. Tuning to shorter wavelengths is limited by the specific coating
of the cavity mirror. For the longer wavelengths, referring to the emission cross section spectrum
of Tm:YScOs3 (5.26), we can see the fluorescence tail expanding to longer wavelengths, i.e. there
is some gain at these wavelengths. Moreover, we confirmed the extended tuning range with low
transmittance OC in the combined gain laser (cf. Section 4.2). However, we could not reach longer
wavelengths using the Tm:YScOs. Here, it seems to be limited by the losses in the crystal.

5.5 Kerr-lens mode-locked Tm:YScOj; laser

KLM experiments were performed using the Tm(3.1 at.%):YScOg3 crystal and the same cavity con-
figuration as the in-band pumped CW laser experiment using E:Yb fiber MOPA (cf. Fig. 5.24). The
total cavity dispersion amounted to ~-1315 fs2, resulting from -975 fs? due to chirped mirrors and
~-340 fs? in the Tm:YScO3 crystal. Using a 1.0% OC, KLM operation was initiated by moving the
M2 mirror in Fig. 5.24. Figure 5.27 (a) shows the average output power as a function of absorbed
pump power. When KLM operation started, the average output power was significantly increased,
and a maximum average output power of 112 mW was obtained at an absorbed pump power of
0.6 W. Figure 5.27 (b) shows the optical spectrum of the mode-locked pulses. The sech?-shaped
spectrum exhibits a spectral bandwidth of 64 nm at the center wavelength of 2130 nm. The output
pulses were compressed by 1-mm thick Si (GDD~+770 fs?), and the pulse duration was measured
to be 73 fs by SHG intensity autocorrelation [Fig. 5.27 (c)]. A repetition rate was 96.9 MHz, thus
the corresponding pulse energy and peak power were 1.2 nJ and 15.4 kW, respectively.
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Figure 5.27: (a) Average output power and (b) optical spectrum of the KLM Tm(3.1 at.%):YScO3
laser using the 1.0% OC. (¢) SHG intensity autocorrelation trace after compression.

Next, we replaced the OC with 0.5% one remaining the cavity GDD. KLM operation was obtained
with a maximum output power of 100 mW at an absorbed pump power of 0.58 W (Fig. 5.28). The
center wavelength is 2130 nm with a spectral bandwidth of 85 nm. Here, the additional spectral
components were observed from 2250 to 2350 nm. These components should be caused by intracavity
SRS process (cf. Section 4.3) since the intracavity peak power increased from 1.54 MW to 3.57 MW
compared with the prior experiment using the 1.0% OC. While the calculated transform-limited pulse

duration is 39 fs, the SHG intensity autocorrelation indicates the pulse duration of 58 fs assuming
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sech? pulses as shown in Fig. 5.28 (c). For a more accurate evaluation, FROG measurement is

needed to check the phase of optical pulses with such a highly structured spectrum.
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Figure 5.28: (a) Average output power and (b) optical spectrum of the KLM Tm(3.1 at.%):YScOs3
laser using the 0.5% OC. (¢) SHG intensity autocorrelation trace after compression.

To confirm the stability, we measured RF spectra as shown in Fig. 5.29. A high S/N ratio of
more than 60 dBc was observed at the fundamental repetition rate of 96.7 MHz, indicating stable

single-pulse mode-locked operation.
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Figure 5.29: RF spectra in (a) 3 MHZ and (b) 2 GHz span range.

5.6 Discussion

5.6.1 Limiting factor of laser performance

The presented laser efficiencies are higher than those obtained with any Tm-doped mixed sesquioxide
ceramic lasers [176, 158], but they fall behind the slope efficiencies of 55% and 59% obtained with
Tm:LuScO3 and Tm:LuyO3 crystals, respectively. We attribute this to the strong internal stress in
the crystal. In addition, high-power laser operation is limited in the 30 W-LD pumping and Er:Yb
fiber MOPA pumped laser experiments due to high thermal load. This is owed to the poor thermal
conductivity of this material and it was even aggravated due to the imperfect quality of the crystal.

To improve the quality of the as-grown crystal, there is still room for improvement for growth setups
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and parameters such as rotation speed, pulling rate, cooling time, and so on. In addition, there
may be the influence of the existence of perovskite phase at lower temperatures. Generally, such an
influence is negligible because the phase transition temperature is more than 400°C lower than the
melting point [177]. However, the transition temperature of ~1700°C is sufficiently high compared
with the melting temperature of other oxide materials, thus it may allow the solid-state reaction to
occur. Therefore, during cooling after the growth, if atoms in the crystal have activation energy to

try to change the phase of the crystal, it may introduce stress to the crystal.

5.7 Summary

In this chapter, we demonstrated the crystal growth of the novel Tm-doped mixed sesquioxide YScOj3
and investigations of the spectroscopic properties and the laser characteristics. Cubic centimeter-
scale laser-quality crystals were grown by the Cz method from Ir crucibles for the first time. In
temperature-dependent spectroscopic investigations, we confirmed the absence of non-radiative re-
laxation processes from the upper laser level in a Tm(2.2%)-doped YScO3 crystal. The disordered
nature of the mixed sesquioxide host matrix features broadening of the absorption, which facili-
tates diode pumping. The corresponding broad and flat emission spectrum extending above 2 pm
is promising for the ultrashort pulse generation in mode-locked laser operation. In addition, due
to the inhomogeneous broadening mechanism, the spectral bandwidth remains broad even at cryo-
genic temperatures. This indicates that Tm:YScOj3 is a suitable host material for the generation
of ultrashort pulses with high average and/or peak power using cryogenic amplifier technology. Fi-
nally, we demonstrated the first Tm:YScOs3 laser operations. Slope efficiencies of up to 51% were
achieved using a Tm(3.1 at.%):YScOj crystal under 1611 nm Er:Yb fiber MOPA pumping. In KLM
experiments, pulses as short as 58 fs were obtained at the center wavelength of 2130 nm. The laser
experiments show that Tm-doped mixed sesquioxide crystals have a huge potential for highly efficient
and ultrafast lasers in the water-vapor-absorption free 2.1-pum wavelength range. The possibility to
grow these materials by the Czochralski method is an important step toward the future commercial

availability of mixed sesquioxides.
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Chapter 6

Conclusion and outlook

6.1 Conclusion

In this thesis, to achieve high-power ultrashort pulse generation overcoming the conventional gain
bandwidth limitation, the novel gain configurations for the 2 um Tm laser system were proposed.
The use of combined gain media makes the effective gain spectrum broader as the linear combination
of both gain bands enables a broad gain spectrum as well as a flat profile. Mixed gain material
consists of a mixture of different host materials, resulting in a broad and flat gain spectrum caused
by inhomogeneous spectral broadening effect owing to the influence of various crystal field. The
basic idea is common for both methods to obtain broad and smooth gain profiles using different
materials simultaneously.

In the first experiment, we performed the combined gain CW and KLM lasers using the Tm:LusOg
ceramic and Tm:ScyO3 single crystal. We revealed that the effective gain profile changes depending
on the combination of each gain medium and its contributions. Interestingly, gain saturation in
the combined gain media will occur inhomogeneously depending on the laser wavelength, thus the
saturation intensity is an important parameter for the selection of gain materials. In the CW laser
experiments, wavelength tuning from 1962 nm to 2252 nm resulted in 353 nm tuning range. In the
KLM experiments, high average power operation was achieved using a 3.0% OC with the highest
average output power of 316 mW at a pulse duration of 73 fs. For further shorter pulse genera-
tion, I constructed a high-Q-factor cavity using a 0.5% OC, and the shortest pulse duration of 41 fs
corresponding to 5.9 optical cycles was achieved. This result represents the shortest pulse duration
reported for any Tm-based mode-locked lasers in the 2 pm wavelength range. This is owed to the
broadband gain and the flat gain profile adjusted by the proper combinations of gain materials with
the suitable doping concentration and the pumping condition. Moreover, the broadened spectrum
exceeding the gain bandwidth limitation assisted by intracavity SRS would contribute to further
pulse shortening. The large modulation depth of KLM enabled to sustain mode-locked operation
with anomalous spectral broadening using intracavity nonlinear effect.

In the second experiment, the Cz growth of Tm-doped mixed sesquioxide crystal was demon-
strated for the first time. Spectroscopic investigations revealed the inhomogeneously broadened

spectra which indicate suitability for ultrafast laser applications. Moreover, we achieved highly effi-
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cient laser operation and KLM laser operation using as-grown single crystals. These results indicate
the huge potential of mixed sesquioxide for highly efficient ultrafast lasers and the future commercial

availability of this material.

6.2 Comparison between combined gain and mixed material

In this section, I discuss the features and advantages of the combined gain Tm-doped sesquioxides
and Tm-mixed sesquioxides. Table 6.1 summarizes the characteristics of the combined gain media
and mixed sesquioxides. In conclusion, combined gain media is superior to mixed materials in terms
of the feasibility of broad gain bandwidth and excellent thermo-mechanical properties for ultimate
laser performance. Considering the emission cross section spectra, the effective gain of combined gain
media is a linear combination of two gain spectra, while the mixed material shows the intermediate
characteristics of two host materials due to an ”averaging” effect. In the Tm-doped cubic sesquiox-
ides, Tm:Scy03 exhibits a gain band at further longer wavelengths from Tm:Y>03 and Tm:LusOg3
owing to the strongest crystal field among these materials. Thus the use of ScoOs benefits both
methods to broaden the gain band since the gain at longer wavelengths is desirable to avoid strong
water-vapor-absorption in the shorter wavelength range in Tm emission wavelengths. While the
effective gain of mixed sesquioxide somewhat sacrifices the gain at longer wavelengths because of
the ”averaging” effect, the combined gain media do not suffer. In addition, the mixed materials and
other single-gain media have defined spectral profiles, however, the combined gain media enables
us to actively control the effective gain profile by adjusting pump intensity, the balance of doping
concentration, the thickness of gain media, and so on. Moreover, inhomogeneous gain saturation in
the combined gain media can support spectral broadening in the mode-locked laser oscillator, while
the mixed materials exhibit (almost) homogeneous gain saturation as the homogeneous width of
the transition line of each site is sufficiently broad. The design of the gain profile is also attractive
for the power amplifiers. Generally, in laser amplifiers, the gain narrowing effect is the bottleneck
for the achievable pulse duration. As a measure against the gain narrowing, the spectral filter has
been generally used [178, |, i.e. gain profile is controlled by the additional loss. On the contrary,
combined gain media can manage it without any additional losses. In addition, combined gain media
can utilize high thermal conductivity, which is also ideal for high-power lasers and amplifiers. The
poor thermo-mechanical properties of mixed materials are actually not suitable for high-power laser
applications lat the tens-hundreds W level.
Considering the cryogenic laser technology, improved thermo-mechanical properties and increased
gain cross section would be useful for high-power laser operation. Since combined gain media consist
of homogeneous broadened materials, it cannot sustain short pulse duration at low temperatures
because of narrow gain bandwidth at cryo-temperatures. However, inhomogeneous spectral broad-
ening in the mixed materials should support short pulse duration even at cryo-temperatures. At
room-temperature, mixed materials show reduced thermal conductivities, however, it is improved at
low temperatures [62]. Therefore, mixed material may be useful for cryogenic ultrafast lasers.
Combined gain media should have a problem regarding the preparation of high-quality laser
materials. As the laser performance is strongly influenced by the quality of the gain material,

high-quality sesquioxides are required to realize the best performance with combined gain media.
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However, extremely high melting temperatures of sesquioxides make high-quality large-size crystal
growth significantly challenging. Of cause, ceramics are a good choice as the host material, but the
laser efficiencies fall somewhat behind compared with single crystal lasers. On the other hand, the
mixed sesquioxides can be grown by the conventional Cz growth from iridium crucibles and they
exhibit desirable spectroscopic properties for mode-locked lasers. Although the mixed sesquioxides
grown in this study are still prototypes, but by improving the crystal growth, mixed sesquioxide
would be commercially available host material like YAG or YLF, especially suitable for ultrafast

laser oscillators.

Table 6.1: Comparison between combined Tm-doped sesquioxides and Tm-doped mixed sesquiox-

ides.

Combined gain

Mixed sesquioxides

Gain bandwidth broad broad

Type of broadening homogeneous inhomogeneous

Gain saturation inhomogeneous (almost) homogeneous
Gain profile controllable flat

Cross sections remain reduced

Gain spectra
at lower temperatures

narrow, highly structured

broad, less-structured

Thermal conductivity

high

low

Melting temperature

>2350°C

~2100-2450°C

Laser materials

HEM-grown crystal
ceramic

Cz-grown crystal
ceramic

6.3 Outlook

The interest of two methods proposed in this thesis is to enable the design of the gain profile of laser
materials. In conventional laser materials, optical properties are inherently defined by the dopant
ions and host materials. However, combined gain media enables broadening the gain bandwidth
and designing the shape of effective gain, and mixed sesquioxides enable tuning the peak emission
wavelength by changing the compositions. Therefore, combining or mixing different materials enable
variable parameter to optimize effective spectra as needed.

Combined gain media is a universal method as it is applicable for other wavelengths and any type
of laser configuration such as the bulk configuration, thin-disk, and monolithic lasers. Since combined
gain media exhibits broad gain bandwidth as well as superior thermo-mechanical properties, thin-
disk laser configuration is a very reasonable choice for high-power ultrafast lasers. For another
scheme, using composite technology, combined gain monolithic laser enables broad gain bandwidth
and a high repetition rate. Since the intracavity spectral combining in the combined gain oscillator
does not need spatial combining of both materials, there is flexibility for cavity configuration. For
example, it is possible to independently pump gain materials using different pumping sources, which
makes further flexibility for effective gain control by choosing the pump wavelength and/or balance

of pump intensity.
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Chapter 6. Conclusion and outlook

Mixed sesquioxides are superior materials especially for mode-locked laser oscillators due to their
broad and flat gain profile. Besides, owing to their reduced melting temperatures, the growth of
large-size high-quality crystals by Cz-growth can be available. Currently, the improvement of crystal
growth is the most important subject. The strong internal stress affects the losses in the lasers and
aggravates the thermal property. In addition, the observed spiral formation should be an obstacle
to size scaling. To improve this, understanding the growth dynamics of mixed-sesquioxides is very
important to find a way to mitigate the stress as well as growth instabilities. Therefore, YScOjs is
a promising candidate for future commercially available laser host material in terms of cost, and
excellent optical properties for ultrafast lasers.

These techniques to realize broad and flat gain profiles are essential to achieve high-average power
and shorter pulse durations. I believe that the combined gain media and mixed materials would
be innovative technologies to achieve tens of W-scale sub-100-fs pulse generation in the 2 um laser

oscillators.
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Appendix A

References for Table 2.2

Table A.1: List of references for table 2.2.
LUQ03 SC203 Y203 LUSC03 LUY03 Y8003 Y3A15012

Acronym

Lattice structure  [130] [180]  [180] [181] [155] [148] [182]

Space group  [180]  [I80]  [1s0]  [181] [182]

Site symmetry  [180] [180] [180] [183]
Cation radius (A)  [183] [183]  [183] average average average [183]

Lattice constant (A)  [184] [184]  [184] [61] this work [185]

Cation density [184] [184]  [184]

(1022 Cm73) average average average [ }

Density (g em™3)  [184] [184]  [184] average average  average [186]

Melting point (°C)  [10] [46] [46] [63] [62] [62] [187]

Refractive index
at 2 pm [188]
Transparency r&nngs [159] [79] [79] [189] [186]
e Ry, b s ps (o) o] 190
Thermo-optic coeff.
o aoeky 100 092 (o3 pe  [100]
Thermal expansion

oot LA (oo US54 (94 [190]

Max. phonon energy [169] [169]  [169] [99]

(em-1) this work [195]
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Appendix B

Excited state absorption of
Tm:YScO;3

To identify the transition channel from the excited state in Tm:YScOj3, we measured excited state
absorption (ESA) in the near-infrared range from 930 nm to 1550 nm. Since ESA is absorption from
the metastable excited state, the measurement was performed using the pump-probe technique with
a double modulation scheme following Ref.[196]. As a sample, a Tm(2.2 at.%):YScO3 was used.
The pump sources were the 790 nm, and 1650 nm LDs to excite ions into the 3H, and 3F, manifold,

respectively.

10 T T T T T 1

3F4—}3H4

E(ni"fne}(gem'GESA) (10-21 cmg}

=10 - —— 1650 nm pump

—— 790 nm pump

1000 1100 1200 1300 1400 1500
Wavelength (nm)

Figure B.1: ESA spectra of Tm:YScO3 under 790 nm(red) and 1650 nm(black) pumping.

Figure B.1 shows the ESA and GSA spectra of Tm:YScOs. The cross section was calculated
according to Ref.[196]. ESA transitions corresponding to *F;—*H, and *F4—3F5 5 were obseved.
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Appendix B. Excited state absorption of Tm:YScOj3

The peak cross sections were ~11x1072! and ~3x1072! cm? at 1040 nm and 1404 nm, respectively.
In this wavelength range, the ESA transition *H;—'G4 (~1100 nm) would be observed under 790
nm pumping. However, in the measurement, it was not observed (cf. Fig. B.1). This is owed to
efficient cross relaxation process that depopulated the H; and populated to the *F, at this doping
level. This should evidence the nearly identical ESA spectra observed under 790 nm and 1650 nm
pumping. This is consistent with the absence of fluorescence from the 3H, manifold under 780 nm

pumping (cf. 5.16).
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