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Kerr-lens mode locked laser s based on
Yb**-doped materials

M asaki Tokurakawa

Abstract

In this thesis, ultrashort pulse lasers based on Yb**-doped materials have
been developed. Yb*'-doped mode-locked lasers have several advantages
over other mode-locked lasers in a high power operation. They can be
directly pumped by a high power InGaAs laser diode. The unique
energy-level scheme of Yb* ion leads to very small quantum defects
(<10%) and high quantum efficiency (~1), and thus highly efficient high
power laser operations under less heat loads are possible. The mechanical
and thermal properties of Yb>*-doped materials depend on their host
materials, and therefore various kinds of Yb>*-doped materials have been
studied. Recently, sub 60-fs mode-locked laser operations based on
Yb**-doped crystals having inhomogeneous broadened gain bandwidths
and high Q cavities have been reported, but such crystals tend to show poor
thermal properties, poor mechanical properties and/or anisotropy structure
so that high power laser operation is difficult with them. In addition, their
high Q cavities tend to be not suitable for highly efficient laser operations,
because their output coupling efficiencies tend to be lower than optimized
values for highly efficient laser operation. In general cases, the efficiency
and output power were limited to less than 10 % and 100 mW, respectively.
In this thesis, direct LD pumped highly efficient high power ultrashort
pulse lasers based on the techniques of Kerr-lens mode locking and
multi-gain media oscillator have been developed. For power scalability,
gan media having good therma and mechanical properties such as
Y b:sesquioxide materials were used.

In case of the SESAM mode locking, the available pulse durations were
limited to be ~200 fs by atransition to multi-pulsed operations. To achieve
much short pulse duration, the Kerr-lens mode-locked laser cavity was
constructed. The fast and large gain modulation of Kerr lens enables
ultrashort pulse operation with cavities having proper output coupling
efficiencies. To achieve large soft aperture Kerr-lens effect with



broad-stripe LD (BLD) pumping, the cavity was aligned nearly unstable at
fast axis of pumping BLD. Generations of sub 80-fs pulses with above 1-W
average powers have been successfully achieved with the help pf Kerr-lens
effect. Additionally the ultrashort pulse operation based on a multi-gain
media oscillator has been also demonstrated to achieve further short pulse
duration by an artificially broadened gain bandwidth. From the oscillator,
pulses as short as 53 fs with above 1-W average power have been obtained.
The influence of the Kerr-lens effect inside the cavity and its dependence
on cavity state was numerically estimated. The necessary equations
ultrashort-pulsed laser operations were calculated based on competition of
gain saturation effect and the importance of Kerr-lens effect was explained.
The power scalability is also discussed based on above calculations for
future works. The usability of ceramic gain media in the femtosecond laser
operation was also proved in thisthesis.
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Introduction

| ntroduction

Since the first laser operation based on flash lamp pumped ruby crystal had
been reported in 1960 by Maiman [1], the laser technologies have been
developing day by day and lasers have became indispensable tools not only
in laboratory but also in our daily life. The word “LASER” coined from
“Light Amplification by Stimulated Emission of Radiation”. The principal
of stimulated emission was reported in 1916 by Einstein and the possibility
of optical maser was reported in 1958 by Schawlow and Townes [2]. The
stimulated emission provides a phase-coherent amplification, which
enables amplified light to possess the same phase, same propagation
direction, same polarization and same spectral property as signal light. As a
result of them, the laser light enables many applications due to its special
properties: wavelength order spatial resolution (~10® m), ultrashort time
resolution (107" s), ultrahigh intense electrical field (>10"> W/cm?), precise
frequency (10"* Hz/Hz'"?) and so on. The optical spectral analysis with
laser light source also gives us important information. Today huge kinds of
gain media in several kinds of material states such as single crystal, glass,
gas, metal vapor, dye solution, glass fiber, semiconductor and ceramic have
been developed and the nonlinear wavelength conversion systems have also
been developed. The laser wavelength range from soft-X ray to
sub-millimeter is available. In the research field, the laser-light sources are
used in biomedical, photochemistry, astrology, geology, nuclear fusion,
laser cooling, metrology and so on. In the industrial field, the laser sources
are used in lithography, material processing, laser detection and ranging
system, optical coherent tomography, microscopy and so on. Moreover, the
laser sources are used in our daily life, optical communication system,
optical data-storage system, scanner, laser-TV and so on. In case of the
ultrashort pulse laser, pulses as short as 5 fs have been obtained directly
from a Kerr-lens mode-locked Ti’":ALO; laser [3]. 5 fs pulses with
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multi-mJ energy level were also achieved by a parametric chirped-pulse
amplifier system [4]. Furthermore, ultrashort pulse generation with
sub-femtosecond pulse duration by high-harmonic generation [5] as well as
ultrahigh peak power pulses above 10> W peak intensity with low
repetition rate by chirped-pulse amplifier system [6] are also available. As
can be seen above, ultrashort pulse laser technology has been strongly
investigated and developed very well. Today, applications of ultrashort
pulse lasers in industrial field, particularly in material processing
(extremely high precision and negligible mechanical shock and thermal
damage, 3-dimensional processing for transparent materials, inducing a
nanostructure on material surface and so on) are well known and being
strongly investigated. However, their applications are still limited only in
laboratories, because of extremely expensive photon cost of ultrashort
pulse lasers. They are too expensive to use in industrial fields even though
they have great potentials. Such high photon cost is generally caused by
their requirements of expensive pump source, a large number of optical
components, cooling system and its low electrical-to-optical efficiency.
Furthermore, they are not only the problem in industrial filed but also in the
scientific field, because they also tend to cause the limitation of the power
scalability of ultrashort pulse lasers. The development of cost effective
highly efficient power scalable ultrashort pulse lasers is key to open the
doors of new high power femtosecond laser physics and many industrial
applications. Development of ultrashort pulse laser source satisfying above
demands is the purpose of this thesis.

There are many types of mode locked lasers: dye lasers, solid-state lasers,
fiber lasers, semiconductor lasers and so on. Dye solutions are one of the
desirable gain media for obtaining ultrashort pulses, because they have
large emission cross section and cover broad wavelength range. Ultrashort
pulses as short as 27 fs was obtained from dye solution [7]. Dye lasers
opened the door of sub 100-fs ultrafast sciences and were also the most
widely used tunable laser. They, however, have several difficulties for
handling. The dye solutions generally have toxicity and easy to decay. Due
to such decay the dye solutions have to be changed in a short period and a
critical realignment is also required by it. Additionally, for the sub 100-fs
short pulse operation, choice of the gain dye solutions and saturable
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absorber dye solutions are limited and therefore the available wavelengths
are also limited to be around 620 nm. Due to the above problem, easy
handling tunable ultrashort pulse laser source was desired.

The appearance of ultrashort pulse lasers based on Ti’:ALO; strongly
accelerated ultrafast physics such as high filed laser physics, ultrafast
time-resolved measurement, optical comb application and so on. Ti’:Al,O;
has extremely broad vibronic fluorescence bandwidth with a spectral
bandwidth of ~ 180 nm (Full width at half maximum (FWHM)) and 10 *°
cm” order emission cross section [8]. It has 4-level laser scheme and does
not suffer excited state absorption. The tuning range of cw laser operation
is between 670-1070 nm. In 1991 Spence reported 60-fs pulse generation
based on Kerr-lens mode-locked (KLM) Ti’":Al,O; laser (first Kerr-lens
mode locking) [9]. Today, as short as 5-fs pulse duration has been obtained
directly from a cavity [3]. Besides favorable spectral properties, Ti’":AL,Os
also possess several advantage such as a high thermal conductivity,
chemical inertness and strong mechanical toughness. Ti’:ALO; has a
broad absorption band with the center wavelength position at 490 nm. It
generally is pumped by an argon ion laser, cooper-vapor laser or Second
Harmonic Generation of Nd**-doped lasers [10,11]. Such laser pumping
leads to some advantage and disadvantage. The former is caused by high
beam quality of pump laser light, which is suitable for a stable laser
operation and soft aperture KLM operation [12]. The later is low
electrical-to-optical efficiency, expensive photon cost. Such pump laser
sources are very expensive and available pump power also tends to be
limited. The center wavelength of the pump laser is around 490 nm and the
center wavelength of Ti**:ALO; fluorescence is 780 nm so that the
quantum defect is about 30 %. Therefore, above 30 % of the total pump
power is converted to heat loads and therefore large cooling system is also
required for the Ti3+:A1203 laser itself. The large heat loads also restrict the
high average power laser operation. For a highly efficient high average
power laser operation, the direct laser diode (LD) pumped system is
desirable. Very recently direct LD pumped Ti’:AlL,O; laser based on a GaN
blue LD pumping has been reported[13]. However, their performance is
still limited. Although Ti*":AL,O; is still desirable gain media for tunable
and ultrashort pulsed laser operations, direct LD pumped highly efficient
ultrashort pulse lasers are desired particularly for industrial applications.
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Cr’*-ion doped lasers are very interesting candidate for an ultrashort pulse
generation. They have broad tuning range of 780-920 nm in Cr’":LiSrAlF
and 720-840 nm in Cr’":LiCaAlFs [14]. They can be pumped by an
AlGalnP red LD and pulses as short as 10 fs and 14 fs were obtained from
Cr’":LiCaAlF, [15] and Cr’":LiSrAlFg [16], respectively. Although they are
very interesting candidates for a LD pumped cost effective ultrashort pulse
laser in low average power region, high average power operation is very
difficult. Because, they suffer thermally induced quenching effect [17] and
the available pump power from AlGalnP red LD is also limited so far.

Recently, Yb'-doped crystalline materials have been particularly
recognized as great candidates for a highly efficient high power
femtosecond laser system. Their absorption bands occurring around the
wavelength of 940 nm and 980 nm enable direct pumping by a InGaAs LD.
Thanks to the dramatic improvement of LDs in the past decade, today
above 12-W average power high brightness single emitter broad-strip LD,
above 1-KW average power fiber coupled LD and bulk LD array are
commercially available. Their performances are still being improved
rapidly and cost is also reducing. Yb’* ions have broad emission band near
the wavelength of 1-um range that enable femtosecond laser operation. In

Table 0.1. Comparison of Yb3+-d0ped laser and Ti:Al,O; laser

Material Yb” -doped Ti**:ALO;
Pulse duration Sub 100 fs Sub 10 fs
Opt-to-opt efficiency at >80% possible (CW) <20%
gain material ~50% (sub ps)
Available wavelength 1010~1100 nm 620~1020 nm
Quantum defect <10% ~30%
Pump power for a 100 W 120 W (CW) =500 W
output power
Electro-opt efficiency >40 % possible (CW) <5%
Comalially available
pump power from one <1 kW <100 W
module pump source
Heat loads for a 100 W >12 W (CW) ~150 W
out put power
Cost High Very high
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addition, the unique energy-level scheme of Yb>" ion (*Fspe—Fyp
inter-manifold transition) leads to very small quantum defects and avoids
undesirable processes such as excited-state absorption, cross relaxation and
concentration quenching, and thus they suffer less heat loads (<10%) [18,
19] (See table 0.1). In case of the continuous wave (cw) laser operation,
optical-to-optical efficiency above 70% is available. Their relatively long
lifetimes (~ ms) are also suitable for femtosecond pulse amplifier
operations. On the other hand, their quasi-three-level (some times called
quasi-four-level) laser scheme leads to reabsorption loss [20]. The
reabsorption loss can be reduced by several ways such as high intensity
pumping, using low Yb*™-ion doped material, cooling a gain medium and
applying a thin-disk laser concept [21]. Comparison with Ti’":Al,O; the
gain bandwidth of Yb’" ions are narrow and therefore generation of sub
100-fs pulses has some difficulties and generation of sub 10-fs pulses is
impossible so far. Since the spectroscopic properties, thermal and
mechanical properties of Yb’'-doped materials strongly depend on their
host materials, seeking for the Yb’'-doped gain material having ideal
properties has been very important subject and femtosecond laser
operations based on various kinds of Yb’*-doped crystalline materials (e.g.
garnets, tungstates, fluorides, vanadates, borates, oxyorthosilicates and
sesquioxides)  have  been  reported in a  past decade
[22,23,24,25,26,27,28,29]. Yb3+-doped glasses both of balk and fiber were
also used for ultrashort pulse generation [30,31,32]. By a proper choice of
the host materials, they can stand up to be pumped by high-brightness and
high-power LDs and can be applied for high power laser operations.
Yb**-doped glass materials have amorphous structures, which lead
inhomogeneous broadened fluorescence spectra. Their gain bandwidths are
broad enough for generating sub-100 fs pulses and the first sub 100 fs pulse
operation based on Yb’"-ion doped solid-state material was done by glass
materials with semiconductor saturable absorber mirror [33, 34]. The glass
materials are also used for a high pulse energy laser amplifier system with
large beam aperture sizes, because of their size scalability. Their
amorphous structures, however, decline their thermal conductivities so that
they tend to suffer large heat loads and make serious limitation of average
power scalability. On the other hand, crystalline materials have higher
thermal conductivities than glass materials and therefore they are more
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suitable for high average power laser operations. Yb’":Y3Al,05 (Yb:YAG)
is the most popular gain material for high power solid-state laser operation
due to its high thermal conductivity and strong mechanical toughness. The
first femtosecond laser operation based on Yb:YAG was reported in 1995
[35]. The FWHM of its fluorescence spectral bandwidth at 1030 nm peak is
about 9 nm, which corresponds to transform-limited pulse duration of 124
fs with an assumption of sech’® pulse shape. The obtained pulse duration,
however, was limited to be 340 fs. The first sub 100 fs pulsed laser
operation based on Yb’"-ion doped crystalline material was obtained by a
KLM oscillator with Yb*" :KY(WO,), (Yb:KYW) tungstate material [24],
which has broader gain bandwidth and larger emission cross section than
those of Yb:YAG. Today sub 100-fs pulses can be obtained by several kinds
of Yb3+-d0ped crystalline materials [36,37,38,39,40,41,42,43]. In case of
the high power laser operation, however, they tend to suffer some problems
caused by their lower thermal conductivity and weaker mechanical
toughness than those of Yb:YAG, and/or their anisotropy structure [44].
The optical-to-optical efficiency and available output powers were also
limited to be less than 10 % and around 100 mW (see table 0.2 and Fig.
0.1). The reason of such low efficiencies and average powers are existence

Table 0.2. Performances of Yb*-doped femtosecond lasers
Pout At Pp_MaX

Pump

Material W)  (f) (W) Method source Year  Ref.
KY(WOs), 120 71 3.2 KLM two LD 2001 23
Sr;Y(BOs)3 80 69 3.6 SESAM two LD 2002 37

SrY4(Si04);0 156 70 4 SESAM LD 2004 38
YVO, 54 61 0.4 KLM FCLD 2005 39
KLu(WOs), 70 81 3 SESAM  Ti:ALOs 2005 40

LuVOq4 85 58 1.8 SESAM  Ti:ALOs; 2006 41

CaGdAlO4 520 68 15 SESAM FCLD 2007 25
YVO, 1000 80 3.5 KLM TLD 2007 26

LaSc3(BOs)4 73 58 1.8 SESAM  Ti:ALO; 2007 28
NaY(WO,), 91 53 1.36 SESAM  Ti:ALO; 2007 42
CaF, 380 99 4.5 SESAM FCLD 2009 43
Y3Al,205 151 100 4.7 KLM FCLD 2008 44

SESAM: Semiconductor saturable absorber mirror
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Fig. 0.1. Average power versus pulse duration.

of reabsorption losses and construction of high Q cavity (cavity with low
output coupling efficiencies). Although such high Q cavity is suitable for
generating ultrashort pulses, it tends to decrease their average powers and
efficiencies. Because, mode-locked lasers tend to have slightly large cavity
losses (caused by dispersion compensation elements and saturable
absorber), which make requirement of slightly large output coupling
efficiency for achieving highly efficient laser operations. Generation of
sub-100 fs pulses with high average power and high efficiency is one of the
purposes of this thesis. The keys for achieving the purpose are using low
reabsorption loss material, suitable output coupling efficiency, large self
phase modulation (SPM) and large modulation depth of saturable absorber.
In the thesis, generations of sub 100 fs pulses above 1W average power
with high optical-to-optical efficiency based on Kerr-lens mode locking is
described.

Consideration of power scalability for above 10~100 W with ultrashort
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pulse duration is also very important purpose of this thesis. For high power
laser operation thin-disk laser concept is desirable [45]. It enables high
intensity pumping, low Yb’"-ion doping level, efficient heat removing and
large beam aperture size. Today cw laser operation above 1-kW average
power, sub-ps SESAM mode-locked laser operations with nearly 100-W
average power and pulse energy beyond 20-uJ level based on thin-disk
Yb:YAG have been reported [46,47]. The average power of 22 W with the
pulse duration of 240 fs based on Yb:KYW [48] was also obtained.
Average power up to 400 W with sub-700 fs pulse duration has been also
achieved based on a Yb:YAG slab amplifier system [49]. TW peak power
amplifier system at low repetition rate based on Yb’":CaF, [50] and the
amplifier system with multi-mJ pulse energy with sub-200 fs pulse duration
at high repetition rate based on the cryogenic cooled Yb’":CaF, [51] have
also been reported. In this thesis, the possibility of ultrashort pulse
operation based on KLM thin-disk laser is shown.

For a further high power laser operations, polycrystalline ceramic materials
are very interesting, because ceramic materials have some interesting
advantages. First they have better size scalability than single crystals. The
available output power is proportional to laser beam area unless their
intensity reaches self-focusing limitation. Comparison with fiber based
ultrashort pulse laser, the scalability of laser beam apertures size is big
advantage of bulk based laser system [52]. Second the ceramic technology
is suitable for fabricating some unique materials such as sesquioxides
(Re;O3, Re = Sc, Y or Lu) having high melting points and
{YGd,}[Sc,](Al,Ga)O,, having partially disordered crystalline stricture.
They show good thermal and mechanical properties and broad gain
bandwidth. Third the ceramic materials have superior mechanical
toughness. In case of the YAG ceramic, it has five times higher fracture
toughness than that of YAG single crystal. In this thesis we used ceramic
materials in mode-locked laser operations with high intensity pumping and
experimentally proved that the ceramic materials can be used for
mode-locked laser operation without any problems caused by its
polycrystalline material structure.

In chapter 1 the fundamental of laser operation is written. Especially the
quasi-3 level cw laser operation is analyzed by a point and 2-dimensional
rate equations including gain and absorption saturation effects. Brief
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introduction of short pulse laser operation and a limitation factor of high
power laser operation are also written. In chapter 2 the fundamental of
ultrashort pulse laser operation is written. Especially deference of slow and
fast saturable absorber mode locking, SESAM mode locking, hard and soft
aperture KLM are written. In chapter 3 general properties of Yb’"-doped
materials are shown. The measured spectroscopic properties of Yb*-doped
materials used in this thesis are also shown. The problem of our previous
Yb*"-doped femtosecond laser experiment and the idea of multi-gain media
oscillator are also written. In chapter 4 the calculation of the cavity based
on ABCD matrix is described. Especially influence of the Kerr-lens effect
on the cavity and the dependence of induced Kerr-lens effect on cavity state
are shown. In chapter 5, KLM laser experiments with various gain
materials are described. In chapter 6, gain bandwidth limitation of short
pulse duration is estimated based on 3-dimensional rate equations.
Influences of a linear cavity loss and Yb’™-ion doping level on the
limitation of pulse duration are also shown. In chapter 7 summary and
outlook of this thesis are written.
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Chapter 1. Fundamental of laser operations

Chapter 1. Fundamental of laser operations

Lasers are based on amplification by stimulated emission. The
amplification effect can be achieved by a population inversion inside a gain
material. To achieve laser operation, we make a cavity, which worked as
optical resonator and spatial mode (spatial frequencies, wave vectors)
selector. It generally consists of several elements: gain material, pump
source and mirrors for a continuous wave (CW) laser operation. An
additional loss or gain modulator is used for a mode-locked laser operation.
At the threshold pump power, the cavity’s total gain per one round-trip
including loss becomes 1 and the laser operation starts with the most
suitable mode for the cavity condition. The most suitable means that the
mode has lowest threshold. Above the threshold pump power, the laser
modes, which can most strongly consume the population inversion of the
gain material and can suppress other modes, become stable. If we would
like to obtain some special laser operations such as tunable laser operation,
ultrashort pulse laser operation and single longitudinal mode operation, we
should make each operation mode most stable for the cavity.

The fundamental of the Yb’"-doped laser operation, which is important to
understand this thesis, is briefly written in this chapter. Especially, rate
equations including saturation effect (gain and absorption) are very
important to understand and design an Yb’"-doped laser system.

The contents can be applied to other active ion doped laser system with
slight modification.
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Chapter 1. Fundamental of laser operations

1.1 Efficiency of Yb*'-doped laser operation

The laser extraction efficiency 7, against the absorbed pump power inside
the cavity can be described below [1]

A

_r.

.= A

U/ 1.1,

where 4, and /; are pumping and lasing wavelength, respectively. 4,/4; is a
ratio of lasing photon energy and pumping photon energy. The value 1-4,/;
is called quantum defect. 7, is pumping quantum efficiency, which means a
ratio of pumped ion number and absorbed photon number. 7, is stimulated
emission quantum efficiency, which means a ratio of stimulately emitted
photon number and pumped ion number. In this thesis we call the product
of 7, and 7, quantum efficiency. With above parameters heat conversion
efficiency 7, which means the portion of heat generation during the laser
operation, can be written below

A A
my=1-n,| L, +-L-(1-n,)n
P A, /1f / 1.2,

where /A, 1s an averaged wavelength of spontaneous emission and 7y is
spontaneous emission quantum efficiency, which means a ratio of
spontaneously emitted photon number per residual pumped ion number.
Generally, the value 7, =4/, gives a theoretical limitation value of
extraction efficiency (in case of the #,=#,=1) except for the special case of
1, >1, which can be seen in Tm-Ho lasers [2]. The real laser efficiency #;
can be obtained by multiplying an output coupling efficiency 7 and internal
loss L of the cavity. In addition the quantum efficiencies 7, and 7 are
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function of the total loss 7+L so that the 7, can be written as

A T
— "7, T,L . T,L -— 1. 3.
n, 7 n(I,L)y-n(T,L) P

!

The keys to achieve highly efficient laser operation are small quantum
defect, high quantum efficiency, low internal loss and high (suitable) output
coupling efficiency. The last three parameters have a reciprocal relationship
and we have to optimize them. The relationship can be more deeply
described by rate equations.

1.2 Rate equations

Yb*" ions are main active ions used in this thesis and therefore we solve
here rate equations for quasi-three-level laser scheme of Yb*" ions.

The important physical parameters intrinsically depending on the gain
materials for describing a laser operation are absorption and emission cross
sections G,(A), ©.(A) and upper state lifetime t. In case of the
quasi-three-level laser scheme of Yb’" ions (Fig.1.1), we can effectively
consider it as 2 level laser scheme by assuming very fast nonradiative
relaxations from states 4 to 3 and 2 to 1 (in case of the Yb" ion generally it

4 L.
N, 5 A ———  , nonradiative

relaxzation
pumping lasing
> V nonradiative
N, relaxzation
1

Fig. 1. 1. Schematic picture of four-level laser scheme.
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has ~ ps order nonradiative decay time) and using emission and absorption
cross section values taking account for thermally distributed population in
their inter manifolds. The point rate equations can be written below [3,4,5]

N=N +N, 1.4,
ﬂ =10,(4)N, -1 0o,(4)N,
dt
N 1.5,
—lo,(4L)N, +10,(4)N, ——
T
dl
dt :Izo-e(ﬂ‘e)Nu_]laa(ﬂ‘e)Nz_(T_i_L)Iz 16’
dl
~=10(1)N, —10o,(L)N, 1.7,
Z
dl
= N 1o (AN +Io (N 1.8,
dz T

where N is total Yb*-ion number, N, and N, are upper state and lower state
Yb*" ion number. I, and I; are pumping and lasing intra-cavity photon
number. 7 and L are output coupling efficiency and internal loss coefficient
of the cavity. 4, and /. are the lasing and pumping wavelengths. In case of
the stationary state, the equations 1.5 and 1.6 become = 0, and then
threshold upper state ion number N,” (eq. 1.9 from eqs. 1.4 and 1.5) and
laser extraction efficiency 7, (eq. 1.10 from eqs. 1.4 and 1.5) can be written
below

N c,(4) N+T+L

" e (A)+o,(A) 1.9,
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_ILhv,
I I hv
Y ) 1.10,
2 G (AN 0, (AN +o, ()N + -/
=7 o (A)N-c (A)N"~c (1)N"

the right side of the eq. 1.10 is the product of 4,/4; and quantum efficiency.
The egs. 1.9 and 1.10 show the dependence of the extraction efficiency 7,
on 7T'and L.

From the egs. 1.7 and 1.8, we can obtain the equation 1.11 below

dl

—NI{ (1)~ I“(“} L,

ps

where [, 1s saturation pump fluence and can be written below

Villo()+o (W)

1.12,
o (1) +0.())

1,(1)=

and then small signal absorption a, is written below

I, j{ - 10(/1)} L 13,
+]px ps

the saturation effect of the pumping laser absorption strongly depends on
the lasing intra cavity photon number /.. The eqgs. 1.11-1.13 are very
important to estimate correct absorbed pump power and pumped ion
density profile inside the gain material.

From eqs. 1.4 and 1.5, the threshold upper state ion number N,” and lower
state ion number N, ” can also be considered as a function of I, and I,
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m 16, (A)N+10,(4)N
N'(I,1)= L L
(o, () +o.()+ YV +1(0.(4)+0.(1))
1. 14,
[oc(A)N+Io(A)N+ 1V N
N'(I,,1)= OGN 1o oV ),
1(0,(2)+0.(4)+V +1(0.(A)+0.(1))
1. 15,

The laser operation mode, which has the lowest N, become most stable.
From egs. 1.14 and 1.15, the gain g and small signal gain g, are described
as a function of /, and /,

o.(A),0,(4)N+10,(4)N)

10 1o, (4)+0.(A))+ V +1(0.(2)+0.(1))
6. Lo (AN + 1o (A)N + v N)
1(0,(4)+0.(4)+ V +1(0.(2)+0.,(1))
1. 16,
&(1,0)= ]G’(j)(fl)"a(jﬂ)ﬁ i
6,6, (2,)N + v N) 1.17,

1,0,(4,)+1,0,(4,)+ V.

from the eqs. 1.11 and 1.12 the saturation fluence [, where the gain g
become half can be described as
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Llo.)+o. )]+ V.
o,(4)+0,(4,) 1.18,

1
=1 (1)[1+ 7 (0)]

ps

I.(1)=

by assuming the g,(4.,) =0, the eq. 1.17 become well known equation

1
[(A)=—
J(4) > e 1. 19,

from eqgs. 1.6 and 1.7 critical pump power /.. (A), which is required to

achieve a gain coefficient of zero at the gain medium can be defined below

1

_1 !
" e TR ) -eu -
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1.3 Multi-mode laser operation

Inside a laser cavity, there are many longitudinal modes depending on an
optical length / of the cavity (v=m x ¢/21, Fig.1.2). Each longitudinal mode
has possibility of lasing and they strongly compete each other. In the case
of homogeneous broadened gain material pumped by continuous wave
pump source, ideally, the laser operation occur with one longitudinal mode
where threshold population inversion N,” has the lowest value (see section
1.2). However, in general cases, lasing occurs with multi-longitudinal
modes with random phase relationship that is caused by spatial-hole
burning effect [6]. The spatial-hole burning effect is simply expressed by
Fig. 1.3 (a). Except for a ring cavity, counter-propagating waves inside the
cavity make a standing wave interference pattern, which makes spatially
depending saturated gain profile inside the gain material. The gain
saturation becomes weak at node points and strong at antinode points of
interference pattern. Such spatially distributed saturated gain profile allows
other longitudinal mode, which has different spatial frequency (period of
standing wave) to lase. In addition, the spatially distributed saturated gain
profile appears not only along z-axis but also across z-axis (Figl.3 (b)).
Distributed saturated gain profile across z-axis lead to multi-transverse
mode operation. The available transverse mode depends on a mode
matching between a distributed intensity profile of lasing and pumping

gain (a.u.)

frequency

Fig. 1. 2. Transverse modes of the cavity and gaussian gain profile is
shown. Each transverse mode has finite bandwidth. Ideally the laser
operation occurs at one transverse mode having a lowest thresh hold
(highest gain, red line).
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Gain medium

(@)

(b)

2 4 6 L
Position acrossthe z-axis
Fig. 1. 3. Spatial-hole-burning. (a) Standing waves inside the cavity along the
z-axis are shown. Red curve and blue curve have 10 % different frequencies.
(b) Intensity distribution across the z-axis. Red curve shows TEMy, and blue
curve shows TEM,; mode.

transverse modes. To take account for them, the point rate eqs 1.6 and 1.7
are modified to 2-dimentional rate eqgs. below

1
?:l - I[cSl(x,y,Z)O'g(/t)Nu(x,y,z) -

1. 21,
LI
CSI (xa y: Z)O-a (ﬂ'e)Nl (x’ y’ Z)]dV— Czl woral
awu(;c;yﬂz)chp(x,y,z)(aa(ﬂp)M _Ge(ﬂp)]\,l)_]\/;(x,y,z) .

=5, 2)cx[[N, (x,y,2)0, (4) = N,(x,y,2)0, (4)]dV

where 1, 1s total laser photon number inside the cavity, ¢ is velocity of
light, Si(x,y,z) and S,(x,y,z) are distribution functions of the lasing and
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pumping photon densities inside the cavity, N)(x,y,z) and N,(x,y,z) are
distribution function of the lower and upper state Yb*" ion density, /cqig 18
cavity length, L is round-trip cavity loss coefficient and R,(x,y,z) is pumping
rate distribution function.

1.4 M ode-locked pulses

Ultrashort pulses consist of phase-locked multi-longitudinal modes laser
beam (Fig.1.4). By an interference effect, they construct ultrashort pulse in
the time domain. In the time domain, their electric field can be written
below

E@)=¢e(@)explig(t) —imt]+c.c. 1. 23,

where &(t) is envelop function (Fig.1.5), @(?) is time depending phase shift

@) 1/Av,,
a
2
k%)
c
L
=
time
® A
:'é Av
S
S
@
(@)
frequency

Fig. 1. 4. Ultrashort pulses in time domain (a) and frequency domain (b)
are shown. In case of the 100 fs pulses with a one-meter length cavity,
there are above 100,00 transverse modes in the spectrum.
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Fig. 1. 5. (a) Transform-limited pulse. (b) Up chirped pulse.

that express chirping of the pulses. When the @(z) becomes 0, the pulse is
called transform-limited pulse and has shortest pulse duration. When @(%)
increases (decreases) with time, the pulse is called up (down) chirped pulse
and its pulse duration becomes longer than that of transform-limited pulse.
wy 1s career frequency and c.c. is complex conjugate. The energy of each
pulse is proportional to the number of longitudinal modes. In a frequency
domain their electric field can be written as

E@) = \/%Ig(a)) explig(w)—iwt]ldow+c.c. 1.24,

In case of the transform-limited pulses (@(2)=0), &(w) become 0 (or having
linear relationship) in each longitudinal mode. In case of up (down) chirped
pulse, @(w) increase (decrease) with w. Such chirping is mainly caused by
material dispersion (dependence of refractive index on frequency, n(v)) and
SPM effect (via the dependence of refractive index on a pulse temporal
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intensity profile, dl/dtx n;). The repetition rate of the pulse train v,, in the
time domain corresponds to the period of transverse modes in the
frequency domain. The available pulse duration A¢ and its frequency
bandwidth Av have the relationship written below

AtxAv > K 1.25,

the K is pulse shape constant [7] (table. 1.1). The relationship of the
frequency bandwidth and pulse duration can be considered similar to a
relationship of far field beam pattern (wave vector profile) and near field
beam pattern size of the laser light. It can also be considered as a
relationship of Uncertainty principle.

Table 1. 1. Relation ships between pulse shape and K constant. [7]

Field Intensity Auto correlation Power Constant
envelope profile (FWHM) spectrum K

Gauss  Exp[-2(t/z,) ] 1.187, Exp[-(w7,)’/2]  0.441

Sech Sech’(¢/z,) 1.767, Sech’(zwt, /2) 0315
Lorentz  [1+(t/r)]” 1.297, Exp[-2|w|z] 0.142

1.5 Dispersion compensation

To obtain transform-limited pulses (short pulse duration) dispersion
compensation becomes very important. The frequency depending phase
shift can be expressed in a Taylor express

% () +
ow 2 ow'’

Pp(w) = g(w,) +

L0 (e, 109
60

1.26
the third term of right side of the eq. 1.26 is caused by group velocity
dispersion and the forth term is caused by third order dispersion. Such
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0

A A

Fig. 1.6. Frequency depending optical pass (spatially dispersion) of prism

pair (a) and grating pair (b) are shown.
dispersion can be compensated for by a prism pair, grating pair and/or
chirped mirror (GTI mirror) [8,9,10]. In case of the prism pair or grating
pair, the optical pass has spatially dispersion (frequency depending optical
pass length), which can make dispersion compensation (Fig. 1.6). In case of
the chirped mirror, it has chirped coating structure where longer
wavelength light is reflected its top (bottom) surface and shorter
wavelength light is reflected bottom (top) surface. In case of the GTI mirror,
it has frequency depending complex reflectance, where the imaginary part
can make dispersion compensation. In this thesis, we considered second
order dispersion and ignored much higher order dispersion, which
generally should be considered in case of sub-40 fs pulse generation. In the
experiments of this thesis, we used SF 10 prism pair as a dispersion
compensation element. The second order dispersion of the prism pair can
be written below

d¢g A d'P
dw® 2rx’c’ dA

dP:4 dn+(2n—n'3)(dnj Zsin@—S(drlj [cos® 1. 28
dA dA

1.27

dr aA

The GVD of SF 10 prism pair used in this thesis is estimated to
-33.5% lcosO(cm) +140x Isin® (mm) [fs*] 1.29

where [ is distance between prisms.
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1.6 High power laser operation

In this section, we briefly consider limitation factors of high power
operation in three operation types: CW oscillator, pulsed oscillator, and
pulse amplifier. There are several limitation factors for each operation
mode (see table 1.2). Among them, the heat loads are common problem in
all operation modes. During the laser operation, nonradiative decay process
of pumped active ions generates heat load inside the gain material, which
makes temperature distribution. Due to the thermo-optical effect, such
temperature distribution makes a thermal lens inside the gain material and
changes cavity state. Furthermore it also makes uncompensatable wave
front distortion, which strongly degraded the laser beam quality. The
thermal distribution also makes internal stress inside the gain medium via
thermal expansion effect. When the internal stress become larger than the
stress fracture toughness of the gain medium, the gain medium will be
broken. Thermal fracture toughness of materials can be evaluated by
thermal shock parameter R, written below [11]

1-—
Rt = % O-stress(MAX) I. 30,

where k is thermal conductivity, v is Poisson’s ration, a is thermal

Table 1. 2. Limitation factors for high power laser operation

CW oscillator Pulse Oscillator Pulse amplifier
Available pump power Available pump power Available pump power
Thermal fracture limit Thermal fracture limit Thermal fracture limit

Thermal lens Thermal lens Thermal lens
Damage at the coating Damage at the coating Damage at the coating
Nonlinear phase shift Nonlinear phase shift

Damage at material surface

Parasitic oscillation & ASE

Available storage energy
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expansion coefficient, £ is Young module and o, 1s stress fracture limit.
R, indicates the limitation of Heat generation per material length. The
available laser power P, can be written below [12]

P Slzi(é) 1.31,

where y is the heating parameter defined as heat deposited per unit stored
energy. A and ¢ are surface area and material thickness. In this thesis we
used the gain material having high thermal conductivity and high thermal
shock parameter for further power scalability. The coating damage at the
material surface also becomes problem (especially in case of the pulse
oscillator and amplifier). The damage threshold of the coating strongly
depends on a wavelength, coating material, coating type, surface roughness,
temperature and pulse duration. The shorter wavelength and the shorter
pulse duration tend to cause lower damage threshold. Generally the coating
damage is more critical than the damage at the bulk material surface [13].
The damage threshold at 1 um wavelength and ~300 fs pulse duration is
roughly about 1 J/em® (HfO,/SiO, multi-layer). In case of the thin-disk
laser, coating damage at material top surface becomes problem. It is
probably caused by its high temperature at top surface, which is caused by
its buck surface cooling constructor. The bonding of nondoped material its
top surface might be useful to decrease temperature at top surface. In case
of the pulsed laser operation, the total amount of nonlinear phase shift
becomes important. It is evaluated by B-integral parameter written below

27
B :7 n,(z)1,(z)dz 1.32

where n,(z) is nonlinear refractive index. The critical value of B integral
depends on cavity configuration, in a roughly evaluation B integral values
should be smaller than 2zt. Using a material with a low nonlinear refractive
index and/or thin material can reduce the B integral value.

For relax above limitations, the thin-disk laser concept is desirable [14].
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Ideally thin-disk has one-dimensional heat flow at the same direction of the
laser beam axis and suffers less heat loads. It also has power scalability
based on its scalable laser mode size. The Parasitic oscillation and
amplified spontaneous emission (ASE) also become problem in high power
amplifier system at low repetition rate and high power laser system based
on large aperture size or long gain medium such as thin-disk, slab, and fiber.
To suppress them, undesirable parasitic cavity should be eliminated and
maximum temporal gain at interval of the pulses also should be limited.
The ASE may make a limitation in the power scalability of thin-disk laser
based on its scalable laser mode size.

The available storage energy is inversely proportional to the upper state
lifetime. The Yb’" ion have about 2~3 order longer lifetime than that of
Ti*":ALO; and therefore it is also very suitable for high energy amplifier
system.
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Chapter 2. Ultrashort pulse laser operation

Short pulse duration with the order of sub-nanosecond can be obtained by a
O-switch laser, active or passive mode locked lasers. Particularly sub-ps
pulse duration can be obtained by mode locking. Due to a broad spectral
bandwidth (non-monochromatic spectrum) of mode-locked pulses, a
mode-locked operation normally has higher threshold than a CW operation
so that an additional loss/gain or phase modulation is required to achieve
stable mode-locked laser operation.

2.1 Active mode locking

In case of the active mode locking, time depending gain/loss or phase
modulation is applied to the cavity by an Electro-Optical Modulator (EOM)
or Acoustic-Optical Modulator (AOM) with a period corresponding to the
cavity round trip time of ¢/2L (Fig.2.1). The modulation generates vy+c/2L
sideband in the frequency domain and they lock each other. In case of the
AOM or EOM mode locking, the available pulse duration depends on the
response time and timing jitter of the electrical components.

mirror v=c/2L mirror
gain
medium I
L modulator I
- -

Fig. 2. 1. Schematic picture of active pulsed mode-locked laser cavity.
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2.2 Passive mode locking

In the passive mode locking, an intensity depending loss and/or gain
modulation element is inserted in the cavity. Saturable absorbers are the
most popular elements to achieve a passive mode locking. They can be
classified to “slow saturable absorber” and “first saturable absorber” by
their response times and target pulse duration. The former has slower
response (recovery) time of saturable absorption effect than the pulse
duration and the latter has comparable response time to the pulse duration
[1,2,3]. Ultrashort pulse laser operation based on a combination of slow
saturable absorber and dye gain solution was intensively investigated in
1970s. The dye gain media have very broad gain bandwidths and large
stimulated emission cross sections, which lead to a dynamic gain saturation.
In 1972, sup-ps pulse duration was obtained from a mode-locked CW dye
laser [4]. In 1981, sub-100 fs pulse duration was obtained from a colliding
pulse mode locked dye laser [5]. These results were sustained by a very
short time positive total gain window that was caused by a combination of
slow saturable absorber and dynamic gain saturation effect in one pulse
(fig.2.3 (a)). They had opened new door of sub 100 fs ultrafast sciences.
The dye gain media, however, have several difficulties for handling. They
generally have toxicity and easy to decay so that they have to be renewed
in a short time period. Additionally the critical alignment also changes with
the decay. Therefore, easy handling ultrashort pulse lasers based on
chemically inert solid-state materials were desired. The combination of

mirror gain mirror
medium I
modulation dispersion I

compensation
element element

Fig. 2. 2. Schematic picture of solitonlike mode-locked laser cavity.
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Fig. 2. 3. Temporal dependence of gain, loss and pulse shape in short pule
operation are shown. (a) Slow saturable absorber with dynamic gain saturation,
which can be seen in dye lasers. (b) Slow saturable absorber without dynamic
gain saturation (c) soliton mode locking with slow saturable absorber and time
independent gain (d) first saturable absorber with time independent gain.
Referred from [1] and the author added one picture.

dynamic gain saturation and saturable absorption effect, however, is
difficult to be used with solid-state gain materials. Because, generally
solid-state gain media have 100~1000 times smaller stimulated emission
cross sections than those of dye gain media so that the dynamic gain
saturation effect in one pulse is very small and therefore short time positive
total gain window can not be made in them (fig.2.3 (b)). In case of the
solid-state lasers, sub-ps pulses can be obtained by a Soliton (sometimes
solitonlike) mode locking [6]. In the soliton mode locking, the cavity
includes dispersion compensation elements such as prism pair, grating pair
and/or chirped mirror (GTI mirror) [7,8,9]. These elements compensate and
balance with dispersion caused by material dispersion and SPM effect
inside the cavity. The pulse duration can be estimated (defined) by the
solution of nonlinear Schrédinger equation (Master equation introduced
by Haus. Equation 2.1 [10,11]) and can be much shorter than response
(relaxation) time of saturable absorber [12]. The solitonlike mode locking
became very popular for solid-sate mode-locked lasers and all of
experiments done in this thesis are based on solitonlike mode locking. The
pulse duration can be expressed by the equations below [13]

33



Chapter 2. Ultrashort pulse laser operation

. . 1 d? o d’ . 2
—Jjy—-(L+jy)+g 1+Q—§?J+JD?+(7—15)M a=0 ,

17644, |5,

Tsoliton — - E :soliton solution in the fiber lasers. 2.2,
2 P
17644, |D,|

Tsoliton — ml E :solitonlike solution in solid-state lasers. 2. 3,
2 P

where j is phase shift per pass, jx is linear reactive contribution of the
media, g is gain, (2 is gain bandwidth, y shows saturable absorption effect,
o'1s phase shift caused by SPM, 4 is center wavelength, 4, 1s effective laser
mode-field area in side the nonlinear medium, £, is group velocity
dispersion (GVD) parameter, D, is total GVD of the cavity, / is length of
nonlinear medium and E, is pulse energy. In roughly speaking, in the
soliton (solitonlike) mode locking, parasitic components not satisfying the
soliton solution suffer non-zero dispersion and diverge over time domain
(diverge to outside the positive gain time window). Therefore they suffer
negative total loss. In the soliton mode locking, the pulse (spectral) shape
obeys the equation and become sech” shape by nonlinear shaping effect
even though the shape of temporal gain window is not sech®. Completely
flat gain spectral is not always needed. In the experiments of this thesis,
very large gain modulations were induced by Kerr-lens effect. Combination
with such nonlinear shaping effect, it enabled generation of ultrashort
pulses having broader spectral bandwidth than its material gain bandwidth
limitation as in the case of previous Kerr-lens mode locked Ti**:ALO; laser
[14].
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2.3 SESAM mode locking

In case of the solid-state mode-locked lasers, a solid-state saturable
absorber also replaced a dye solution saturable absorber. Today the most
popular solid-state saturable absorber is semiconductor saturable absorber
mirror (SESAM). They have Anti resonant Fabry-Perot (AFP) structure
consisting of semiconductor saturable absorber sandwiched by top and
bottom Bragg reflectors (Fig.2.4) [ 15 ]. Comparison with balk
semiconductor saturable absorber, the AFP structure enables artificial
control of saturation fluence and modulation depth with lower insertion
loss. The semiconductor saturable absorber used in SESAM itself is growth
in low temperature to achieve short recovery time of saturable absorption
effect. SESAM has been strongly developed in the past decade and
accelerated the development of femtosecond solids-state lasers very well.
The saturable absorption effect depends on only its pulse energy and does
not depend on its pulse duration unless the pulse duration becomes longer
than SESAM’s recovery time (Fig.2.5). Today the wavelength range from
740 nm to 2000 nm, saturable absorption depth (4R) of 0.3 - 50 %,
recovery time of 10 ps - 500 fs and saturation fluence (F,,) of 10-120
wl/cm® are commercially available (BATOP GmbH). One of the problems
of the SESAM mode locking is tendency of transition to a multi-pulsed
laser operation [16]. Because, SESAM’s saturation effect depends only on

Top reflector Bottom reflector
(SIO,[TiO,) (HR, AlAs/GaAs)
saturable
absorber

Fig. 2. 4. Schematic picture of Anti resonant Semiconductor saturable
absorber mirror is shown. The material composition is change for target
specifications.
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Fig. 2. 5. Fluence depending reflectance of SESAM. Red curve shows
reflectance of SESAM. AR1 shows modulation depth between single pulse
and cw operations. AR2 shows modulation depth between double pulse
and cw operations. AR3 shows modulation depth between single and
double pulse operations. Laser fluence of 200 pJ/cm” for single pulse and
100 wJ/cm? for double pulse operations were assumed.

a laser fluence and at the fully saturation pulse energy level, a double
pulsed operation mode (half laser fluence) can strongly saturate the
SESAM and becomes stable. To suppress such multi-pulsed laser operation,
the laser fluence onto the SESAM is limited to be below its saturation
fluence. A large saturable absorption depth 4R is also can suppress such
multi-pulsed operation. The available saturable absorption depth 4R of the
SESAM, however, is also limited to suppress O-switch instability (Fig.2.6)
[17]. The critical pulse energy E, to suppress the O-switch mode locking is

written as
* €))

intensity

intensity

time

Fig. 2. 6. Schematic pictures of CW mode locked pulse train (a) and Q
switch mode locked pulse train (b) are shown.
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E ’\/ sat,l ejf g sat a’ Aejf',A ) AR 2. 4:

where Fy,; 1s saturation fluence of gain medium. A, and 4.4 are
effective laser mode area inside the gain medium and effective laser mode
area onto the SESAM, respectively. In the case of O-switch mode locking,
the pulse energy is not constant and therefore stable soliton mode locking is
difficult. On the other hand, their maximum pulse energy become very
large, which tends to make a significant damage on the SESAM. The
available saturable absorption depth 4R of the SESAM is also limited by
increasing nonsaturable loss. From above points, the available modulation
depth of SESAM is limited so far. For further large modulation depth
(further short pulse operation) Kerr-lens mode locking becomes powerful
tool.
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2.4 Kerr-lensmode locking

In case of the fast saturable absorber mode locking, Kerr-lens mode locking
(KLM) became the most popular method. In 1991, Spence reported the first
KLM [18,19]. At first, the mechanism of KLM was not clear and was
called “magic mode locking”. The mechanism was understood that it is
caused by self-focusing effect via Kerr nonlinearlity (Kerr-lens) [12]. The
KILM is classified to fast saturable absorber, but there is no real saturable
absorber. It is sustained by an intensity depending self-focusing effect
caused by Kerr nonlinearity with a femtosecond scale response time. Due
to the effect, the KLM laser cavity shows intensity dependent gain or loss
modulation effect as in a saturable absorber mode locking and therefore it
called fast saturable absorber. There is two type KLM: one is called “Hard
aperture KLM” and another is called “soft aperture KLM” (Fig.2.7). In
case of the hard aperture KLM (Fig.2.7 (a)), an aperture element such as
pinhole or slit is inserted in the cavity. We consider here in case of the
pinhole. When a pinhole is inserted in the cavity, its transmittance can be
written as

A
saturable loss

(a) _“_“\Kerr medium _EV_\///,/

=
~~~~~
~~~~~~~

o mmmmmmnme= \|\ intensity,
Aperture 0

0 time

=y

A

) pump  gain medium W effective gai

o —

Pulse

intensity
0 - Ll

Fig. 2. 7. Schematic pictures of KLM are shown. (a) Hard aperture KLM and
(b) soft aperture KLM.
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274,

(S (r,0,z)drdo

pinhole T 270

(18 (r.0,z,)drdo

2.5,

where z 1s the position where the pinhole is inserted in, g, is a hole radius
of the pinhole, S;(#,0,z,) is distribution function of the lasing photon density
(see chapter 1), which depends on the laser peak intensity via self-focusing
effect. Therefore the transmittance also depends on the laser peak intensity
via self-focusing effect. In addition the pinhole also change beam
divergence and it make additional diffraction loss. In case if the below
equation is satisfied, positive loss modulation effect can be obtained.

dT

pinhole > 0

d]l 2.6,

where /; is laser peak intensity. Without the proper cavity configuration the
modulation become negative and KLM operation never obtained. The
magnitude of the hard aperture Kerr-lens effect strongly depends on the
cavity configuration and it also need severe alignment. The hard aperture
KLM is sustained by a nonlinear intensity depending internal loss
modulation.

In case of the soft aperture KLM (Fig.2.7 (b)), although there is no
additional aperture inside the cavity, the pumping light mode profile make
virtual aperture (soft aperture) inside the gain medium. Let us consider
two-dimensional model (» and @ perpendicular to the optical axis z) here for
a simplification. We also assume a singe transverse mode operation (in case
of the mode-locked operation, the laser generally becomes single transverse
mode. A multi-transverse mode leads to slightly different longitudinal mode
period in each mode, which obstructs mode-locked operation). The total
magnitude of the stimulated emission inside the gain medium #, can be
written below
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Fig.2.8 Scamatic picture of laser mode profiles in soft aperture KLM. (a)
Side views of laser mode profiles in each mode are shown. (b) Side view
(left side) and top view (right side) of overlapped laser modes profiles are
shown.

2r po
N = [ eSrz0N, (r,2))0, (4, )drd0 27

The laser-mode cross sections at the gain medium in soft aperture KLM are
shown in Fig. 2.8. In the case of soft aperture KLM, mode matching
between the pump mode and mode-locked laser mode become better than
that of cw laser mode, which effectively increases gain. The better mode
matching also decreases diffraction loss. The pump mode having narrower
spatial profile than its cavity mode can be considered as the gain medium
having narrower gain bandwidth than amplified pulse’s spectral bandwidth.
For further simplification, we assume top-hut laser and pump mode profiles.
We also use intra cavity pump power P, and laser power P;(w;, w,) where
w; and w, 1s laser mode radius and pumping mode radius, respectively. In
case of the soft aperture KLM, the wy is setted to be larger than the w,. For
roughly estimation S(7 z,) can be written as

R(Wl’wp) _ nePp

S(r,z,) = - -
CW, CW;

w >w 2.8,

i P

where 7, is local point extraction efficiency. Then the total photon number
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contributing to the stimulated emission inside the gain medium N,; can be
written as

N =["["S(r,0,z,)drd0
w ’ 2.9,
=nP|—* wZw

/ P

i

the equation 2.9 shows that the larger laser mode radius w; leads to the
smaller N, With the combination of temporal intensity depending laser
mode profile (radius) inside the gain material, the soft aperture makes
intensity dependent effective gain modulation effect. In case if below
equation is satisfied, positive modulation effect can be obtained.

D0 (w>w) 2. 10,
d P

1

In case if w; < w, it decrease laser efficiency and multi-mode operation
(multi transverse mode, multi-single-transverse-mode consisting of single
transverse cw and mode-locked operation) tends to occur. The key to obtain
soft aperture KLLM is achieving a laser mode radius larger than the pump
laser mode radius in cw operation and equivalent laser mode radius to the
pump laser mode radius in mode-locked operation. The pumping laser
beam quality is strongly important for soft aperture mode locking. Without
the proper cavity configuration the Soft aperture Kerr-lens modulation
effect can become negative and it restrict mode locked operation. The soft
aperture Kerr-lens effect also appears in case of the hard aperture KLM and
has a large influence on the mode-locked operation. One of the big
difference between SESAM mode-locking and KLM is that the saturable
absorption effect of SESAM depends on pulse energy, but both of hard and
soft aperture KLM depends on laser intensity, which depends on not only
pulse energy but also pulse duration. We suppose the differences are
important to suppress multi-pulsed operation and Q-switch mode-locked
instability. Additionally hard and soft aperture mode locking has difference.
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The former is based on induced loss modulation and therefore front and tail
of the pulses where intensity is low suffers hard aperture loss (of course it
shorten the pulse.). On the other hand, the latter is based on effective gain
modulation where center of the pulses feel higher gain and pulses do not
suffer additional loss.

In the experiments of this thesis a SESAM was used as a mode-lock starter
and soft aperture KLM effect was used for achieving large modulation
depth.

As a first saturable absorber mode-locking, synchronous pumping was also
reported. The gain modulation is applied by mode-locked pump source
with a period corresponding to round trip time of pumped cavity. By this
method sub-ps pulse duration have been obtained from dye laser [20,21].
The method, however, is needs severe alignment and mode-locked pump
source so that the system is complicated and the available output power is
also limited. We did not use synchronous pumping in this thesis.
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Chapter 3. Properties of Yb’'-doped gain
materials

Yb**-doped materials have interesting properties, which has some
advantage over Nd’"-ion doped materials for high power laser operations.
The properties of Yb’*-doped materials strongly depend on their host
materials. In this chapter, first we introduce general properties of
Yb*'-doped material by comparing with Nd**-ion doped material. Second,
comparisons of the properties with different host materials are shown.
Third the measured spectroscopic properties of Yb’*-doped materials used
in this thesis are shown. Fourth we show the problem of Yb’'-doped
femtosecond laser with our previous works. Fifth we introduce a multi-gain
media oscillator.

3.1 Properties of Yb’" ions

Laser operations based on Yb**:CaF, and Yb*":Y;AL:0,, (Yb:YAG) have
been reported in 1967 [1] and 1974 [2], respectively. Yb’™-ion doped
materials have quasi-three (sometimes it called quasi-four) level laser
scheme consisting of 2F5y<>°F), inter manifold transition (Fig. 3.1.). Today
Yb**-doped materials are recognized as gain media for highly efficient high
power laser system due to their small quantum defect and high quantum
efficiency [3]. They, however, had not been considered as great candidates
for highly efficient high power laser operation till 1990s. Furthermore
Yb**-ion doped materials were considered quite inefficient gain media by
several reasons. Comparison with Nd** ions, Yb*" ion has only a single
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Fig. 3. 1. Energy levels of Nd:YAG and Yb:YAG.

absorption band around 940 nm and does not have any absorption band at
visible range. Therefore, the available absorption efficiency with a
conventional lamp pumping was strongly limited so that Nd** ion was used
as sensitizing ions for Yb’"-doped laser [1,2]. Yb’" ion also has broader
fluorescence spectrum than that of Nd’* ion that leads to smaller stimulated
emission cross section and increases a threshold pump power. Additionally
Yb’* ion has the quasi-three-level laser scheme so that its terminal level
near the ground state level has thermally induced population, which leads
to reabsorption loss. Especially incase of the lamp pumping, its large heat
loads increase such reabsorption loss.

The situation has been strongly changed by an emergence of a high intense
high power InGaAs LD emitting at a wavelength around 940 nm. Yb>'
ion’s single absorption band around 940 nm is suitable for InGaAs LD
pumping and the absence of other absorption band leads to an absence of
undesirable processes such as excited state absorption and cross relaxation
so that very high absorption efficiency and quantum efficiency are
available by LD pumping. Furthermore when pumped by 940 nm LD, their
quantum defects is less than 10 % so that highly efficient laser operation
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Table 3. 1. Comparison of Nd:YAG and Yb:YAG.

Material Nd:YAG Yb:YAG
Lifetime 1 230 us 950 us
Emission 2.8 x 10" cm? 2.1 x10% cm®
Cross section o, @ 1064 nm @ 1030 nm
Absorption ~0 0.1x 10 cm”
Cross section ¢, @ 1064 nm @ 1030 nm
Emission
bandwidth 0.6 nm 6.3~8.5 nm
6.44 x 107 1.99 x 10
Ce X T 2 2
S -cm S -‘cm
Quantum 24 % 9%
Defect 808 nm—1064 nm 940 nm—1030 nm
Quantum effecieny ~0.6 ~1
Opt-to-opt 0 o
. ~45% ~90%
efficiency
Transparency 0 1.4 KW cm?
intensity /;

with low thermal loads is possible [4] (table 3.1, see section 1.1) and
therefore they becomes quite suitable for high average power laser
operation. Moreover their broad emission bands around the wavelength of
1 um enable tunable laser operation and femtosecond laser operation. Their
spectroscopic properties are strongly depends on the crystal field of the
host materials. For a femtosecond laser oscillator, broad emission
bandwidth, large emission cross section and less reabsorption loss are
generally desirable. For a highly efficient high average power laser
operation, host material’s properties itself such as thermal conductivity,
thermal expansion, isotropic structure and stress fracture toughens are very
important. For a high average power femtosecond laser operation, gain
medium satisfying both properties are desirable. To find a new material
satisfying above properties, several kinds of Yb*'-doped materials have
been composed and their spectroscopic properties and laser operation have
been investigated in the past decade [5 17] (table 3.2). They, however,
generally have trade off relation ship. For instance, the glass materials have
inhomogeneous broadening fluorescence spectra, but their thermal
conductivities are roughly about one order lower than those of crystalline
materials. The disordered materials also have broad fluorescence spectra,
but the disordered structures also tend to degrade thermal and mechanical
properties. In case of the Yb’'-doped materials, the broad emission
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Table 3. 2. Properties of remarkable materials are shown.

Thermal Emission

Host . FWHM of gain . Lifetime
material conductivity bandwidth (nm) crosszgectlé)n (1s)
(W/mK) (107" cm”)
YAG 10.1 8.5% 1.9 1020
KGW 33 25% 600
KYW 3.8 24%* 3.0 600
12.1//¢c
YVOq, 201 c ~30 ~1 250
GdCOB 2.1 44 0.35 2600
6.3//c
CaGdAlO, 6.9.1c ~70 0.75 420
BOYS 1.8 60* 0.2 1100
2.85//c
SYS 150c ~40 0.5 1100
Phosphate 0.8 35 0.05 1300
Glass

* With an assumption of 5=0.5.

spectrum also has broad absorption spectrum. It read reabsorption losses
and decreases the effective gain bandwidth of the gain material. The
effective gain bandwidth depends on population inversion ratio f.

N
p= %NMJFNZ) >

where N, and N, are upper and lower states Yb’" ion density. The
Yb**-doped gain medium having very broad gain bandwidth with great
thermal and mechanical properties are sill not founded yet.
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3.2 Ceramic materials

Recently the ceramic materials are well considered as gain media for high
power laser systems, because they have several advantages over other
solid-state laser materials. Single crystal materials have favorable thermal
properties and can be used for high average power operation. However, the
available crystal size is generally limited to several cm and generally could
not be used for ultrahigh average power and ultrahigh peak power laser
system based on large beam aperture size >10 x 10 cm’. Glass materials
have size scalability so that meter size glass material can be available. They,
however, show about one-order smaller thermal conductivities than those
of crystalline materials and therefore suffer large heat problem such as
thermal fracture, thermal lens and so on. Consequently, due to the their size
scalability, they can used for ultrahigh peak power laser system based on
large beam aperture size, but the available average power (repetition rate) is
strongly limited by large heat loads. Our polycrystalline ceramic materials
are fabricated based on vacuum sintering and nanotechnology (VSN)
method [18,19]. They are composed of innumerable grains only with few
ppm-order defects. Each grain size is less than 10-um. The grain
boundaries have a thickness of less than 1 nm, which is further small than
visible laser wavelength and therefore they have grate transparency [20].
The chemical compositions of ceramics are almost the same as those of
single crystals, except for little SiO, as a sintering stimulator. The crystal
fields of the grains composing ceramic materials are the same as single
crystals. Consequently they show almost the same spectroscopic properties
and comparable thermal conductivities as those of single crystals. In
addition, the VSN gives ceramic glass-like size scalability. In case of the
YAG ceramic, as large as 1 m X 1 m X a few cm material size can be
available. The ceramic materials have crystalline thermal properties with
glass-like size scalability. Further more they have superior uniformity and
mechanical properties. In case of the YAG, Y,0; and CaF, ceramics, they
showed 3~5 times higher stress fracture toughness than those of single
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Table 3. 3. Comparison of fracture toughness

Ceramic Single crystal
3+,

Material | YAG I;I(i G Y03 LuyOs CaF, YAG Y05 CaF,

Knoop 260 200
hardness | 16.0  15.0 10 12.5 (micro 145 7.6 (micro

(Gpa) hardness) hardness)
Fracture
toughness | 8.7 5.2 2.5 4.1 4.7 1.8 1 1.5

(Mpa)

crystals (table 3.3) [21,22,23]. The fracture toughness, however, depend on
ceramic quality so that poor quality ceramics (large impurity and defect,
surface polish, average grain size and its size homogeneity) may show
lower fracture toughness. The scattering coefficients of YAG ceramics were
also measured and were smaller than that of single crystal [24]. One of the
reasons of lower scattering loss of ceramic is that in case of the single
crystal, some defect and/or internal stress tends to be made during a
growing process (increasing its size), but innumerable grains of ceramic are
very small and could be considered as an aggregate of perfect small single
crystals. In addition, their defects and impurities at grain boundaries were
smaller than visible laser wavelength.

Additionally, fabrication process based on sintering enables to make some
unique materials such as sesquioxide materials and disordered material that
have some difficulty to be fabricated in single crystal. The sintering process
also gives another advantage that the composite ceramic material can be
available. Their bonding is easier than the optical contact and important for
many applications [25]. One of the disadvantages of ceramic materials is
solarization problem, which is induced by irradiation of ultraviolet light
and probably caused by little SiO, stimulator. The solarization becomes
problem when a flash lamp is used as a pump source and a generally UV
cut filter is used to avoid it [26]. In the case of LD pumping the solarization
does not make problem.

The ceramic materials enable ultrahigh peak, ultrahigh average power laser
systems due to its size scalability, superior fracture toughness and favorable
thermal properties.
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3.3 Sesquioxide materials

Yb*"-ion doped rare earth sesquioxide materials (Yb’":Re,03, Re = rare
earth ion: Y,Lu,Sc) are recognized as promising candidates for high power
femtosecond laser since they have high thermal conductivities, good
mechanical toughness and relative broad fluorescence spectra with small
reabsorption loss. Additionally they have isotropic structure and therefore
do not suffer anisotropy problems. Fabrication of laser grade sesquioxide
material by conventional Czochralski method, however, is difficult due to
their high melting points of above 2400 C°. In the last decade, a heat
exchanger method using a high-purity rhenium crucible and VSN method
enable fabrication of laser grade sesquioxide single crystals [27,28] and
ceramics [29,30], respectively. In this thesis, three kinds of Yb’"-ion doped
sesquioxide ceramics: Y,03, Lu,O; and Sc,03 and two kinds of Yb**-ion
doped sesquioxide single crystals: Lu,O; and Sc,O; were used. Their
absorption cross sections and stimulated emission cross sections are shown
below. Absorption cross sections were calculated by divining a measured
absorption coefficient a (A1) by a doping Yb’" ion density N.

O-a(}“):T 3.2,

Yb*" ion has only one transition route (s, <> F7;) so that the emission
cross section can be calculated with a measured upper state lifetime and
emission spectrum as follows [31].

N (N ()
)= s [107av 87en’s [1(2)d2 33,

where /(v) and I (4) are measured emission spectra shapes and n is
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refractive index. We used low Yb®" concentration materials in spectroscopic
measurements to avoid influence of reabsorption and assume that the
measured lifetimes were not strongly affected by nonradiative transition
process and radiation trapping effect [32].

3.4,

z-raaﬁative z-nonraaﬁative z-raa’iative

The measured spectra, however, still include some reabsorption effect.
Especially, emission cross sections near the absorption peak have some
uncertainty. We have measured the spectra both of ceramic and single
crystal materials and not much difference was observed. Experimental
uncertainty caused by such reabsorption effect is larger than the intrinsic
difference (Fig.3.2) and therefore we do not mention the difference
between cross sections of ceramics and those of single crystals in this
thesis.

In case of the Yb’" ions, emission and absorption cross sections were
effectively expressed with taking account for a thermally distributed
population in the inter manifolds. The absorption and emission cross
sections have a temperature depending relationship [33]

Sc203 crystal 2.4mm 2.5at% Sc203 ceramic 1mm 3at%
----- Lu203 crystall.9mm 3at%  -=-=-=--Lu203 ceramic 1mm 2.5at%

1.2

|
1080 1100

| |
1040 1060
wavelength(nm)

0 |
1000 1020

Fig. 3. 2. Fluorescence spectra of Yb:sesquioxides ceramics and single
crystals.
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o,VZ,=0,v)Z GXP( 3.5,

E —E —-hv
kT(x,y,z)

where Z, and Z; are total population in an upper level F5, and lower level
F;,, E, and E; are energies of inter manifolds state in upper and lower level.
This relation ship can be used to estimate temperature dependence of
absorption cross section.

—absorption
emission
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Fig. 3. 3. Emission and absorption cross section of Yb:Y,03; ceramic

(1.8 at.%, 1.5 mm plate) are shown. The solid black curve and dashed

red curve shows emission cross-section and absorption cross section,

respectively.
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Fig. 3. 4. Absorption cross section of Yb:Y,03 ceramic (10 at.% 2 mm
plate) is shown.
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In the table 3.4, the properties of sesquioxide materials are shown.
Comparison with Yb:YAG, Yb’'-doped sesquioxide materials have
comparable thermal properties and 1.5~2 times broader fluorescence
spectral bandwidths. They also have a high nonlinear refractive induces (y
=419 x 107 x n,/ ng [34]), which enable to induce large nonlinear effect
such as Kerr-lens effect.

In the case of Yb’"-doped materials, the thermally induced population at the
terminal laser level makes the reabsorption, which increases the threshold
of lasing at shorter wavelength peak. Consequently the lasing wavelength
depends on cavity’s O parameter. In case of the Yb’"-doped sesquioxide
materials, they also tend to lase at longer wavelength side with high O
cavity.

Table 3. 4. Properties of Yb-doped sesquioxide materials

Host material Y703 Lu,0; Scy,05
Melting points (C°) 2430 2450 2430
**Thermal conductivity k *12.5 *16.5
non dope (W/mK) 13.6 10.9 + 0.6 12.5+ 0.6
**Thermal conductivity, *7.7 *11.0 *6.6
[YD ion density (102 cm™)] [7.22] [7.69] [9.45]
FWHM of fluorescence 15[1031] 13 [1032] 11[1041]
spectrum(nm) [Acenser (NM)] 16 [1076] 15[1080] 17 [1094]
Transform limited pulse 74 [1031] 86 [1032] 99 [1041]
duration (fs) 76 [1076] 82 [1080] 74 [1094]
Emission cross section 1.28 [1031] 1.35[1032] 1.59 [1041]
(10%° cm?) [Acenter (nm)] 0.49 [1076] 0.46 [1080]  0.34 [1094]
Absorption cross section 3.5[976] 3.3[976] 3.3[975]
(107 cm?) [Acenter (nm)] 0.061[1031]  0.066 [1032] 0.068 [1041]
FWHM of absorption
spectrum (1) [eomer (nm)] 2 [976] 2 [976] 1.8[975]
Refractive index [A (nm)] 1.893 [1031] 1.91]1032] 1.96[1041]
Nonlinear reffactive 5794145  396£1.77 5324133
index (10 “esu)
Lifetime (us) ~820 ~820 ~800

*crystals’s values.
**Thermal conductivities of YAG are 10.1 at nondoping and 6.8 at almost the same Yb doping
label.
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3.4 Yb*:{YGd,}[Sc,](Al,Ga)Oy, ceramic material

Disordered materials are also very interesting for ultrashort pulse laser
operation due to their broad fluorescence spectral bandwidth.
{YGd;}[Sc,](Al,Ga)Oy, ceramic material is an interesting candidate for
ultrashort pulse laser operation. It is a solid solution of (Y3Sc;Alz012)033
and (Gd;Sc,Alz04;)066 that has partially disordered isotropic garnet
structure (Fig. 3.7) [35]. S¢’"ions occupy octahedral a positions. AI’" and
Ga’" ions occupy the tetrahedral d-sites in the ratio of 2:1. Y*" and Gd**
ions occupy the dodecahedral c-sites (distorted cubes) in the ration of 1:2
and they are substituted by Yb’" ions. In case of the single crystal it has
reported in 1993 with Nd**-ion doping and succeeded in generating as short
as 260 fs pulses by additive-pulse mode locking [36]. Solid solution,
however, has some difficulty to be fabricated in single crystal and
Yb*:{YGd,}[Sc,](ALGa)O,, single crystal has not been fabricated. Today
VSN method enables to make it in ceramic with laser grade quality.

Fig. 3. 7. Motif of garnet crystal structure as applied to the
{YGd;}[Sc2](Al,Ga)O;, ceramics with the explanation of host-cation
occupations.
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Comparison with Yb:YAG,

it has about twice times broader florescence

spectral bandwidth. The emission and absorption spectra of Yb:YAG and

Yb3+:{YGdZ}[Scz](AlzGa)Olz are shown in Fig. 3.8 and Fig. 3.9,
respectively. Additionally it might have good thermo-mechanical properties

due to its garnet structure similar to YAG ceramic.
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Fig. 3. 9. Emission and absorption cross section of Yb:YAG are
shown. The black solid curve and red doted curves show absorption
cross-section and stimulated emission cross-section.
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3.5 Previous results of SESAM mode-locked
Yb**-doped sesquioxide lasers

The sesquioxide materials have superior thermal and mechanical properties
and relative broad fluorescence spectra. However, the available gain
bandwidths with them are narrower than those of other gain media used for
ultrashort pulse (<100 fs) laser operation (e.g. glass materials, disordered
materials.). Yb-doped sesquioxide mode-locked lasers based on SESAM
have been already reported. In case of the single crystals, pulses as short as
220 fs and 230 fs were obtained from Yb’":Lu,05 and Yb’":Sc,0; single
crystals, respectively [37,38]. In case of the ceramics, we have obtained
pulses as short as 188 fs, 352 fs and 1 ps from Yb*":Y,03, Yb’":Lu,05 and
Yb**:Sc,05 ceramics, respectively (Fig. 3.10) [39,40]. In above SESAM
mode locking, the shortest pulse duration was limited by an appearance of
cw component and/or transition to the multi-pulsed operation (Fig. 3.11). In
the solitary mode locking, the pulse duration obeys the solution of
nonlinear Schrédinger equation (Chapter 2.2)
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Fig. 3. 10. Autocorrelation trace and spectrum (inset) of the 188 fs

mode-locked pulses. The experimental data (points) and a sech’-fitting
curve (solid curve) are shown.
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Fig. 3. 11. Schematic picture of multi-pulsing in frequency domain and

time domain.

the equation 3.6 obviously shows that the larger pulse energy lead to the
shorter pulse duration. The shorter pulse duration, however, needs the
broader spectral bandwidth that tends to decrease the total gain (the detail
discussion is shown in chapter 6). The amount of such gain decreasing
strongly depends on the bandwidth of gain medium. Unless the total
amount of the gain decreasing effect becomes larger than the modulation
depth of SESAM (4RI of Fig. 2.3 in section 2.3), the short pulse operation
without cw component can be obtained (Fig. 3.12 (a)). If the total amount
of the gain decreasing become equal to the modulation depth of the
SESAM, the narrow cw component appear in the spectrum (Fig. 3.12 (b)).
In case of the multi-pulse operation, the pulse energy is divided each pulse
and therefore the pulse duration become longer and spectral bandwidth
become narrower than those in single pulse operation. Their narrower
spectral bandwidth has larger gain than that of single short pulse operation.
When the divided pulse energy becomes large enough for saturating most
saturable loss of the SESAM, the difference of saturated loss of SESAM
between single pulse and double pulsed operation become very small (4R3
of Fig. 2.3 in section 2.3). If the total gain of the multi-pulse operation
(narrower spectral and lower loss saturation) becomes larger than that of
single pulsed operation, the double pulse (multi-pulse) operation become
more suitable for the cavity.

The very interesting question is that how we can suppress such
multi-pulsed operation and appearance of the cw component. By increasing
the laser mode area on the SESAM, we can suppress excess saturation of
the SESAM and the multi-pulse operation can be suppressed, but the
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appearance of cw component can not be suppressed and it make the
limitation of the shortest pulse duration. To suppress such cw component
and obtain short pulse duration, a large modulation depth of SESAM is
required, but such large modulation depth leads to Q-switching
mode-locked instability and unsaturable loss (see chapter 2.3) [41]. By
using high Q cavity (based on low loss optical component and low output
coupling efficiency), short pulse also can be obtained. On the other hand,
mode-locked lasers tend to have slightly large cavity losses (caused by
dispersion compensation elements and saturable absorber), which make
requirement of slightly large output coupling efficiency for achieving
highly efficient laser operation and therefore such high Q cavity is suitable
for neither highly efficient laser operation nor high power laser operation.
Most of the previous results reporting on the sub-100 fs ultrashort pulse
generation were based on a high Q cavity and therefore their efficiency and
average power were also strongly limited. We have to overcome above
problems to obtain highly efficient high power ultrashort pulse laser
operation.

> 1-2: T T T T T T T T T T ! ! ! ! ! ! i : 3‘1.27 T T T T

2 1 (a) o2 1 ]
208 1 Lost :
S 0.6 1 JOo6F ]
=04 1 =04 .
€ 0.20 1 Eo2 .
o o

i [T BRI R [

Ci L : E il R B B
1030 1035 1040 1045 1050 1%30 1035 1040 1045
wavelength(nm) wavelength(nm)

=
=

- (©

© o oo
IS B o) B e B BN
|
normalized intensity
© o o o
,O N MO OFEL DN
|

1030 1035 1040 1045 1050 86 -4-20 2 4

wavelength(nm) delay time (ps)
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3.6 Multi-gain media oscillator

The simplest way to obtain much short pulse duration is to use a gain
medium having broad gain bandwidth such as glass material and disordered
material. Their thermal and mechanical properties, however, were generally
poor and suffer large heat loads and therefore they could not be used in a
high power laser operation. Seeking for a new desirable gain material
having broad gain bandwidth with good thermal and mechanical properties
has been important subject to achieve highly efficient high power ultrashort
pulse laser operation. Beside the seeking new gain material, a multi-gain
media oscillator is interesting for above purpose. The multi-gain media
ultrashort pulse oscillator was demonstrated with Nd**-doped glass
materials [42]. In case of the multi-gain media oscillator, different kinds of
gain media having different gain spectra are used in the same cavity
simultaneously. As a result of them, the total gain bandwidth become
broader than each gain medium (Fig.3. 14). Furthermore it can keep the
thermal and mechanical properties of each gain medium. By using it with
crystalline gain materials, they show artificial glasslike inhomogeneous

1.2,
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Fig. 3. 14. Schematic picture of multi-gain media is shown. Red curve,
blue curve and Green curve show gain spectrum of each gain medium.
Black curve shows total gain of multi-gain media
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broadened gain bandwidth with crystalline thermal and mechanical
properties. For instance we show here multi-gain media based on
Yb":S¢,0; and Yb*":Y,0;, which was used in the experiment of this thesis.
The effective total gain cross-section o, can be written below

Ggain = ﬂl (1 o a)gel B (1 o ﬂl )(1 o a)o-al

+ p,a0, — (1 -5, )O‘Gaz 57

where o,;, 0,;, 0., and o,, are emission and absorption cross sections of
Yb*":Sc,0; and Yb’":Y,0;, respectively. f; and f, indicate population
inversion ratios of Yb*":Sc,0; and Yb3+:Y203, respectively. a indicates ratio
of the Yb*"-ion number in the Yb*":Y,0; gain part against the total Yb*"-ion
number interacting with the laser mode. The effective total gain cross
sections for different ratios o and g are shown in Fig. 3.15. Its FWHM
strongly depends on the ratios o and . With proper a and S, the FWHM
around 1035 nm becomes broader than 25 nm, more than 1.5 times broader
than that of Yb*":Sc,0; (11.6 nm) or Yb’":Y,05 (15 nm). The comparison
of the multi-gain media and disorder materials is shown in table 3.5 [43,44].
The multi-gain media shows broad gain bandwidth with very high thermal
conductivity, which is suitable for high average power ultrashort pulse laser
operation.

Table 3.5. Comparison of multi-gain medium and disorder material

Thermal conductivity

Host material ‘tI){a Yd}\fvl:/cll t(})lf[iﬂ} [W/mK]
(Yb doping density [10?° cm™])
Y,05+Sc,05 =20 7.7(7.2)
multi-gain media 6.6 (9.4)
ScLuO;
disordered crystal ~20 =33
(YGdz)SCz(AlzGa)Olz N N
partially disordered ceramic 16 3 [nondoped]

6.8

YAG crystal ~8.5 (5 at.%)
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Chapter 4. Cavity design

All the experiments in this thesis were carried out with a Z-shaped
astigmatically compensated (controlled) cavity as shown in Fig.4.1. To
optimize the cavity for many purposes (e.g. to keep stable cavity condition,
to achieve highly efficient laser operation, to suppress excess saturation of
SESAM and to obtain large Kerr-lens effect.), we have to understand the
laser mode radius inside the cavity. The pump laser mode profile at the
focusing point was measured by image transfer system with a CCD camera.
The divergence of pump laser beam can be measured and estimated with
beam quality value M”. To calculate the laser mode radius inside the cavity,
we consider a model cavity as shown in Fig. 4.2. The cavity was divided to
100 um segments along the optical axis (z axis). The laser mode radii at
each position (segment) were calculated by ABCD matrix with taking
account for Kerr-lens effect, astigmatisms of holding mirrors and gain
material arranged at Brewster angle. We assumed that the laser beam has
TEMg, mode profile inside the cavity and the assumption agrees with

'OC

A
= &

M3 M2

=

Fig. 4. 1. Schematic picture of Z-shaped astigmatically compensated
cavity is shown.
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Fig. 4. 2. Model cavity used in the calculation is shown.

experimental observation. The thermal lens effect was ignored in the
calculation that could make some mismatching between the calculated data
and real experimental data. However, the most interesting point we would
like to know from the calculation is that how large dynamic laser mode
variation we can induce by Kerr-lens effect. Additionally the thermal lens
effect can be considered smaller than the induced Kerr-lens effect [1] and
therefore almost constant and small thermal lens effect was ignored.

4.1 Kerr-lens effect

Inside the nonlinear medium (Kerr medium), a distributed refractive index
profile proportional to the incident laser mode profile is induced by Kerr
nonlinearity. With spherical approximation, the profile can be expressed as
[2,3]

1

n:oc—z,BW)r2 4.1,
a(z)=n,+nl(z) 4.2,
B, (2)=2n1(2)/w, (2) 4.3,

where 7 1s distance from optical axis z, n, is linear refractive index, n, is

69



Chapter 4. Cavity design

nonlinear refractive index, /(z) 1s laser intensity and wy,(z) is beam radius.
The ABCD matrix of Kerr medium (K/) can be written as

Kl (z)= 4.4,

The Kerr-lens effect can make difference in light propagations between
first half and second half directions of the cavity (see Fig. 4.2). We
calculated them in both directions. At first we calculated the laser mode
radii inside the cavity without Kerr-lens effect (Fig.4.3). Second we made
ABCD matrix of the Kerr medium in each segment with the calculated
beam radii and experimentally available data or expectable values (pulse
energy and pulse duration). Third the laser mode radii inside the cavity
were recalculated with Kerr-lens effect. The processes second and third
were repeated with refreshed mode radii till the laser mode radii have
converged.

Calculate the laser mode inside the cavity.
wxyn(z),wy’n(z) are difined.

Y

Make the Kerr-lens matrix each point
KIX(z),KIy(z)

v
Recalculate the laser mode inside the cavity | Replace w, (z) and w, (2)
with KIX(z),KIy(z). Wx,n+l(z)’wy,n+1(z) are difined. by nynﬂ(z),wy,nﬂ(zg.

Calculate
[(W,-w_ ) +W, -w )]dz=0

False

wx(z),wy(z) are difined.

Fig. 4. 3. Flow chart of calculation of the cavity state with Kerr-lens effect.
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4.2 Astigmatisms of gain medium and spherical mirror

It is well known that a gain medium (bulk material) shows astigmatism
when a laser beam penetrates it with some incident angle. In the
experiments of this thesis, gain media were arranged at the Brewster angles.
If a gain medium has a thickness of d, its effective thickness in saggital
plane and tangential plane are written below [4]

_dvn +1 4.5,

saggital 2

= 4.6.

tangential 4

A spherical mirror also shows an astigmatism depending on an incident
angle of a laser beam. If the original mirror has a focal length of £, it shows
an effective focal length of fggiwa = f % cos0 at sagittal plane and fiangential = f
/ cosO at tangential plane with an incident angle of 6 (Fig. 4.4). The
astigmatisms of bulk medium and folding mirror can be compensated for
by each other. The astigmatism compensation can be achieved when the
following equation is satisfied.

sagittal o tangential — tangential o sagittal 4 7’
Mirror with a focal
length of f fsagittal_f x cosf
****** E P
]{tan ential —
¢ cosf

Fig. 4. 4. Astigmatism of spherical lens.
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The astigmatism also appears in pump laser beam. We have to consider it
when thick gain medium arranged at Brewster angle is used.

Egs. 4.5,4.6 and 4.7 enable to calculate laser beam radii of cw laser
operation based on astigmatically compensated cavity. In case of the
mode-locked operation we have to consider a matrix of Kerr-lens effect (eq.
4.4). However, the Kerr-lens effect is also known to have astigmatism [5,6].
To calculate correct Kerr-lens effect of a gain material arranged at Brewster
angle, we have to consider a correct laser mode profile inside the gain
material in each segment so that the eqs. 4.5 and 4.6 (effective total length)
cannot be applied. The eqs. 4.5 and 4.6 are caused by refractions at the
material surfaces (Fig. 4.5). Due to the refraction, the physical length of the
material become d(n’+1)"?/n (Fig. 4.5 (a) dotted red arrow). At the
tangential plane, the laser mode radius is n times expanded at the material
surface with the Brewster incident angle. By ray tracing, we also easily
understand that the radius of curvatures become n times larger in saggital
plane and »’ times larger in tangential plane after the refraction (Fig. 4.5 (b),
n times larger beam radius and n’ times smaller A6). The change of
curvatures also can be understood from the expansion of beam radius,
because the beam radius and numerical aperture angle have a relation ship
of a Fourier transformation.

In the calculation, to take account for above points, we considered

(b)

@ Jaser beam d

Fig. 4. 5. Astigmatisms of bulk material. (a) Refraction at Brewster
angle. In tangential plane, the laser mode radius becomes » times larger
after the refraction. (b) Radius of curvature becomes n tims larger in
saggital plane and »’ times larger in tangential plane after the refraction.
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(n’+1)"?/n times longer material length and defined the refraction matrixes
Rin,saggitala Rout.sagittala Rin,tangential and Rout,tangential below

1 0 1 O
R =| % , R = {0 ,J
n 0 _ % 0

R in,tangential = O y > R out,tangential O 2
2
n n

by the refraction effect, Kerr-lens effect inside the material become about
n’ times weaker in tangential plane due to the n times large beam radius in
the tangential plane (see equation 4.4). The change of curvature inside the
material, however, is about n° times enhanced outside the material by the
refraction at the exit surface of material and therefore the total astigmatism
of the Kerr-lens effect strongly depends on a situation (material length,
laser intensity, nonlinear refractive index, focusing beam radius and so on.).
We calculated the beam radii inside the gain material with above ABCD
matrix.

4.8,

4.3 Kerr-lens mode-locking with a broad-stripe LD
pumping

Almost all experiments in this theses were done with a high power cheap
broad-stripe laser diode pimping, which has an emitter size of about 1 x
100 um (sagittal x tangential). Its beam quality values (M°) are roughly
about 1 at sagittal plane and 25 at tangential plane. In the experiment, the
pump laser beam was focused by four beam shaping lenses and become
~25x110 pm rectangular-like beam profile (Fig.4.6). At the tangential plane,
the focusing diameter is restricted due to a geometrical problem and
requirement of a comparable confocal length to a crystal length (generally
~2 mm). In our experimental set up the cavity’s laser mode diameter near
the focusing point are about 50x50 pm (without Kerr-lens effect). The
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cylindrical doublet lens
f =70 at tangentiall f =70

asphrical
f=8
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cylindrical
f=-6.4 at tangentiall

sagittal plane T tangential plane

Fig. 4. 6. Schematic picture of pump beam shaping elements.

pump mode diameters are larger than the laser mode diameter at tangential
plane and smaller than the laser mode diameter at sagittal plane. Therefore,
the soft aperture Kerr-lens effect is not available at tangential plane.
Furthermore, Kerr-lens effect (decreasing of laser mode diameter inside the
gain material) at tangential plane could degrade a mode-matching factor
between a laser mode and a pump mode. To obtain soft aperture Kerr-lens
mode locking (KLM) with a broad-strip LD, we have to induce large soft
aperture Kerr-lens effect only in saggital plane. In addition, the soft
aperture Kerr-lens effect also appears in a hard aperture KLM and therefore
we should suppress soft aperture Kerr-lens effect at tangential plan even if
we use a hard aperture. It is well known that the Kerr-lens effect (change of
laser mode diameter) can be strongly obtained in case if the cavity is
aligned nearly unstable state [7,8,9]. By adjusting the astigmatisms of the
cavity, we can make cavity nearly unstable at saggital plane and stable at
tangential plane [10]. As a result, we can induce large soft aperture
Kerr-lens effect only in saggital plane.

We show the result of calculations below. In the calculation, we assumed
2.5 mm material thickness, ~200-nJ pulse energy with ~80 fs pulse duration
inside the cavity, which have been obtained in the experiment.
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4.4 Calculation of laser moderadiusinside the cavity

At first we show the calculated stability of the cavity. The model cavity is
shown in Fig. 4.2. The cavity becomes stable when the following eq. is
satisfied.

<1 4.9,

D+ A
2

where the 4 and D are the elements of ABCD matrix of the cavity for one
round trip. The calculated stability curves are shown in Fig.4.7. In the
calculation we did not take account gain guiding effects, which may expand
stable states. As can be seen in Fig. 4.7, the cavity remains a small
astigmatism and stable region are slightly different in tangential and
saggital planes. For the KLM operation, we would like to know how large
change of the laser mode radii could be obtained by Kerr-lens effect. We
have calculated them with several cavity states. To evaluate soft aperture
Kerr-lens effect, we defined mode matching factor (MMF,,)) between
pump laser modes and cavity lasing modes below.

2
stable at tangential plane

1 i - R T

P L P

D+ 4 GO 1) EESRRPPR tangential
2 0 t ' ......... saggital
/ stable at saggital plane

2 |

102 103 104 105106 107 108 109 110 111
distance between holding mirrors /;+/, +d (mm)

Fig. 4. 7. Calculated stability curves of a z shaped cavity.
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([me

dz
w (z)
MMF = P

7 4.10,
x(y) d

where d 1s length of gain material. wy(z) and w,(z) are laser mode radius and
pump mode radius. The integration is taken along the gain material.

We can optimize the cavity for MMF, or MMF, by slightly shifting the
z-position of gain medium. We show here two calculated results, which
were optimized for MMFy (Fig.4.8) and for MMFx (Fig. 4.9).

The calculated MMF's are also shown in Table 4.1. The subscript “cw” and
“Kerr lens” indicate their operation mode. In Fig.4.8, Fig.4.9 and table 4.1,
we can see large soft aperture Kerr-lens effects only at the saggital plane.
The ratio of MMF), .,, and MMF), g.,,;.ns Indicates the magnitude of the soft
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Fig. 4. 8. Calculated laser beam radii with and without the Kerr-lens effect.
The characters x and y indicate tangential and saggital planes, respectively.(a)
laser beam radii inside the cavity and (b) laser beam radii inside the gain
material are shown. The cavity is aligned nearly unstable state (i) in Fig.4.10.
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Fig. 4. 9. Calculated laser beam radii with and without the Kerr-lens effect. (a)
laser beam radii inside the cavity and (b) laser beam radii inside the gain
material are shown. The cavity is aligned nearly unstable state (ii) in Fig.4.10.

aperture Kerr-lens effect. In case if the laser mode diameters are larger than
pump mode diameter (saggital plane in our experimental setup), the larger
MMF,, .,/ MMF, kerriens value indicates the larger soft aperture Kerr-lens
effect and MMF, ., /| MMF), geniens < 1 means negative soft aperture
Kerr-lens effect (obstruct the short pulse operation). In case if the laser
mode diameters are smaller than pump mode diameter (tangential plane in

Table 4.1 Comparison of mode matching factors in different cavity states

Cavity state Optimized for MMF, Optimized for MMF

MMFy Kerr-lens 0.536 0.810
MMF; cw 0.530 0.923
MMFy o/

MMPF, o ione 1.01 1.14

MMF, Ker-lens 1.31 2.44
MMF, v 2.24 4.34
MME, e/ 1.71 1.78

MMFV Kerr-lens
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i
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Fig. 4. 10. Two-dimensional map of soft aperture Kerr-lens effect. State (i)
and (i1) indicate cavity state of Fig. 4.8 and Fig. 4.9, respectively.

our experimental setup), the smaller MMF, ..,/ MMF', ke-iens Value indicates
the larger soft aperture Kerr lens effect and MMF, .,/ MMF), kerriens > 1
means negative soft aperture Kerr-lens effect. Fig. 4.8 and Fig.4.9 also
show that due to the residual astigmatisms, the far fields laser mode
profiles become elliptical only in cw operation modes.

We have also calculated the magnitude of soft aperture Kerr-lens effect at
saggital plane with several /; and [, values. The two-dimensional map of
soft aperture Kerr lens effect is shown in Fig. 4.10. The blank states in Fig
4.10 indicate the unstable state cavity. Fig. 4.10 obviously shows that the
soft aperture Kerr-lens effect becomes large when the cavity is aligned
nearly unstable state. Someone notice that near the state (iii) in Fig 4.10 is
seem to have a large soft aperture Kerr-lens effect and higher stability than
states (1)(i1). The calculated laser mode radii near the state (iii) are shown in
Fig.4.11. The laser mode propagation profile (position on focusing points,
diameter) are strongly different from states (i) and (i1). In addition the soft
aperture Kerr-lens effect at tangential plane have large negative value and
therefore we have done the experiment near the state (i) and (ii) in this
thesis. The state (iii), however, is very interesting due to its stability. It
might give us more stable cavity condition by further optimizations in
future work (using hard aperture, removing M3 and SESAM and using

78



Chapter 4. Cavity design

E 12

(@ £ 1} ]
W oost 1| — OWx
% 06 + A2 || — Wy
b '/ | Ferr—lens x
= 0 | k_\ Kerr—lens v
= o2l !
m II
O 0 - : :
0 0 500 1000 1500

distance trom the end mirror Kmm)

= x107!
E 3=

) £ — CWx
n 2 — CWhy
= Kerr—lens x
E Kerr—lens v
= r y ¥ pump beam x
% I @-ﬁ{? v pump beam v

I'I* X, : ; ; ‘-' ; H L L

£ 699.5 700  700.5 701 701.5

distance from the end mirror (mm)
Fig. 4. 11. Calculated laser beam radii with and without the Kerr-lens

effect. (a) laser beam radii inside the cavity and (b) laser beam radii

inside the gain material are shown. The cavity is aligned nearly unstable

state (iii) in Fig.4.10.
circular mode profile pump source, efc.). To obtain short pulse duration, the
suppression of multi-pulsed operation is also very important (see chapter
2.3 and 3.5). We have calculated the magnitude of soft aperture Kerr-lens
effect in case of the double-pulsed operation (Fig. 4.12. half pulse energy
and twice pulse duration). Fig. 4.12 shows large soft aperture Kerr-lens
effect even in case of the double-pulsed operation mode. The optimum
points for large soft aperture Kerr-lens effect, however, are slightly
different from those in single pulsed operation. To evaluate double pulse
suppression effect, we have also calculated the ration of MMFys between
single pulsed mode locked operation and double pulsed mode locked
operation (Fig.4.13). Fig. 13. shows large suppression effect of double
pulsed operation by soft aperture Kerr-lens effect. Probably it caused by a
dependence of Kerr-lens effect not only on the pulse energy but also on the
pulse duration.
From above points we have done the experiment with astigmatism
controlled cavity near the unstable state to obtained large Kerr-lens effect.
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Fig. 4. 12. Two-dimensional map of soft aperture Kerr-lens effect in a
double pulsed operation (assuming half pulse energy and twice pulse
duration).
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Fig. 4. 13. Two-dimensional map of soft aperture Kerr-lens effect
between single pulsed mode locked operation and double pulsed mode
locked operation.
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Chapter 5. Experiments of mode-locked lasers

In this chapter we describe experimental detail of our mode-locked lasers.
First we show SESAM mode-locked and KLLM laser operations based on a
broad-strip LD pumped Yb*":Sc,05 ceramic. In case of the SESAM mode
locked operation the shortest pulse duration was limited to be above 200 fs
by transition to a multi-pulsed operation. In case of the KLM operation,
sub-100 fs pulse duration was obtained. Second We show KLM laser
operation based on fiber-coupled LD pumped Yb’":Lu,O; ceramic with
non-doped Y,0; ceramic. The non-doped Y,O; was used to enhance
Kerr-nonlinearly. Third, we show KLM multi-gain media laser operation
based on a broad-stripe LD pumped Yb**:Sc,0; and Yb*':Y,0; ceramics.
Due to its broadened gain bandwidth and strong Kerr-lens effect, pulses as
short as 53-fs with above 1-W average power were obtained. Fourth, we
show KLM laser operation based on Yb**:Sc,05 single crystal and
Yb*":Lu,0; single crystal, respectively. Almost the same short pulse
generation as in the ceramic cases were obtained with single crystal
materials. Fifth, we show cw and KLM laser operations based on
Yb* ' {YGd,}[Sc,](ALGa)Oy, ceramic. {YGd,}[Sc,](ALGa)Oy, is new
ceramic material and very interesting for high power ultrashort pulse
operation. Sixth we show KLM operation based on Yb:YAG ceramic.
Pulses as short as 128-f with above 1-W average power were obtained from
Yb:YAG.

82



83
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5.1 Yb**:Sc,03 ceramic SESAM mode-locked laser

The experimental setup is schematically described in Fig. 5.1. A z-shaped
astigmatically compensated cavity was employed. As the gain material, a
3-mm thick Yb>":Sc,0; (Cyp =2.5 at.%) ceramic was used. The material
was arranged at the Brewster angle and mounted in a copper holder without
water cooling. The holder was mounted on 4-axis (x,y,z,0) stage. As a
pump source a broad-stripe LD (emission area of 1 X 100 um, (sagittal X
tangential), beam-quality values My2 ~ 1, M,> > 20, Acenter ~976 nm, AL ~4
nm) with a maximum output power of 4.5 W was used. The pump beam
was focused into the ceramic to 1/¢* diameters of 20 x 190 um inside the
gain medium by four beam-shaping lenses. Its Rayleigh lengths are ~2.3

mm in sagittal plane and ~1.7 mm in tangential plane. The maximum

M3

Pump laser profile at the |
focusing point.

~20 % 100 pm in air

MI‘—‘(hhh"“-V—)'é )M
3 LD
M4 M2

A knife edge
3mm 2.5 at.% Yb:Sc,O3 ceramic

oC

Fig. 5.1. Experimental setup of SESAM mode-locked Yb’*:Sc,0;
ceramic laser.
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Fig. 5.2. Output power versus incident pump power. Circle points show
output power in cw and single pulsed operation. Square points show
output power in the muti-pulsed operation.

(mW)
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output power

incident pump power was about 3.89 W. The pump beam passed through
the folding mirror M2. The folding mirrors (M1, M2) have 100 mm radii of
curvature (ROC) on both surfaces to eliminate a concave lens effect (for
pump laser mode) and are antireflection coated for wavelength below 980
nm and high-reflection (HR) coated above 1020 nm. To achieve solitonlike
mode locking, the Chirped mirror (M3, GDD~-900 fs*) and SF10 Brewster
prism pair (P) with the tip-to-tip separation of 70 cm were used. Neglecting
the Kerr-lens effect the laser mode diameters inside the gain material were
calculated to be about ~40 x 70 um. The laser beam was focused onto
SESAM (BATOP GmbH, 0.7 % saturable loss with 0.3 % linear loss (from
data sheet), 30-uJ/cm® saturation fluence, 1-mJ/cm® damage threshold, 10
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Fig. 5.3. Autocorrelation trace and spectrum (inset) are shown. Single
pulse operation with the optimization of output power.
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Fig. 5.4. Output power versus incident pump power.

ps recovery time) by a concave mirror (M4, ROC = 300 mm). The
estimated laser mode diameters focused onto the SESAM4 were ~110 X
120 um. A 5% transmittance output coupler (OC) was used. The all of OCs
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Fig. 5.5. Autocorrelation traces and spectra are shown. (a)(b)
Autocorrelation trace and spectrum of 250 fs pulses. (c¢)(d) Autocorrelation
trace and spectrum of 220 fs pulses.
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used in this thesis were wedged for about 30 min. to avoid reflection at its
back surface. If we use a parallel output coupler, it easily generates sub
pulses separated by the time interval corresponding to the output coupler
thickness, even though there is an antireflection coating on its back surface.
At first we optimized the cavity for output power (Fig.5.2.). Under the
optimization, we suffer a transition to a multi-pulsed operation and pulse
duration was limited to be about 800 fs (Fig.5.3.). To suppress the
multi-pulsed operation, The SESAM was replaced to a new SESAM having
1.2 % saturable absorption depth with 0.8 % linear loss. The concave
mirror (M4) was also changed to new one having ROC of 400 mm to
expand the focusing laser mode diameters on the SESAM. The estimated
laser mode diameters focused onto the SESAM were changed to ~180 X
230 um, which avoids excess saturation of the SESAM. With these changes,
pulses as short as 220 fs and 250 fs were obtained with 2% OC and 5% OC,
respectively (Fig.5.4, Fig. 5.5). The maximum average powers were 350
mW with 2% OC and 515mW with 5% OC. Comparison with the 5% OC,
the 2% OC enables shorter pulse generation with a penalty of lower
average power. By inserting the knife-edge as a spectral selective element
behind the prism pair, tunable femtosecond laser operation was also
obtained (Fig. 5.6). The shortest pulse duration, however, was still limited
by a transition to the multi-pulsed operation and appearance of cw
component.
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Fig.5.6. Spectra of pulses with different center wavelength are shown.
The center wavelengths were tuned by the knife-edge.
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5.2 Yb**:Sc,03 ceramic K err-lens mode-locked laser

For further short pulse generation, we optimized the cavity for KLM. The
chirped mirror M3 was removed (Fig. 5.7) to decrease total negative
dispersion and the positions of concave mirrors (M1, M2) and gain medium
were carefully adjusted to obtain large soft aperture Kerr-lens effect (see
chapter 4). By the adjustment the resonator was in an almost unstable state
in cw operation where the cavity became very sensitive to the Kerr-lens
effect. A maximum average power of 650 mW with pulse duration of 92 fs
(Fig.5.8) at the repetition rate of 83 MHz (Fig. 5.9) was obtained. The
mode locking showed self-starting by increasing the pump power. The
center wavelength was 1042 nm and the spectral bandwidth was 13.7 nm,
which is about 1.2 times broader than the fluorescence spectral bandwidth
of the Yb*":Sc,0;. The spectral shape and bandwidth obey solition equation
and probably was supported by the nonlinear spectral shaping effect (e.g.
SPM effect and Kerr shutter in the material). The time-bandwidth product
was 0.340 that indicates almost the transform limited pulses were directly

-

M4

4 SESAM or
HR mirror

Fig. 5.7. Experimental setup of Yb>":Sc,03 Kerr-lens mode locking.
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Fig. 5.8. Autocorrelation trace (a) and spectrum (b) of 92 fs pulses are
shown. (a) The experimental data (dots) and sech’-fitting curves (solid
curve) are shown.

Fig. 5.9. Pulse trains of 92 fs pulses are shown.

obtained from the cavity. The mode-locked operation was stable for more
than 3 hours. At the onset of mode locking the significant change of the
laser mode profile was observed (Fig. 5.10), which indicates existence of
large Kerr-lens effect and the change of the condition of the resonator to a
stable state from an almost unstable state. However, the observed laser
mode profiles are slightly different from the calculation (chapter 4,
elliptical in cw and circular in mode-lockied). The difference was probably

i N
o ;ii E

M

At ty,

—__ 77__7_)1‘*:' o T e
Fig. 5.10. Measured laser mode profiles (a) in cw (2350 x 2400 um) and
(b) in mode locked operations (1850 x 1970 um) are shown.
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Fig. 5.11. Measured beam radiuses near the focusing point were shown. (a)
In the cw operation. (b) In the mode-locked operation.

caused by imperfect control of astigmatism in this first KLM laser
experiment. The laser beam quality values M,” and My2 were roughly
measured and were smaller than 1.2 both in the cw and mode-locked
operations (Fig. 5.11.). We supposed the pulse shortening was mainly
sustained by the Kerr-lens effect. To verify it, the SESAM was replaced by
an HR mirror. At the incident pump power of 3.1 W Kerr-lens mode
locking was initiated by knocking the optical bench. At the onset of mode
locking the average power jumped to ~580 mW from ~430 mW (Fig. 5.12).
This large jump in average power also indicates large loss and/or gain
modulation by Kerr lens effect. Due to the absence of the unsaturable loss
of the SESAM the maximum average power increased to 850 mW with the
maximum incident pump power of 3.89 W. The 92 fs pulse duration was
the same as that at aforementioned KLM operation with a SESAM and the
spectrum was almost the same, but the tendency of cw spiking appeared at
the maximum pump power. The peak power was about 111 kW and the
optical-to-optical efficiency was 21.9%, which was probably degraded by
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%800§ + mode-lock A
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Fig. 5.12. Output power versus incident pump power.
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Fig. 5.13. Autocorrelation trace (a) and spectra (b) of 90 fs pulses are
shown. (a) The experimental data (dots) and sech’-fitting curves (solid
curve) are shown.

the poor mode-matching factor between the lasing mode area and the
pumping mode area. In this cavity setup, the mode-matching factor
between pump mode and laser mode inside the cavity was less than 40%.
Therefore, almost doubling the factor efficiency could be possible by
improving the mode-matching factor.

By replacing the 5% OC to a 1% OC, the KLLM laser operation at a center
wavelength of 1092 nm was also achieved. The existence of the
reabsorption loss around 1041 nm increases the threshold of lasing at 1041
nm. Consequently the lasing at 1092 nm selectively occurs with a high O
cavity. In this case the average power of 160 mW with the pulse duration of
90 fs was obtained at the same incident pump power (Fig. 5.13). The
spectral bandwidth was 15.7 nm, and the time-bandwidth product was
0.354. Although the emission cross section of Yb3+:SczO3 at 1094 nm 1s
about 5 times smaller than at 1041 nm, the fluorescence spectrum
bandwidth of 17 nm is about 1.5 times broader than at 1041 nm. Therefore
the generation of much shorter pulses at 1094 nm is expected by further
optimization. More efficient operation around 1094 nm also should be
possible by using a higher transmission OC with some spectral selective
element [1].

90



Chapter 5. Experiments of mode-locked lasers

53 Yb*:Lu,O; and Y,O; ceramic Kerr-lens
mode-locked laser

For the KLM laser operation with our experimental setup, the thickness of
a gain medium (Kerr medium) is important factor. In this experiment, a 1
mm thick Yb*":Lu,O5 (Cy, =3 at.%) ceramic and 2 mm thick non-doped
Y,0; ceramic were used simultaneously in the cavity. The 2 mm thick
non-doped Y,0; ceramic was used in order to increase the nonlinear effects.
The reason why Y,0; ceramic was used is that we did not have a Lu,0;
ceramic thicker than 1 mm and Y,0O; has almost the same values of the
linear and nonlinear refractive induces as Lu,O; [2]. This experiment also
serves the test of multi-gain media oscillator (see next section). The
experimental setup is shown in Fig. 5.14. The Yb’":Lu,0; and non-doped
Y,0; ceramics were physically contacted to each other without any coating
and arranged at the Brewster angle. The setup is almost the same as that in
the Yb*":Sc,0; experiment but the pump source was changed to a 5 W
fiber-coupled LD (50-pm-core diameter with a numerical aperture of 0.15,

oC

Pump laser profile
at the focusing point. M1
~60 x 60 um in air

SL
f=70 f=70

SL
n
2

FCLD

M3 M

g SESAMor
HR mirror

slit

Fig. 5.14. Experimental setup of Yb’":Lu,O; ceramic Kerr-lens
mode-locked laser. SL is spherical lenses.
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Acenter ~975 nm, AL ~5 nm). Its output beam was focused into the ceramic to
a 1/¢* diameter of ~60 x 110 um through the folding mirror (M1) by two 70
mm focal length doublet lenses. As a starter and stabilizer of the mode
locking, a SESAM (BATOP GmbH, 0.7 % saturable loss with 0.3 % linear
loss, 30-uJ/cm’” saturation fluence, 10 ps recovery time) was still used. To
stabilize the Kerr-lens mode locking a slit (slit radius is about 3 mm) was
also inserted near the M3 (The distance from M3 was about 5 cm) in the
vertical direction. The KLM can be obtained without this slit, but the
stability was improved by incorporation. Due to the poor pump laser mode
qualities of fiber coupled LD, The soft aperture Kerr-lens effect is not
strong and the slit make additional hard aperture Kerr-lens effect. The
distance between the prisms was 45 cm and the OC has 5% transmittance.

By optimization of the cavity for a cw operation, an output power of about
500 mW was obtained. However, it suffered transition to a multi-pulsed
operation. For the short pulse operation, the cavity was aligned at an almost
unstable state in the vertical direction where the cavity became very
sensitive to the Kerr-lens effect. On to the mode-locked operation the
average power increased to 300 mW from ~200 mW and the significant
change in the laser mode field diameters was also observed. The measured
laser mode field diameters were about 1400 x 2200 um in the cw operation
and 1350 x 1600 um in the mode-locked operation (Fig. 5.15). The
disappearance of an interference pattern in Fig.5.15 (b) indicates decreasing
of coherent length in ultrashort pulse operation. The significant change of
the beam profile was apparent only in the vertical direction where the
cavity was aligned almost unstable state. Similar behaviors have been

i- (b)
Fig. 5.15. Measured laser mode profile (a) in cw and (b) in mode locked
operations was shown.
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Fig. 5.16. (a) Measured autocorrelation data (dots) and sech’-fitting curves
(solid curve) are shown. (b) Fluorescence spectrum of Yb*":Lu,0; (doted
curve) and spectrum of 65 fs pulses are showen.

reported with KLM operation with a Brewster configuration [3,4]. The
change also agrees with calculated result. The measured beam quality M’
were almost the same value about 1.1 in the cw operation and mode-locked
operation. The shortest pulse duration of 65 fs with a maximum average
power of 320 mW at the repetition rate of 99 MHz was obtained (Fig. 5.16).
The center wavelength was 1032 nm and the spectral bandwidth was 18.9
nm, which was about 1.4 times broader than the fluorescence spectral
bandwidth of Yb*":Lu,0;. The time-bandwidth product was 0.345. The
pulse duration was almost independent on the saturable absorption depth of
the SESAM. The allowance of the distance between the folding mirrors
was only several 100 um to obtain an adequate Kerr-lens switching and
varied with the pump power. The peak intensity was about 53 kW and the
optical-to-optical efficiency was 6.4%, which was partly due to the poor
mode-matching factor between the lasing mode area and the pumping
mode area, and to the low absorption efficiency of the gain material (about
60 %). By changing the insertion depth of the prisms and the distance of
the holding mirrors (M1, M2), the pulse duration changed (Fig. 5.17) due
to the change of the total negative dispersion value and the laser mode field
diameters inside the gain medium.
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Fig. 5.17. Output power versus pulse duration.

We also demonstrated a mode-locked operation based on an Yb":Y,0;5
ceramic (3mm thick, Cy,= 2 at.%) with the same cavity but with the 40 cm
tip-to-tip prism separation distance. By the setup, the similar behaviors
were observed and 68-fs pulses with an average power of 540 mW were
obtained at the center wavelength of 1036 nm (Fig. 5.18). The spectral
bandwidth was 20 nm and the repetition rate was about 99 MHz [5].
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Fig. 5.18. Autocorrelation trace (a) and spectra (b) of 68 fs pulses are
shown. (a) The experimental data (dots) and sech’-fitting curves (solid
curve) are shown.
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54 Yb*:Sc,0; and Yb*:Y,O3; ceramic multi-gain
media K err-lens mode-locked laser

The experimental setup was schematically shown in Fig.5.19 and was
almost the same as that in Yb*":Sc,0; experiment. As the gain media, an
Yb’":Sc,0; (1 mm thick, Cy=2.5 at.%) and Yb’":Y,0; (1.5 mm thick,
Cyy=1.8 at.%) ceramics were used simultaneously in the cavity. They
correspond to a (ratio of the Yb>*-ion number in the Yb’*:Y,05 gain part
against the total Yb>'-ion number interacting with the laser mode. See
chapter 3.6.) of 0.46. They were physically contacted to each other without
any coating and arranged at the Brewster angle. The Yb’":Sc,05 ceramic
was situated at the near side of the pump source and the Yb’":Y,0; ceramic
was situated at the opposite side. As the pump source an 8-W broad-stripe
LD (Lumics GmbH, emission area of 1 X 95 um, 976 nm, AA~5 nm) was
used. The maximum incident pump power was 7.4 W. To achieve stable
and self-starting mode-locked operation, the same SESAM as we used in

Right:1 mm 2.5 at.% Yb:Sc,O3 ceramics
Left: 1.5mm 1.8 at.% Yb:Y,O3 ceramics

SESAM or

. HR mirror

Fig. 5.19. Experimental setup of Yb’":Sc,03 and Yb*":Y,03; multi-gain
media Kerr-lens mode-locked laser.
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Fig. 5.20. Measured laser mode profiles of multi-gain media laser. (a)
Before multi-pulse suppression: laser mode field diameters were 2900 x
1800 um. (b) After multi-pulse suppression: laser mode field diameters
were 2060 x 1800 um.

Yb**:Lu,0; Kerr-lens mode locked experiment was used. The distance
between prism pair was 40 cm and OC has 10% transmittance.

In a cw operation (replacing the SESAM by a high-reflection mirror), an
output power of about 1.9 W at the wavelength of 1041.5 nm was obtained.
For the mode-locked operation, at first we optimized the cavity with
respect to the average power. Under this optimization an average power of
1.7 W was obtained. The output pulses, however, suffered serious
multi-pulsed operation and the pulse duration was limited to several
hundred fs. Next, we optimized the cavity with respect to the pulse duration
as same as aforementioned experiments. During the optimization the
average power once decreased to about 1.3 W. At the same time of the
multi-pulse suppression, the average power increased from 1.3 W to ~1.5
W and the spectral bandwidth broadened from several nm to ~20 nm. The
large increase of the average power from 1.3 W to 1.5 W even with the low
O cavity (10% output coupling) indicates an existence of large gain and/or
loss modulation. The significant change in the laser mode field diameter
was also observed at the same time (Fig.5.20). The sech’-fit pulse duration
of 66 fs with the average power of 1.5 W at the repetition rate of 89 MHz
was obtained (Fig. 5.21). The center wavelength was 1041 nm and the
spectral bandwidth was 19.7 nm. The time bandwidth product was 0.36.
The peak intensity was about 0.25 MW and the optical-to-optical efficiency
was about 18.8% (against the LD power of 8 W). By changing the insertion
depth of the prisms and the distance of the folding mirrors (M1, M2), the
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Fig. 5.22. Autocorrelation trace (a) and spectrum (b) of 53 fs pulses are

shown. (a) The experimental data (dots) and sech’-fitting curves (solid

curve) are shown.
shortest pulse duration of 53 fs with a 1-W average power was also
achieved (Fig. 5.22). The spectral bandwidth was 27.3 nm and the time
bandwidth product was 0.40. The spectral includes little narrow cw
component. About the stability, the short pulse operation kept for longer
than 30 minutes. However, it showed an instant instability during the
operation and the stable time decreased, as the pulse was shorter. The
stable time is also very sensitive to the alignment. The mode-locked
operation has also been investigated with a couple of SESAMs with
different specifications (BATOP GmbH, saturable absorption depths of
0.5% and 1.3% with a recovery time of 500 fs). Pulses as short as sub 60 fs
have been also obtained with both SESAMs. Therefore, the pulse durations
are almost independent from the SESAMs.
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Fig. 5.23. Spectrum of the 53-fs pulses (broken curve) and normalized emission
spectrum of the Yb*":Sc,0; (dotted curve) and Yb*":Y,0s5 (solid curve) are shown.

The spectrum of the 53-fs pulses was centered at 1042 nm and broadened
to 1010 nm and 1075 nm (Fig. 5.23). At the shorter wavelength side, the
folding mirrors (M1 and M2) do not keep the high reflectance (>99.9%)
below 1020 nm and also have large high-order dispersion near 1010 nm,
which limits the spectral range of the shorter wavelength side. At the longer
wavelength side, the spectrum reached another gain peak of Yb>":Y,0;5 at
1076 nm. This is greatly interesting, because it indicates that the presented
operation made use of not only the different gain materials but also the
separating different gain peaks simultaneously with the help of the large
spectral broadening effect and the multi-gain media. Additionally,
Yb*":Sc,0; also has another gain peak at 1094 nm. Although the emission
cross sections at the longer wavelength side are about 3~5 times smaller
than those of the shorter wavelength side, the reabsorption at the shorter
wavelength side can modify the effective gains to comparable values by
optimizing the Yb*'-ion concentration. Therefore, the effective gain
bandwidth of Yb’":Sc,0; and Yb*":Y,0; multi-gain media can become
much broader. It should be remarked that even though a Kerr-lens effect
can broaden the spectrum with a large modulation depth, the broad gain
bandwidth also plays an important role to sustain short pulse duration
without multi-pulsing and/or cw component (see chapter 6). While
Yb**:Sc,0; and Yb*":Y,0; were physically contacted in the present
experiment, a composite ceramic technique will enable a monolithic
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multi-gain media in the future. Additionally, the physical contact of the
multi-gain media is dispensable, because their stimulated emissions are
optically connected even if the gain media are spatially separated. We can
select their configuration for different aims [6].

5.4 Yb*:Sc,05 and Yb**:Lu,O; single crystal Kerr-lens
mode-locked lasers

In the above KLM Yb:sesquioxides ceramic laser experiments, we have
succeeded in generating sub 100 fs ultrashort pulses, which is about 4 times
shorter than the previously reported SESAM mode-locked lasers based on
Yb:sesquioxides ceramics and single crystals. Our results also showed
broader spectral bandwidth than the gain media. Then, one simple question
arise: “whether similar short pulses can be obtained from single crystal or
not?” Our answer was Yes and to verify it, we did almost the same
experiments with Yb’":Sc,0; or Yb*":Lu,0; single crystals.

The experimental setup is shown in Fig. 5.24, which is almost the same as
in my previous ceramic experiments. As the gain medium, we used
Yb’":Sc,0; (2.4 mm thickness, Cy=2. 5 at.%) or Yb’:Lu,O; (1.9 mm
thickness, Cy,=3 at.%) single crystals. As the pump source the 5-W
fiber-coupled LD or an 8-W broad-stripe LD was used. In case of the

broad stripe LD pump

|
: PBS |
|
|
|

Fiber
coupled LD

M2
i
SESAM  gain medium

Fig. 5.24. Experimental setup of the mode-locked laser.
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Fig. 5.25. Average power versus the incident pump power. In case of the
Yb*":Sc,0; crystal laser optimized for average power (circles) and
optimized for short pulse duration (triangles), and in case of the
Yb*":Lu,0; crystal laser optimized for average power (squares) and
optimized for short pulse duration (inverse triangles) are shown.

broad-stripe LD pumping, mirrors M4, M5 having the same coating as M1,
a half-wave plate (Oth order, A..nr of 980 nm) and a broadband polarization
beam splitter (PBS, 620~1020 nm) were also used in order to protect the
LD from the leaking laser beam through the folding mirror M2. The
half-wave plate rotates the polarization of the leaking laser beam including
the wavelength below 1020 nm and the PBS reflects it. With this half-wave
plate, the pump laser becomes s-polarized at the gain medium and therefore
it has about 31% reflection loss at the Brewster angle. For stable
mode-locked operation a SESAM (BATOP GmbH) was used. A plane
mirror with 5% transmission was used as the output coupler (OC).

First we optimized the cavity for high average output powers. An average
powers of above 800 mW were obtained by each Yb’":RE,Oj5 laser (Fig.
5.25) with the 5-W fiber coupled LD pump source and the SESAM with
0.5 % saturable absorption depth (90-pJ/cm® saturation fluence, 500-fs
recovery time). However, with this setup the pulse durations were limited
to be about several hundred fs and multi-sub-pulses were observed in the
autocorrelation trace (Fig. 5.26). Next, we optimized the cavity for short
pulse durations similar to the aforementioned experiments.. As can be seen
in Fig.5.25, the average powers showed large jumping near the maximum
pump power. After this jumping, significant change of the laser mode
profile (Fig. 5.27) and spectral broadening occurred. At the same time of
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Fig. 5.26 Autocorrelation trace (a) and spectrum (b) of the Yb ':Sc,0;
mode-locked laser with the average power of 830 mW.

the spectral broadening, the center wavelength of the pulses also shifted to
longer wavelength side. With the optimizations 64-fs pulses with an
average output power of 650 mW at the center wavelength of 1048 nm and
a spectral bandwidth of 22 nm were obtained from the Yb**:Sc,05 single
crystal, and 68-fs pulse duration with the average power of 540 mW at the
center wavelength of 1037 nm with the spectral bandwidth of 20 nm from
the Yb’:Lu,O; single crystal were obtained (Fig. 5.28). The
time-bandwidth products were 0.386 and 0.379. The repetition rate was 100
MHz in each case. The distance between the prism pair was 41 cm and the
insertion depth of the prisms were changed in each case to optimize the
total amount of dispersion. The proper distance between the folding mirrors
(M1, M2) to obtain this pulse shortening had allowance of only several

ﬂﬂn'

Fig. 5.27. Mode profiles of the laser outputs. In case of the Yb>":Sc,0; laser
(a) before pulse shortening with the mode field diameters of about 2000 x
3800 um (tangential x sagittal) and (b) after the pulse shortening with the
mode field diameters of about 1900 x 2500 um. In case of the Yb3+:Lu203
laser (c) before the pulse shortening with the mode field diameters of about
1600 x 4300 um and (d) after the pulse shortening with the mode field
diameters of about 1700 x 2400 um.
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Fig.5.28. Autocorrelation traces and spectra of (a)(b) 64 fs pulses from the
Yb*":Sc,0; crystal and (c)(d) 68 fs pulses from the Yb*":Lu,O; crystal.
The experimental data (points) and sechz—ﬁtting curves (solid curve) are
shown.

hundred um and varied with the pump power.

Next we changed the pump source to the 8-W broad stripe LD (inset of Fig.
5.24) and the SESAM to the 0.4% saturable absorption depth one
(120-uJ/cm® saturation fluence, 500-fs recovery time). The distance
between the prism pair was also changed to 70 cm for the Yb’":Sc,05 and
to 60 cm for the Yb*":Lu,Os. The maximum incident pump power was
about 5.2 W (including 31% reflection loss). With this setup 81-fs pulse
duration with the average power of 840 mW and the spectral bandwidth of
18.3 nm was obtained from the Yb*":Sc,05 single crystal and 75-fs pulse
duration with the average power of 860 mW and the spectral bandwidth of
19.4 nm was obtained from the Yb’:Lu,O; single crystal. The
optical-to-optical efficiency against the incident pump power was ~16 %.
We also observed large jumping of output powers at the same time as
mode-locked operation starts (Fig. 5.29). The long-term mode-locking
stability was monitored by a 250 kHz photodiode. By shielding the cavity
from the airflow, the mode-locked operation was stable for longer than 2
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Fig. 5.29. Average power versus the incident pump power.

hours. The small long-term fluctuation seen in Fig.5.30 (a) was caused by
temperature change in our laboratory (period of ~90 min.). Without the
shielding, instant instability was observed (Fig. 5.30 (b)). The experiment
without the half-wave plate was also done. Due to the absence of reflection
loss of the pump laser beam, the average power of 1.09 W with the pulse
duration of 71 fs and the spectra I bandwidth of 21.3 nm was obtained from
the Yb*":Lu,O; single crystal (Fig.5.31).

While we could obtain the shorter pulse duration and higher average power
without the half-wave plate, we suffered destruction of the LD in the
experiment. The destruction was observed at the occurrence of the instant
instability, which occurred near the threshold pump power level. Even with
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Fig. 5.30. (a)(b) Measured long-term mode-locking stability with the pulse
duration of 81 fs and 840 mW average power. (a) With shielding the
cavity. (b) Without shielding the cavity.
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Fig. 5.31. (a) Measured autocorrelation data (dots) and sech’-fitting curves
(solid curve) are shown. (b) Fluorescence spectrum of Yb*":Lu,0; (doted
curve) and spectrum of 71 fs pulses (solid curve) are shown.

the sharp short wave pass filters (M4, M5), we have observed such
destructions of LD many times. This is the reason why we used the
half-wave plate and the PBS to protect the LD in the experiment. The cause
of this destruction has not yet been clarified [7].
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5.5 Yb*:{YGd,}[Sc,](Al,Ga)O4, ceramic laser

The experiments were carried out with a Z-shaped astigmatically
compensated cavity as shown in Fig.5.32. As the gain medium, an
Yb3+:{YGdZ}[Scz](AlzGa)Olz ceramic (Cy, = 10 at.%, 2.2 mm thick ) was
used. It was put in a copper holder and arranged at the Brewster angle. The
pump sources were broad-stripe LD’s (emission area of 1 x 90 um, 9 W,
972 nm, AA~4 nm for a cw operation and emission area of 1 x 95 um, 12 W,
975 nm, AA~5 nm for a mode-locked operation). The pump beam was
focused into the ceramic to 1/e” diameters of about 25 pm x 190 pum by
four beam-shaping lenses. In the cw operation (dashed line in the Fig.5.30),
the calculated fundamental laser mode diameters inside the gain medium
were about 48 x 91 um (at the focusing point).

In case of the cw laser operations output couplers of 5% and 10%
transmittances (Fig. 5.32. OC 1) were used. With the 10% OC, an average
power of 2.8 W at the wavelength of 1031 nm with a 42 %
optical-to-optical efficiency was obtained. With the 5% OC, an average
power of 2.9 W at the wavelength of 1051 nm with a 44 % efficiency was
also obtained (Fig. 5.33). In both cases, the measured laser transverse

HR
mi‘r_oi— i SESAM

Fig. 5.32. Experimental setup. Solid line shows mode-locked operation. Dashed line

shows CW operation.
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Fig. 5.33. Output power versus incident pump power in the
Yb3+:{YGdg}[Scz](AlzGa)Olz ceramic lasers. Continuous-wave operation
at 1051 nm wavelength (circle points) and at 1031 nm (square points) as
well as mode-locked operation (triangle points: before mode locking,
inverse triangle points: after mode locking (86 fs)) are shown.

profiles were multi-moded, which was caused by the large difference
between the pump laser profile and cavity’s fundamental laser mode profile.
Due to the existence of the reabsorption loss around 1030 nm, the peak
position of the total gain of the Yb’":{YGd,}[Sc,](Al,Ga)O,, depended on
the population inversion ratio of Yb’" ions and therefore the dependence of
the lasing wavelength on the output coupling efficiency was caused. The
center wavelength of the pump source depends on its operating current
(temperature) so that the absorption efficiency was also changed with the
incident pump power and therefore the output powers in Fig. 5.33 showed
nonlinear slopes against the incident pump power. The operation,
optical-to-optical efficiency of 44 % was achieved with the Z-shaped cavity,
which was used for the purpose of mode-locked operation. By using a
simple cavity (as like a cavity consist of flat-concave mirrors [8]), higher
efficiency would be available.

To achieve mode-locked operation, a semiconductor saturable absorber
mirror (SESAM, BATOP GmbH) of 0.5% saturable absorption depth with a
500-fs recovery time and an SF10 prism pair with the tip-to-tip separation
of 50 cm were inserted in the cavity. The laser beam was focused onto the
SESAM by a concave mirror (M3, ROC = 400 mm). A 5% transmittance
output coupler (OC 2) with a wedge of about 30 minutes was also used.
Due to the insertion loss of the SESAM and prism pair, the lasing occurred
at the wavelength of 1032 nm before the mode-locked operation started. To
achieve short pulse duration, the cavity was carefully aligned. Pulses as
short as 69 fs with the average power of 820 mW were obtained. The
center wavelength and spectral bandwidth were 1042 nm and 22 nm ( Fig.

106



Chapter 5. Experiments of mode-locked lasers

>12 1.2

D 1l =

5o g |

£0.38 - 208 ]

3 0.6: ] %O.G .

N0.4: © NO.4 i

@ i ©

g 0.2t - 0.2 i

8 O-:--' "H\HH\H‘.‘\M - B 0 L
-200-100 O 100 200 < 1000 1020 1040 1060 1080

delay time (fs) wavelength (nm)

Fig. 5.34. Autocorrelation trace (a) and spectrum (b) of the
Yb3+:(YGd2)Scz(GaA12)O 1> mode-locked laser.

5.34). The time bandwidth product was 0.42 and the repetition rate was 99
MHz. At the same time as the mode locking, we have observed the large
jumping of output power from ~530 mW to ~850mW (depending on the
pulse duration) and large change of the laser mode diameters (Fig. 5.35).
The pulse duration could be tuned by modifying the alignment (insertion
depth of the prisms, angle and distance between folding mirror (M1, M2),
position of gain medium and position of focusing point of pump beam) and
the position of center wavelength shifted to longer wavelength side with the
pulse shortening (Fig. 5.36).

In case of the mode-locked operation, the short pulse operation (generally
shorter than 200 fs) was achieved only with the large change of the laser
mode diameters. Without it, we suffered transition to the multi-pulsed
operation and pulse duration was limited to be above 200 fs. We mention
here again that we suppose that the large jumping of output power and

(a)

(b)

Fig. 5.35. Mode profiles of the laser beam outputs. (a) Before mode
locking with the laser mode diameters of about 3100 x 2150 pum
(tangential x sagittal) and (b) after the mode locking with the laser mode
diameters of about 1900 x 1700 pm.
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changes of laser mode diameter were caused by large Kerr-lens effect and
the present short pulse operations were sustained by Kerr-lens mode
locking as like our previous reports. The available wavelength range in the
shorter side of the set-up was limited by the HR coating of mirrors M1, M2
and the reabsorption loss of gain material. Therefore the wavelength shift to
a longer wavelength side can be caused as the spectrum broadens. The
spectral bandwidth of the 69 fs pulses (22 nm) became about 1.4 times
broader than the gain bandwidth of Yb*":{YGd,}[Sc,](ALGa)O;, (16 nm)
and its center wavelength of 1042 nm is 12 nm longer than the peak gain
position of the Yb’": {YGd,}[Sc,](Al,Ga)O;, (1030 nm), and therefore the
gain does not have a completely flat shape across the 69 fs pulse spectrum.
The sech® shape of the pulse spectra, however, was sustained in the
operation. It was probably caused by a large nonlinear spectral shaping
effect with a fast and large modulation depth of the Kerr-lens effect in
soliton-like mode locking [9].
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Fig. 5.36. Spectra of mode-locked pulses with several pulse durations.
The center wavelength shifted with pulse shortening (spectral
broadening).
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Chapter 5. Experiments of mode-locked lasers

5.5 Yb*":Y;Al:O4, ceramic laser

We also have tried the KLM laser experiment based on Yb:YAG ceramic as
a comparative study. The experimental setup is shown in Fig. 5.37 and is
almost the same as we used in Yb*": {YGd;,}[Sc,](Al,Ga)Oy, ceramic laser
experiment except for an absence of SESAM. The OC has 5 % output
coupling efficiency and the distance between prisms was 71 cm. In case of
the SESAM mode-locked Yb:YAG ceramic laser, the pulse duration was
limited to be above 300 fs and a transition to multi-pulsed operation was
observed. Then, we replaced the SESAM by a high reflection mirror and
inserted a knife-edge in output arm as a spectral selective element and hard
aperture. As a result, 128 fs pulse duration with 1.35 W average power at
the center wavelength of 1052 nm with a spectral bandwidth of 10.3 nm
under 5.6 W incident pump power (about 6W pump power from the LD)
was obtained (Fig.5. 38). The optical-to-optical efficiency versus incident
pump power is about 24 %. The average power increased from 1.23 W to
1.35 W at the same time the mode locked operation started. The change of
the laser mode from ~TEMg;-mode to ~TEMgy,-mode was observed (Fig.

knife edge

'OC

4
“ O,

M4 M2

‘ N HR mirror
slit

Fig. 5.37. Experimental setup of Yb’": Y3Als0;, Kerr-lens mode locked
laser.
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Fig. 5.38. (a) Measured autocorrelation data (dots) and sech’-fitting curves (solid
curve) are shown. (b) Fluorescence spectrum of Yb’":YAG (doted curve) and
spectrum of 128 fs pulses are shown.

5.39) as the mode locked operation started. We also have been able to
observe KLM without the concave mirror M3, but could not stabilize it.
Comparison with ultrashort pulse generation from Yb:YAG reported by
other group, the average power of our experiment of 1.35 W is about one
order larger. Our ultrashort Kerr-lens mode locked cavity is seems to be
suitable to obtain ultrashort pulse duration with high average power.

Fig. 5.39. Mode profiles of the laser outputs. (a) TEM(; mode appeared in the
CW operation (b) TEMy mode appeared in the Kerr lens mode locked
operation.
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Chapter 6. Estimation of the gain bandwidth limitation of pulse duration

Chapter 6. Estimation of the gain bandwidth
limitation of pulse duration

In this chapter, a gain bandwidth limitation of short pulse duration is
estimated by simple rate equations. In general the limitation can be
analytically calculated with Maser equation (chapter 2. equation 2.1)
introduced by Haus [1,2], which is based on restoration of optical pulses
(Fig. 6.1). It aso can give us pulse shape and spectral shape. On the other
hand, our calculation is based on competition of gain saturation effect
between CW operation and mode-locked operation. It is calculated
numerically with taking account for three-dimensional pump and laser light
distributions, reabsorption effect, and broad spectral bandwidth. The
calculation gives us necessary condition for suppressing a parasitic CW
component.

. . 14 _d o
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Fig. 6. 1. Schematic picture of a mode-locked ring resonator with the
various pulse shaping elements. [2]
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Chapter 6. Estimation of the gain bandwidth limitation of pulse duration

6.1 Rate equations for mode-locked laser operation

In a mode-locked laser operation, the shortest pulse duration is limited by
growth of the mode-locking instabilities and/or transition to multi-pulsing
operations. In general case of our experiments, before the increasing of the
instability or transition to the multi-pulsed operation, a narrow spectral
component appeared in the spectrum near the peak gain position. In case of
the Yb*":Lu,0O5 and Y b*":Sc,0; they appeared at 1033.5 nm and 1041.5 nm,
respectively (Fig. 6.2 and Fig. 6.3). We considered that the component was
caused by the weaker gain saturation in the ultrashort pulse operation than
that in the CW operation. We consider gain saturation effect in ultrashort
pulse operation by 3-dimentional rate equations below. In a cw
mode-locked operation based on Yb**-doped laser where the gain
saturation effect per pulse is weak so that the gain generaly can be
assumed to be time independent. We also assumed fast ideal nonlinear
gain/loss modulations (SESAM and Kerr-effect) having instant response
times (fast saturable absorber). With these assumptions, the 3-dimensional
rate equations can be written below

=
=N
[EEY
a1

o
~
|
o
o1

normalized intensity
© o o o .
[ \V] o
0 : :
.
P d
Y
20 2
cross section (10" cm®)

S b LV PP, N TR B |
1000 1020 1040 1060 1080 1100
wavelength (nm)
Fig. 6.2. Spectrum of pulses with an additional narrow component
(black solid curve) from Yb**:Lu,0Os. Emission (red broken curve) and
absorption (blue dotted curve) cross-section spectra of Yb*":Lu,Os are
also shown.
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Fig. 6.3. Spectrum of pulses with an additional narrow component (black
solid curve) from Yb*":Sc,05. Emission (red broken curve) and absorption
(blue dotted curve) cross-section spectra of Yb**:Sc,03 are also shown.
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where I,,,; is total photon number in the cavity, ¢ is velocity of light,
S(x,y,z) isdistribution function of the laser photon density in the cavity, g(4)
Is normalized spectral shape function of the pulses, o, (4) and o, (1) are
emission and absorption cross sections of the gain medium, Ny(x,y,z) and
N,(x,y,z) are distribution functions of the lower and upper state Yb* ion
density, /..., is cavity length, L is round-trip cavity loss and R,(x,),z) is
pumping rate distribution function. The egs. 6.1 and 6.2 include the integral
part of /. that can be considered as the effective cross section ¢ written
below

o = [g(A)x o, (2)d, 6.3
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Chapter 6. Estimation of the gain bandwidth limitation of pulse duration

o varies with the center wavelength and the spectral bandwidth of the
pulses. In case of the Yb**:Lu,Os, the emission and absorption
cross-section values at the 1033 nm peak are ~1.34 x 10% and 0.66x 10
cm?, respectively. In case of the our experimental result of 68-fs pulses at
the center wavelength of 1038 nm with the spectral bandwidth of 20 nm,
the effective emission and absorption cross-section values are calculated to
be 0.61x 10% and 0.34 x 10" cm?, respectively. The smaller effective
emission cross-section value leads to the weaker gain saturation so that the
CW component having a high emission cross-section value cannot be
suppressed completely. The necessary condition to suppress the CW
component can be written below by threshold upper state Yb** ion density
in pulsed operation N,

]CWI “w A Tth_pulse
—i = [eS”(x,y,2)0" N (x, y,z) —
o f[ (%, ,2)o N, (%, »,2)
Lcw[
CSCW(x’y’Z)O_:w(N_]\];hjulse(x’y’z))]dV_m<O’ 64

cavity

where N is total Yb* ion density and superscripts “pulse” and “cw”
discriminate between mode-locked operation and cw operation. Assuming
the stationary state with the top-hat pumping profile (radius of « in the gain
medium) and lasing profile (radius of b in the gain medium, assuming b= a,
shown in Fig. 6.4), from eqg. 6.1 the threshold upper state Yb®* ion density
in mode-locked operation N,”-"**¢ and cw operation N,”- can be written

below
b pulse 2N pulse b pulseszulse
Nth_pulse _ O-a +
u a 2 (O_ pulse + Gpulse ) 2a 2[ (G pulse + Gpulse ) 6_5
e a g e a
cw2 cw CWZ cw
A b" No! b™ L
u - 2 cw cw + 2 cw cw 6 6
a’\c."+o0,") 2a’l \c." +o0, '

where /, is length of gain medium. The condition 6.4 can be achieved by an
additional saturable loss caused by a SESAM or by a hard aperture
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L aser mode

Gain medium
pump mode

Fig. 6.4. Schematic picture of soft aperture Kerr-lens effect.

Kerr-lens effect. The soft aperture Kerr-lens effect caused by the difference
between #*¢ and b also can influence the N,” value.

We estimated the required modulation depth for generating 68 fs pulses
(FWHM of 20 nm) from the Yb**:Lu,05. We assume linear loss L = 8%
(including the 5% output coupling loss) and #*¢ = p. The latter
assumption corresponds to absence of soft-aperture effect. In other words,
assuming the mode locking is sustained only by loss modulation caused by
a SESAM or hard aperture Kerr-lens effect. With this assumption the
condition (6.4) can be ssimplified below

' v 2[ No_pulse + Lpulse 2] NGCW + Lcw
Nth_pulse _ Nth_cw — g a _ g a < 0
u u Zlg (O_epulse + O_fulse) 2[g (O_:w + O-;W) 67

We used the emission and absorption cross-section values at the
wavelength of 1033.5 nm in the CW operation. Because of the existence of
the reabsorption loss, N,"-" has the lowest value at the wavelength of
1033.5 nm and it agrees experimental result. Under these assumptions, the
required modulation depth can be calculated to be ~ about 6 %, more than
15 times bigger than the modulation depth of the SESAM (less than 0.4%
modulation depth.) used in the experiment. We conclude that our
experimental results of sub-100-fs ultrashort pulse operations were mainly
sustained by Kerr-lens effect. As can be shown in eq. 6.7, the necessary
condition depends on doping level of Yb*" ion (reabsorption effect). The
wavelength of CW component where N,”-" take minimum value also
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depend on pulse duration. The required modulation depth shows strong
dependence on linear cavity losses (Fig.6.5 (a)).

We have also estimated the required condition with the assumption of the
same cavity loss both in the CW and pulsed operations, and the ratios of
laser mode and pump mode radius 5*"?**? /a >1. In other words, assuming
the mode locking is sustained only by soft aperture mode locking. With this
assumption the condition (4) can be written as below

b (ZIgNaf’”“ + L) b (ZIgNa:W + L)

th_pulse th_cw — —_
Nu v Nu Ig (O_:Uuzse N O-:mlse) lg (O_Zw + O_:w) <V. 6.8.

If we assume no reabsorption effect, the eg. 6.8 becomes

2 2
b pulse b cw
th _ pulse _ 7\ ]’th_cw _ _
Nu u o pulse cw < O' 69
O o) !
e

e

eg. 6.9 obviously shows that the soft aperture Kerr-lens mode locking is
independent from linear cavity lossin case if there is no reabsorption effect.
The calculated result of equation 6.8 (including reabsorption effect) is
shown in Fig.6.5 (b). To obtain 68 fs pulse duration, the required change of
laser mode area is roughly about 35 %, which is lower than the available
soft aperture Kerr-lens effect in chapter 4 and therefore the calculated soft
aperture Kerr-lens effect of our mode locked laser cavity was enough for
generating 68-fs pulses. The required change of the laser mode area In Fig.
6.5 (b) shows smaller dependence on linear cavity losses (Fig. 6.5 (b)) than
that of eq. 6.7. The reason easily can be understand from eg. 6.9. On the
other hand, The Fig 6.5 (b) shows that the required change of the laser
mode area strongly depend of N value due to its reabsorption effect. In the
estimation we assumed top-hat laser mode and pump mode profiles and
they probably make some differences from experiment (Gaussian laser
mode profile). However the order of the requirements and physical
behavior should be correct. Above calculation also can be expanded to
Gaussian laser mode profiles.

These requirements are caused by finite bandwidth of gain material and
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therefore the broad gain bandwidth is still very important for suppressing
these requirements even though we have succeeded in generating ultrashort
pulses overcoming their general gain bandwidth limitation.
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Fig. 6.5. Necessary condition for suppressing parasitic cw oscillation
component of (a) Mode locking based on loss modulation and (b)
Mode locking based on soft aperture Kerr-lens mode locking are
shown. The gain material is 3 at % 1 mm thick Yb**:Lu,O5 except
for inverse triangles points in (b) (1.5 a % 0.5 mm thick
Y b3+: L Uzog) .
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6.2 Calculation of output power

We have also calculated the output power property based on 3-dimentional
rate equations. In the calculation we used below parameters, linear loss =
9% (5%0C), the effective emission and absorption cross-section values of
0.62x 10 and 0.34 x 10" cm?, in mode-locked operation and 1.17x 10°%°
and 0.67 x 10% cm? in CW operation. Saturable absorption loss of SESAM
= 0.4%. The calculated result and experimental result of 81 fs'Yb:Lu,O; are
shown in Fig. 6.6. The experimental result and calculated result show some
agreement. The nonlinear shape of the experimental output power property
was caused by change of the wavelength of pumping light. The pulse
duration calculated from soliton equation is about ~70 fs, which aso show
roughly agreement with the experimental result.
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Fig. 6.6. Output power versus absorbed pump power of incident pump
power. (a) Calculation result. (b) Experimental result.
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Chapter 7. Summary and outlook

In this thesis, ultrashort pulse laser operations based on Yb’"-doped
materials were described. To obtain power scalability, every experiment
was done with direct LD pumping. The gain media having good thermal
and mechanical properties were also used for the same purpose. Their
properties are shown in chapter 3. However, the available gain bandwidths
with such gain media are restricted and narrower than those of other gain
media used for ultrashort pulse (<100 fs) laser operation (e.g. glass
materials, disordered materials.). In case of the SEASM mode locked laser
operation, due to their gain bandwidth limitation, the shortest pulse
duration was strongly limited to be ~200 fs by the transition to the
multi-pulsed operation and appearance of CW component. The estimation
of such gain bandwidth limitation was described in chapter 6. The keys to
suppress such phenomenon are to obtain fast and large gain/loss
modulation depth, large SPM effect and broad gain bandwidth. In this
thesis we have succeeded in overcoming such conventional gain bandwidth
limitation by using a large Kerr-lens effect. The modulation depth of the
Kerr-lens effect depends on both of the pulse energy and pulse duration,
which also make strong suppression effect of multi-pulsed operation. It is
big difference from conventional SESAM mode locking. The design of the
Kerr-lens mode locked cavity and the calculation of its soft aperture
Kerr-lens effect are shown in chapter 4. In general, the available pulse
duration tend to be limited by a spectral bandwidth of the gain bandwidth.
However, in case of the soliton (solitonlike) mode locking, the pulse and
spectral shapes obey solution of nonlinear Schrodinger equation with
nonlinear temporal and spectral shaping effect. Combination with large
modulation depth, the pulse duration can be shorter than the duration of
temporal gain window and the spectral bandwidth can be broader than its
gain bandwidth limitation. Such spectral broadening above its gain
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bandwidth limitation was also reported in KLM Ti3+:A1203 laser cases.
However, the broad gain bandwidth is still important to generate further
ultrashort pulses. To achieve further short pulse duration, Kerr-lens
mode-locked operation based on multi-gain media oscillator was
demonstrated. The multi-gain media oscillator can broaden the effective
gain bandwidth without degrading their thermal and mechanical properties.
The information of the multi-gain media used in this thesis is shown in
chapter 3. By the combination of the multi-gain media and large soft
aperture Kerr-lens effect, as short as 53 fs pulse duration with the average
power of 1 W has been obtained by a LD pumping. The properties of
Yb*"-doped Kerr-lens mode-locked lasers obtained in this thesis are shown
in table 7.1 (chapter 5). Due to their superior thermal and mechanical
properties, they will be used in much higher average power laser operation.

Table 7.1. Properties of Yb*"-doped Kerr-lens mode locked lasers.

Pout At AN Effi. Poum
@W) (&) m) Meod on Gy
850 92 13.7 KLM 19 4.5

515 250 4.7 SESAM 11 4.5

1090 71 21.3 KLM 15 7.4

352 357 32 SESAM 8.8 4

Host material

Sc,03 ceramic

Lu,0; crystal

Sc,05 crystal 840 81 18.3 KLM 16 5.2
Y,0; ceramic 540 68 20 KLM 11 5
220 188 6.4 SESAM 5.5 4
Lu,O3 ceramic 320 65 18.9 KLM 6.4 5
Sc,03 & Y503 }888 gg ég; KLM }Z 7.4
(YGd,)Scy(Al,Ga)Oy, 820 69 22 KLM 12 6.9
YAG 1350 128 10.3 KLM 25 53
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FutureWorks

To achieve further high power ultrashort pulse laser operations, we have to
overcome some problems: heat loads, excess nonlinearlity and coating
damage. The gain materials used in this thesis are suitable for reducing heat
loads. On the other hand, the cavity design is also should be optimized for
further high average power operation. The one of the promising cavity
design for above purpose is thin-disk laser concept [1], which enables
highly efficient cooling, low material nonlinearity and reducing coating
damage due to its thin gain material length (typically < 400 um) and large
laser mode diameters (typically > 1mm) (Fig.7.1). In case of the sub-ps
pulse duration, an average power of above 100 W has been reported. It is
very interesting question that how large Kerr-lens effect can be available

]|

CPM y
—_—1
E CPM l Pump laser I

Direction of
heat flow

Gain medium
Cavitv laser mode Pumn laser Heat sink

Fig. 7.1. Schematic picture of our thin-disk laser cavity. CPM is chirped mirror.
Bottom side shows enlargement of dashed square area in the upside picture.
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with a thin-disk cavity. If we could obtain large gain/loss modulation depth
by Kerr-lens effect with thin-disk, we might be able to obtain ultrashort
pulses with further high average power. The Kerr-lens effect itself is
proportional to I/d* (I and d are material length and laser mode diameter),
and therefore the Kerr-lens effect becomes very small in thin-disk laser
cavity. However, the important thing for Kerr-lens mode locking is not the
strength of Kerr-lens effect itself. The most important thing is the strength
of available change of laser cavity mode by induced Kerr-lens effect, which
strongly depends on cavity configurations (laser mode diameters,
curvatures of cavity mirrors and so on). The calculated Kerr-lens effect in
our thin-disk laser cavity (under preparing) is shown in Fig. 7.2, which
obviously shows that large soft (hard) aperture Kerr-lens effect can be
obtained even in thin-disk laser cavity. In addition its thin gain material
length give us one big advantage in Kerr-lens mode-locked laser operation.
It can eliminate the requirement of high beam quality pump source, which
is required in conventional Kerr-lens mode-locked lasers to control pump
laser mode diameters along gain media. The Kerr-lens mode-locked laser
operations with broad-stripe LD pumping in this thesis were also suffered
such requirement so that the soft aperture Kerr-lens effect only at sagittal
plan could be used. We believe the high average power (>30W, fluence on
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Fig. 7.2. Calculated laser beam radii with thin-disk laser cavity. (a) Laser beam radii
inside the cavity and (b) Laser beam radii inside the gain material are shown. We
assume pulse energy of 10 pJ and pulse duration of 81 fs inside the cavity.
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gain material surface is ~ImJ/cm® (one pulse), which is still smaller than
coating damage threshold) femtosecond laser operation with sub-100 fs
pulse duration at high repetition rate would be available by thin-disk laser
cavity in future and we are preparing it. For such a Kerr-lens mode locked
thin-disk laser operation, a high precise multi-pass pumping unit is
necessary to control pump spot size. In addition, in case of the thin-disk
laser, coating damage at material top surface, however, would become
problem even in lower laser fluence level than its damage threshold
fluence. It is probably caused by its high average power and high
temperature at top surface caused by its buck surface cooling constructor.
The bonding of nondoped material its top surface might be useful to
decrease temperature.

In case of the high pulse energy (> 1 wJ) femtosecond laser operation at low
repetition rate, generally large nonlinearlty inside the long cavity including
material and air becomes problem which lead to multi-pulsed instability.
However, we suppose such multi-pulse instability can be suppressed by
large modulation depth based on Kerr-lens effect and or large negative
dispersion. Such nonlinearlity would become serious problem in much high
pulse energy cavity (> 10 pJ) or extremely long cavity. Vacuum cavity or
Helium filled cavity can be used to suppress it. We suppose coating damage
at material surface will be more serious problem in high pulse energy
ultrashort pulse laser operation as in an ultrashort pulse amplifier system.
One of the promising cavities for achieving high pulse energy is multi-pass
(laser mode) cavity with extremely high output coupling efficiency [2]. It
can significantly reduce the pulse energy inside the cavity. The problem of
such cavity is requirement of very large loss/gain modulation depth for
short pulse duration. For such large output-coupling cavity, soft aperture
Kerr-lens mode locking would be suitable. For a Kerr-lens mode locking,
the fluctuation of laser mode size and position at gain material in each pass
would be problem. I suppose a combination of soft aperture and hard
aperture Kerr-lens mode locking should be used in such multi-pass
Kerr-lens mode locked laser cavity.

For further high pulse energy, an amplifier system should be applied. For
suppressing gain narrowing effect the concept of multi-gain media could be
used in future.
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