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Abstract

Among the neodymium-doped laser gain media, the crystal of yttrium orthovanadate
(Nd:YVO,) has been studied as an alternative to Nd:YAG for medium range power applications
due to its several advantages in crystal properties such as very high emission cross-section and
inherent birefringence. At very high output power, however, the Nd:YVO, laser crystal is still
limited by the inferior thermal properties which lead to a stronger thermal gradient. This affects
laser operation in various ways and ultimately results in unstable cavity (optical resonator).
Nd:YVOy, has regained a lot of attention recently due to the possibility to absorb pump at longer
wavelengths thus reducing the thermal load. This was only recently allowed by the fact that the
laser diode technology has developed more efficient sources at other wavelengths that are ideal

for diode-pumped solid-state lasers.

This thesis presents a study and quantification of thermal lensing effects of Nd:YVO, laser
under 914 nm pumping in order to develop wavelength tunable Nd:YVO, laser based on the
*Fa, > “Fy1 transitions with high efficiency and output power. To achieve higher efficiency and
allow for higher power scaling, the reduction in thermal lensing due to the lower quantum defect
(defined as the difference between the pump photon energy and laser photon energy) is the main
driving mechanism. The thermal lensing effects were found to be lowered by a factor of two
under the new pumping wavelength at 914 nm which is attractive for power scaling purposes and

particularly attractive for laser gain media with inferior thermal properties.

Once thermal effects have been quantified, discrete wavelength tuning of Nd:YVO, laser
between adjacent competing emission lines with birefringent plates as intracavity selectors was

demonstrated with the highest slope and optical-to-optical efficiencies.

Due to the increasing interest in dual-wavelength operation for the use as an optical source
for terahertz (THz) radiation via difference frequency generation, this thesis also gave a
demonstration of two selectable pairs of power-ratio-tunable dual-wavelength operation with
multiple intracavity birefringent plates along with explanation of gain balancing. The results
obtained by this method provided the best output power in dual-wavelength operation for the
wavelength pairs of interest, on-demand switching, tunable power-ratio, and robustness of the

setup compared to other static methods of gain balancing.



The latter half of the thesis was concentrated on developing highly efficient picosecond
pulsed operation (mode-locked, ML) of Nd:YVO, laser based on the low quantum defect
pumping which also elevates the theoretical limit of the efficiency of laser systems. The
experimental results obtained in this section show the highest to date slope efficiency that has

been obtained with any neodymium-doped laser gain media.

The combined knowledge from discrete tuning section and mode locking section paved the
way for the discretely tunable multi-wavelength mode-locked Nd:YVO, laser which we have

demonstrated for the first time.

Finally, this thesis ends with preliminary test on other possible neodymium-doped laser gain
media that can benefit the most from the technique of in-band pumping and can be used to
develop medium range output power from Nd-doped gain medium with sub-picosecond pulse

generation capability.
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Chapter 1

Introduction

Lasers, which originally came from the acronym for Light Amplification by Stimulated Emission
of Radiation, are optical devices which make use of the process called stimulated emission to
generated near-monochromatic and highly coherent light (light waves that have a fixed phase
relationship in space and time). Lasers can be divided into different categories based on the type
of laser gain medium (the material which has the suitable energy level for the stimulated

emission to occur) used in the system, such as solid-state, gas, liquid, and semiconductor lasers.

Among different types of lasers, solid-state lasers have major advantages over other means of
efficient generation of coherent radiation. For example, when compared to laser diodes
(semiconductor lasers), solid-state lasers are able to provide much better beam quality (an
example of beam quality factor is given in section 2.4.1) of the output at the same power level.
The comparison between solid-state and gas lasers can also be made which favors solid-state
laser due to higher wall-plug efficiency. Regarding the applications, efficient solid-state lasers
both in continuous wave and pulsed regimes are desirable for micro-machining, material

processing, laser deposition, biomedical imaging, biomedical research, and microsurgery.

Historically, solid-state laser was the first demonstrated in the form of a ruby laser. However,
it was not until 1964 when the very first diode-pumped solid-state laser (DPSS) was
demonstrated by R.J. Keyes and T.M. Quist [1]. The main reason behind the use of a laser diode
to pump a solid-state laser is due to the narrow band output spectrum of the laser diode when
compared to other radiation sources such as flash lamps. This narrow band output of the laser
diode, when designed to fall into the high absorption band of the solid state-laser gain medium,

could greatly enhance the power efficiency of the solid-state laser systems.

Within the past few decades, because of its several advantages in diode-pumped laser
systems such as very high emission and absorption cross-sections, the crystals of neodymium
yttrium orthovanadate (Nd:YVO,) have become more widely used in many compact laser
devices with low to mid-range output power up to tens of Watts or Class 4 according to the

International Electrotechnical Commission (IEC) classification. For consistency, this thesis

1



considers the output power below 100 mW as low power level, 100 mW to 50 W as medium

power level, and above 50 W as high power level.

This thesis proposed to study Nd-doped laser crystals as an efficient source of picosecond
(10™*? s) pulses with medium output power level. This chapter discussed the background

information of the different aspects of a mode-locked diode-pumped Nd:YVO, laser.

1.1 Picosecond ultrafast lasers

Picosecond lasers refer to lasers which can generate trains of short optical pulses with duration of
1 to tens of picoseconds (hence the ‘ultrafast’ terminology) which are the limits set by their gain
bandwidth [2]. The benefits of having lasers with short optical pulses are because they can
provide extremely high peak power compared to continuous wave lasers. This means that this
type of laser can provide a large amount of photons in a very short period of time which is

required to observe some of the non-linear optical processes.

Although femtosecond (10 s) lasers such as Ti:sapphire lasers can provide much shorter
pulses and higher peak power which are even more suitable for applications which heavily rely
on non-linear phenomena such as multi-photon absorption, they are much less economical,
power inefficient (due to their intrinsic loss through large quantum defect), and unnecessary for
some applications in which pulse energy and average power are more important, e.g.

micromachining and microsurgery.

As an example of biomedical applications of picosecond lasers, two-photon bio-imaging has
been demonstrated with picosecond lasers with pulse duration of 5 ps and only 1.1 kW of peak
power level [3]. Another important biomedical use for picosecond lasers is for coherent anti-
Stokes Raman scattering (CARS) microscopy which prefers picosecond to femtosecond lasers in
the near infrared (NIR) range due to their much smaller bandwidth (i.e. higher spectral
resolution) while still providing high peak power levels [4-6]. Intraocular microsurgery was
demonstrated in [7] using picosecond Nd:YAG laser. Osteotomy using a picosecond Nd:YVO,
laser was also tested [8]. Recently, an efficient tissue and bone non-thermal ablation was tested

with frequency doubled picosecond Nd:YVO, laser [9].



There are different types of laser sources which can generate picosecond pulses such as fiber
lasers, solid-state lasers, and semiconductor lasers, each with their own advantages and
disadvantages. Among them, the most common sources are the mode-locked solid-state lasers
which have an advantage of providing higher pulse energy, high peak power, excellent pulse
quality, and near diffraction limited beam quality which are all important for the resolution of the

scanning systems.

1.2 Motivation and objectives

From the uses of picosecond lasers in the applications mentioned above and the
attractiveness of the low cost, high quality output, and high wall-plug efficiency of the solid-state
laser systems, this research aims to develop an efficient picosecond laser that meets the
requirements for biomedical imaging, notably, picosecond pulse duration of approximately <20
ps and medium average output power (>1 W) with Nd:YVO, laser laser crystal. Further power
scaling options for applications that demand higher average power are also mentioned in the

conclusion of the chapter 2.

Our approach to solve this task is as follows. First, to study the thermal effect of the new in-
band pumping scheme (pumping directly to the upper energy level of the laser transition) at 914
nm instead of the classical 808 nm pump wavelength in Nd:YVO, laser crystal which would
allow the system to operate under higher pump power with lower effect on the laser system
stability. Secondly, to use this pumping technique to explore the high efficiency in pulsed (mode-
locked) regime. Thirdly, to develop a method for wavelength tunability under continuous wave
and mode-locked regimes. Finally, to investigate the possibility of using other laser crystals with
similar thermal properties but larger gain bandwidth such as Nd:ScYSiOs (SYSO) and
Nd:CaYAIO, (Nd:CYA) under 914 nm pumping. The rest of this chapter will provide some
background information and basic properties of the Nd-doped laser crystal chosen for this
research, Nd:YVO,.

1.3 Nd:vanadate (Nd:YVQO,) laser crystal

Solid-state laser gain media are comprised of crystal host materials and rare earth metal dopants.

Dopants replace other ions of relatively the same size in the host material and roughly determine



the absorption and emission wavelengths of the laser. The crystallographic structure of the host
material holds these dopants in place and affects the energy level arrangements of the dopant
ions. In Nd-doped gain media, these dopants are neodymium ions (Nd*"). The following table
provides relevant properties of the three most common Nd-doped laser crystals.

Table 1-1. Laser crystal properties compared with 1% doping concentration [2,10,11]

Crystal Nd:YVO, Nd:YAG Nd:YLF
Laser wavelength (nm) 1064 1064 1047 (w), 1053 (o)
Stimulated emission cross- 25 (m), 7 (o) 2.8 1.8 (n), 1.2 (o)

section (107 cm?)

Fluorescence lifetime (us) 90 230 485
Emission linewidth (nm) 0.96 0.51 1.47
Thermal conductivity (Wm*K™) 5 14 6.3
Thermo-optical coefficient 15.5 (o) 7.3 -4.3 (n), -2.0 (o)
(dn/dT) (10° K™

8.41 (m)

In Nd-doped yttrium orthovanadate (Nd:YVO,) crystal, Nd** ions replace Y** ions in the host
crystal. The host material is tetragonal with lattice parameters a, b = 7.12 A, and ¢ = 6.29 A.
Crystals with tetragonal structure are naturally uniaxial birefringent, meaning that the a- and b-
axes are equivalent, and differ from the c-direction. Nd:YVO, crystal can be oriented along the
a- or c- axis. In most cases, the Nd:YVO, crystal is oriented along the a-axis with surface
coatings done on both front and back surface due to the higher pump absorption for light
polarization with the electric field vector directed along the c-axis. Fig. 1-1 illustrates

crystallographic axes and dimensions of one of the Nd:YVO, crystal used in the experiments.
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Fig. 1-1 Crystallographic axes of 12-mm-long Nd:YVO, crystal used in the experiment.

Nd:YVO, laser is a 4-level laser system in which laser operation involves 4 energy levels and
has been extensively studied as an alternative to Nd:YAG for medium range power applications
due to several advantages such as its very high emission cross section, broader absorption
profile, and birefringence [2,12]. The absorption spectrum of the Nd:YVQO, crystal is shown in
Fig. 1-2 [13]. The n- and o-polarizations in the figure are used in uniaxial crystals to denote the
polarizations parallel and perpendicular to the optical axis of the crystal (c-axis), respectively.
The emission spectrum of the Nd:YVO, crystal is shown in Fig. 1-3 [14].

35 T v T y T T T v T v T T T

n—polarization
1 c—polarization

25 —

20 -

15

Absorption coefficient (cm'1)

T T T T T T T g T T T T
800 820 840 860 880 900 920
Wavelength (nm)

Fig. 1-2 Absorption spectrum of Nd:YVO,[13].
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Fig. 1-3 Emission spectrum of Nd:YVO,.

Stimulated emission cross-section of light polarization with the electric field vector parallel to
the c-axis (m-polarization) of the Nd:YVO, crystal is 3-4 times higher than that parallel to the a-

axis (o-polarization) resulting in polarized laser emission parallel to the c-axis due to much
higher gain.

However, at high output power, performance of the Nd:YVO, laser crystals is limited by
their thermal properties which lead to a strong thermal gradient [5,10-14]. The induced thermal
gradient degrades the optical properties of the gain medium, the stability of the laser cavity, the
output beam quality, and the optical efficiency. Ultimately, a large thermal gradient could
results in failure of the material. To overcome this limitation, recent studies have focused on
diode pumping of Nd:YVO, crystals at other absorption lines with longer wavelengths. The

longer pump wavelengths result in the reduction of quantum defect (QD) defined in equation (1-
1) as

QD= hVpump - hVlaser ' (1-1)

where h is the Planck’s constant and , is the frequency of the electromagnetic wave.



Multiple pump wavelengths such as 880 nm, 888 nm and 914 nm to produce 1064 nm laser
output [15-20] have been proposed and studied. The energy level of Nd:YVO, showing
corresponding optical transitions are shown in Fig. 1-4.
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Fig. 1-4 Energy level diagram of Nd:YVO, absorption and laser transitions.

The smaller quantum defect from the longer pump wavelengths translates directly to a smaller
amount of heat generated within the crystal due to the relaxation process with minimal effect
from energy transfer upconversion (ETU) and quenching in continuous wave regime [21]. In this
work, 914 nm was used as the pump wavelength instead of the conventional 808 nm, which
reduced the quantum defect by ~40%. There was, however, no report focusing on thermal
lensing effect in such cases.

1.4 Laser diodes at 914 nm

Laser diodes are generally used to pump solid-state lasers. However, there are some exceptions
like Ti:sapphire crystal which has the peak absorption around 480 nm at which it has limited

pumping options and therefore is generally pumped by another frequency-doubled solid-state



laser such as Nd:YVO,. This results in an extremely low wall-plug efficiency since the system

involves two solid-state lasers instead of one as well as one frequency conversion process.

Among the wavelengths that are absorbed by the Nd:YVO, as mentioned in the last section,
914 nm is the longest wavelength. Conveniently, the high-power fiber-coupled InGaAs laser
diodes around 914 nm are widely used for pumping of the Yb-doped fiber lasers and are readily
available for power scaling experiments. Moreover, they provide better lifetime, efficiency, and
higher power than their AlGaAs counterparts that generate 808, 880, and 888 nm output [18].
The beam quality of the output at 914 nm is also usually more than 4 times better than AlGaAs
laser diodes and therefore allows for efficient mode-matching (i.e. overlapping of the pump and
laser mode volumes) in longer laser crystals which will be discussed in more detail in the next

chapter.

1.5 Previous results with 914 nm pumping

First direct in-band diode-pumping of Nd:YVO, at 914 nm was demonstrated by D. Sangla et al.
in 2009 with a 1.5 at. %-doped 10 mm long a-cut Nd:YVO, crystal [18]. The absorption band at
914 nm was measured to be approximately 4 nm which is larger than the available laser diode
bandwidth of 2.5 nm. The absorption coefficient was also measured to be 0.65 cm™ for
polarization along the c-axis and 0.46 cm™ along the a-axis which is much lower than the strong
difference at classical 808 nm pump wavelength (~2 times). Therefore, it was confirmed that this
absorption band is suitable for diode pumping which usually utilized unpolarized light. At the
highest pump power of 35 W limited by the laser diode, 14.6 W was absorbed and maximum
laser output power was 11.5 W. The slope efficiency was found to be 80.7% which is very close
to the theoretical limitation of quantum defect efficiency at 86%. The optical efficiency was
78.7% which is the highest ever reported for a diode-pumped Nd:YVO, laser at this power level.
The definition of the slope efficiency and the optical efficiency will be given in section 2.4.4 in
chapter 2.

Performance difference of Nd:YVOQO, laser at 1064 nm under 808 nm and 914 nm pumping
were investigated by X. Delen et al. [21]. In order to control the geometry of the pumping, the
two fiber-coupled laser diodes operating at 808 and 914 nm were chosen to have the same output

characteristics. The laser crystals, however, were chosen with different doping concentrations,



0.1 at. % for 808 nm pumping and 1.5 at. % doping for 914 nm pumping, due to the large
difference in their absorption coefficients. Even with the lower doping concentration in case of
the 808 nm pumping, the absorbed pump power was still higher than that of the 914 nm pumping
case. The authors then chose to compare the results of both pumping schemes under the same
absorbed pump power. In continuous wave (CW) regime, slope efficiency of 81% and 58% were
obtained for 914 nm pumping and 808 nm pumping, respectively. The difference in slope
efficiency was due to the larger quantum defect in 808 nm pumping scheme proving one of the
advantages of pumping at 914 nm. The fractional thermal loading was investigated in CW
regime and found to be close to quantum defect value while fractional thermal loading in 914
pumping case was found to be higher than that of the 808 nm case in g-switching regime.
Upconversion processes and nonradiative decays were identified as the factors responsible for

such cases.

The first 1342 nm Nd:YVO, laser with 914 nm in-band pumping was demonstrated by X.
Ding et al. [20] in 2011. In the experiment, another Nd:YVO, laser operating at 914 nm was used
instead of a laser diode to pump the 1342 nm laser to ensure good overlapping of the pump beam
and the oscillating laser mode. A 1.0 at. % doped and a 3.0 at. % doped a-cut Nd:YVO, crystals
were used in the experiment to investigate the influence of doping concentration on laser
performance. The highest output power of 0.86 W output was obtained under 1.82 W of
absorbed pump power. The slope efficiency of 65.4% was reported which is the highest slope
efficiency obtained in 1342 nm Nd:YVO, laser to date. The use of higher doping concentration
was stated to have a negative impact on laser performance due to the lower stimulated emission
cross section of the of *Fz; > “lya transition induced by heating. A longer Nd:YVO, crystal
with lower doping was suggested instead of high concentration doping in order to maintain

enough absorption and high efficiency in 914 nm in-band pumped Nd:YVO, laser.

So far, there has been no report on the performance of in-band pumped Nd:YVO, laser under
mode locking regime. The only one result from hybrid material (Nd:GdoY0.4VO,) demonstrated
relatively low optical-to-optical efficiency of 27% and slope efficiency of only 44% which was
caused by the non-optimal mode-matching condition for the TEMg, mode [22]. Moreover, to the
best of my knowledge, although the gain from Nd:YVO, crystal supports laser oscillations at

around 1073 and 1085 nm as seen in the emission spectrum Fig. 1-3, mode-locked operation at



1073 has never been reported before and only one report at 1085 nm line using Nd:LuVO,
crystal was made [23]. The pulse duration of 144 ps was measured which is much longer than the

minimum pulse duration allowed by the available gain bandwidth.

1.6 Contributions

The following contributions have been made in this study.

¢ Quantification of reduction in thermal lensing effect in Nd:YVO, under 914 nm and other
pump wavelengths in comparison. The thermal lensing effect has been found to be 2.1
times weaker than with the traditional pump at 808 nm under the same condition. The
results were published in [24].

e A successful demonstration of multi-wavelength Nd:YVO, laser selectable between
1064, 1073, 1085 nm with high efficiency. The results were published in [25].

e A new proposed combination of birefringent filters (with theoretical analysis) in order to
manipulate gain-loss between different emission lines for dual-wavelength generation.

e A successful generation of dual-wavelength operation of Nd:YVO, at 1064 & 1073 nm
and 1064 & 1085 nm with the highest efficiency demonstrated to date (submitted).

e A successful demonstration of the highest efficiency in picosecond pulse generation
regime compared to all other Nd-doped gain media. The results were published in [26].

e First mode-locked operations at 1073 and 1085 nm lines from Nd:YVO, (submitted).

e First successful demonstrations of two disordered gain media (Nd:SYSO and Nd:CYA)
under new in-band pump wavelength of 914 nm (to be submitted).

1.7 Overview of Thesis

This thesis investigates the potential for high efficiency diode-pumped continuous wave and
mode-locked Nd:YVO, lasers operating at three different output wavelengths at 1064, 1073, and
1085 nm.

Chapter 2 presents the study of thermal lensing under 914 nm pumping in comparison with
other pump wavelengths available for diode-pumped Nd:YVO, laser. The fundamentals of
thermal lensing effect are reviewed in order to explain the sources of the resulting thermal

lensing. Finite element analysis (FEA) simulations have been done under the same condition as
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the experiment to verify the accuracy of the experimentally measured value of thermal lens.

Trade-off between multiple design parameters affecting thermal lens are discussed.

Chapter 3 investigates tunability between adjacent emission lines within the same terminal
manifold in Nd:YVOQO, laser. The on-demand wavelength selectivity (which has not been
demonstrated before) at the three wavelengths mentioned earlier was also demonstrated here due
to the flexibility of the method used to introduce discrete tuning.

Chapter 4 presents the results for dual-wavelength operations using the modified tuning filter
technique introduced in Chapter 3. A specific setup in order to achieve dual-wavelength

operation with high efficiency was described.

Chapter 5 covers the fundamentals of passive mode locking with semiconductor saturable
absorber mirror (SESAM) and reports the performance of an efficient, self-starting, diode-
pumped passively mode-locked Nd:YVO, laser with in-band pumping with the highest slope
efficiency to date. The significance of high slope efficiency was also discussed.

Chapter 6 reports on extending stable mode locking operation to 1073 nm and 1085 nm with

wavelength selectivity with one experimental setup.

Chapter 7 details the future prospects for shorter pulse generation from other promising
Nd:doped gain media under 914 nm pumping.

Chapter 8 presents the conclusion and discussion for the work given in this thesis.
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Chapter 2

Thermal lensing under 914 nm pumping

In order to achieve the goal of an efficient picosecond pulse generation with medium-range
power output with Nd-doped laser material, the most efficient laser crystal for diode pumping,
Nd:YVO,, was chosen. This is due to the fact that Nd:YVO, crystals have much higher
stimulated emission cross-section as can be seen from table 1-1. However, it is counterbalanced
by the inferior thermal conductivity when compared to the other Nd-doped crystals such as

Nd:YAG which limits laser operation within the medium power range [1-6].

The main limitation in output power of diode-pumped solid-state laser systems is due to the
thermal lensing effect which decreases the stability of the laser system and laser beam quality. In

some cases, mechanical failure of the material can also happen from high enough thermal stress.

This study would confirm the usefulness of in-band pumping at 914 nm and its role to reduce
the thermal problems in the Nd:YVO, crystal. Furthermore, the measurement of thermal lensing
reduction will prove very useful and ideal for gain media with severe thermal problems such as

laser crystals with disordered structures which will be discussed in Chapter 7.
2.1 Thermal lensing theory

In a laser system, laser crystals or gain media are optically pumped with radiation with higher
photon energy than that of the laser output photons. The pump energy is then absorbed thus
putting electrons from the ground state into the upper energy level and, under lasing condition,
they undergo one or more non-radiative transitions resulting in increased lattice vibration of the
crystal or heat. The difference in energy between a laser photon and a pump photon is defined as

quantum defect (QD) as seen in equation (1-1).

This difference in energy dictates the amount of residual heat produced inside the crystal by

the absorbed pump power. The fractional thermal load () is defined as

77h =1- hVIaser /hV (2'1)

pump »

or in terms of the pump and laser wavelengths [7],
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ﬂpump
nh =1_ ﬂﬂaser . (2-2)

This residual heat from non-radiative electronic transition affects the crystal optical and

mechanical properties. For a running CW laser, the steady-state heat equation becomes,

VAT (X, Y,2) = w (2-3)

C

where V2 is the Laplacian operator, T is the temperature (K), Q is the thermal load per unit
volume (W m™), and K. is the thermal conductivity (W m™ K™). This is under the assumption

that thermal conductivity is constant and is not dependent on the temperature.

(©

Fig. 2-1 Optical pumping geometries of solid-state lasers. (a) Flash lamp-pumped, (b) side-

pumped, and (c) end-pumped.

In solid-state laser, there are multiple optical pumping geometries such as flash lamp pumping,
which uses gas discharge lamp to pump the laser gain medium, side-pumping with laser diode,
and end-pumping with laser diode with pump beam traveling along the same path as the laser

output. The three pumping geometries are shown in Fig. 2-1.

Fig. 2-1(c) shows the basic configuration of an end-pumped solid-state laser where pump
light is provided by a fiber-coupled laser diode module. The similarity of the geometry of the
optical pump and the fundamental traverse mode of the laser cavity in the end-pumping scheme
allows for a much more efficient laser system. Therefore in this thesis we focused on the end-
pumping geometry since we are interested in medium to high power range laser with high

efficiency.
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Fig. 2-2. Provides a closer cross-sectional look at the end-pumping geometry starting from
the fiber-coupled laser diode. The pump light is then focused into the optical resonator (laser
cavity) with achromatic doublet through a dichroic mirror which acts as a total reflector at the

laser wavelength.

Diode "flotal Laser crystal I(’;llmal 1‘eﬂec}:0%‘
Laser retlector (Gain medium) (Output coupler)
Residual pump

‘4— Laser cavity —F‘

Fig. 2-2 Basic configuration of end-pumped solid-state laser.

With the end-pumping geometry in mind, equation (2-3) can be re-written with radial symmetry

as

10 (ra_T}aZT _—Q(r,z) (2.4)

ror or ) oz K

where r is the radius from the optical axis of the crystal. The resulting change in temperature
throughout the material of the gain media effects the crystal properties in multiple ways as

shown in the diagram in Fig. 2-3.
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Fig. 2-3 Connection between multiple factors contributing to thermal lensing effect.

Optically, the heating of the crystal changes the material’s refractive index (n) via thermo-optical
effect creating a lens-like refractive index profile. Mechanically, the expansion throughout the
crystal results in the change in the shape of crystal surfaces that is sometimes called thermally
induced surface bulging. Moreover, it generates stress inside the crystal which is another source
for the change in refractive index. Typically the largest contribution to thermal lensing in
Nd:YVO, is the thermo-optical effect.

The analytical solution for the thermal lens has been described by Chenais et al. and
Siegman’s textbook [8,9] and can only be obtained under several strict assumptions including
isotropic crystal. The solution is applicable only to the inside of the crystal pump volume,
negligible pump divergence, and temperature, stress, strain, refractive index are considered
integrated along the whole rod. The general form of thermal lens for the end-pumping geometry

is then described as
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where Dy, is the dioptric power of the thermal lens, fy, is the focal length of the thermal lens, ny is
the fractional thermal load, Pays is the absorbed pump power, w; is the pump radius (constant in
this analysis), K. is the thermal conductivity in Wm™K™, a7 is the thermal expansion coefficient
in K, ng is the refractive index at the center of the rod, and C,., are the functions of the elasto-
optical coefficients of the crystals.

One noteworthy observation here is that the thermal lens dioptric power (Dy,) is inversely
proportional to the area of the pump beam. This must be taken into account when comparing

thermal lens data from various sources.

Analytical solution for conditions closer to the real world systems with all the thermal effects
combined are more complicated and therefore, finite element analysis (FEA) is usually required
in order to calculate the effective dioptric power of the thermal lens under thermodynamic

equilibrium.
2.2 Thermal lensing measurement methods

Even when taken into account, the unwanted effects such as aberrations and induced
birefringence often make an accurate simulation of thermal effects extremely complex.
Therefore, realistic values of thermal lens are usually obtained experimentally. There are
multiple techniques for measuring thermal lens effect which can be classified into two main

groups, the geometrical methods and wavefront measurements.

The geometrical methods are the commonly used methods to measure thermal lens. They
utilize the changes in beam size and divergence at various locations to determine changes made

to the cavity from thermal effects.

The most straight forward way is to launch an external probe beam with comparable
dimension as the laser beam through the laser gain medium in order to see the focusing or
defocusing of the probe beam (Fig. 2-3(a)). If a much smaller probe beam is used, point-by-point
deflection from different location of the gain material can be obtained. The thermal lens can also
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be measured by monitoring the changes in the laser output beam given that the conditions for

stable laser operation remain constant.

Another way is to focus on the effect of the stability of the laser cavity itself by designing the
cavity in such a way that the condition for stable standing wave resonator of the cavity depends
heavily on the lens created inside the crystal as shown in Fig. 2-3(b). The introduction to cavity
design parameters will be described more in section 2.3.1.

In wavefront measurements, one relies on the difference between phase shifts of the wave
propagating along the optical axis and the wave propagating at the edge of the beam, which can
be determined using interferometric techniques such as Michelson interferometer as shown in
Fig. 2-3(c). Practically, the wavefront measurement methods are not suitable for end-pumping
schematic due to the small dimension (100s um) of thermal lens created in the gain medium
which creates much smaller phase shift than 1 wavelength and therefore not enough phase shift
to generate fringe pattern within the cross-sectional area of the beam [8]. The drawings for

different methods of thermal lens measurements are shown in Fig. 2-3.

(a)

Beam profile Unstable cavity

at certain D,;,

Probebeam or | 1 acer crystal

lasermods /\mm
< | | Laser crystal
( c) Stable c_a\'iry
at certain Dy,
Laser . —— ]
crystal Output
/—_\

Fig. 2-3 Arrangements of different thermal lens measurement methods. (a) Geometrical method

based on intensity profile measurement; (b) stability condition; (c) interferometric method.
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Therefore, this chapter utilizes geometrical method where the beam width measurements similar
to Fig. 2-3(a) are used with ABCD matrix analysis in order to calculate the dioptric power of the
thermal lens inside the laser crystal. Several sets of FEA simulations were also done to study
different aspects of the experimental results.

2.3 Absorption of Nd:YVO, crystal under different pump wavelengths

It is important to mention the different values of absorption at the four main absorption lines at
808, 880, 888, and 914 nm which will be used in finite element analysis calculation in section
2.5. For a 4-level system as in the case of neodymium lasers, the assumption of exponential
decay is valid for the pump power inside the crystal since the absorption saturation does not
occur [8]. First of all, absorption cross-section (oaps) describes the probability of the absorption
process. Consider a pump light incident on to a laser crystal with area A and thickness dz with
dopants concentration N. Then the number of dopant ions (Nd**) illuminated by the pump is
N-A-dz. The change in light intensity (1) due to the probability of light being absorbed across the

thickness dz is

_dl = Tou NA dz (2-6)
A

which, through integration on both sides, gives the Beer-Lambert Law.
| =1,exp(-o,, N2) (2-7)
This is related to the unsaturated (unbleached) absorption coefficient through
a=No,,. (2-8)

The dopant concentration of Nd:YVQ, is usually given in terms of molar percentage of the
number of Y*" ions replaced by the Nd** ions. For a 1% doped Nd:YVO,, this number is equal to
1.24x10%°/cm®. Due to the laser gain medium being non scattering, absorption inside the crystal
can be accurately described by the equation (2-7). Table 2-1 provides the values for peak and

average absorption cross-section at all wavelengths of interest.

Table 2-1. Absorption cross-sections of Nd:YVO, crystal with 1% doping concentration [10,11]
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FWHM (c)  Peak Average s (0) FWHM (m) Peak abs Average ogps (1)

Wavelength
(nm) abs (o) across FWHM (nm) (m) across FWHM
808 1.68 14.03 9.26 2.732 32.0 18.5
880 3.05 5.02 3.38 270 nm 13.41 8.54
888 4.56 1.66 1.145 3.19 nm 1.228 0.711
914 4.63 0.453 0.394 4.6 nm 0.567 0.453

As can be seen from table 2.1, there are large differences between the absorption cross-sections
between two polarizations (O, and Oy ), the largest one reaching 1:1.5 ratio at 880 nm. In a

fiber-coupled diode-pumped system the pump is generally randomly polarized meaning that the
laser diode provides 50% power for n- and o- polarization over a period of time. Taken into
account various real experimental setups, however, there are multiple factors involved which
perturb the steady-state operation such as mechanical vibration, twisting, and stress in the optical
fiber all of which can change the polarization components of the pump and could lead to a lower
stability. At 914 nm, the pump experiences smaller changes in absorbance. The first derivative of

equation (2-7) rewritten in terms of power is

dpabs =Po
0

dz abs N exp(_o-abs NZ) (2'9)

which describes the power absorbed at each position inside the gain medium. Fig 2-4 shows the

power deposited into the crystal from two different polarizations.
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Fig. 2-4 Normalized absorbed power for each polarization for pumping at 808 and 914 nm

Clearly, in the 808 nm pumping case the pump power is absorbed in an order of magnitude
shorter crystal length and any fluctuation between the two polarizations due to perturbations

could cause more instability than pumping at 914 nm.

2.4 Thermal lensing experiment

The first design constraint for all of the upcoming experiments which are all end-pumped solid-
state laser systems is the overlapping or ‘mode-matching’ between the volume of the pump beam
from the fiber-coupled laser diode and the oscillating laser mode inside the laser cavity. Due to
the significantly different quality of the two light beams, the basic concepts of Gaussian beam

and beam quality are given in section 2.4.1.

2.4.1 Gaussian beam and mode-matching

Considering one frequency or one of the fundamental resonator modes traveling inside the laser

cavity, the representation of electric field (U) with paraxial approximation is

u(r,z)=A,

WO
w(z)

exp(

r : .
—Wz—(z)jexp(—sz —Jk
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2R(2)

+ j(p(Z)j

(2-10)



where k is the wavenumber, wq is the initial radius where the intensity drops to 1/e? (=~ 0.135) of
the maximum value at the center, z is the distance along the propagation direction from the beam

waist, w is the radius of the propagating beam defined as

w(z) =w, 1+(zij (2-11)

R

and Zg is the Rayleigh range defined as

W
=" (2-12)
R(z) = {1{%) } | (2-13)
w, = |25 (2-14)

v

R(z) is the radius of the wave front of the propagating Gaussian beam, and / is the wavelength
the propagating beam. A Gaussian beam can be fully described by the divergence of the beam
(0) and the beam waist (wg), meaning that the product of the two parameters is constant. This

leads to the definition of the beam quality parameter or M-squared (M?) as
M? = %Qwo (2-15)

which equals to 1 for a perfect Gaussian beam. To take into account the deviation from the
perfect Gaussian beam shape, a particular beam can have the M? value larger than 1. For
example, the comparison between the light beams with M? values equal to 1, 25, and 50 is shown
in Fig. 2-5.
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Fig. 2-5 Evolution of a beam radius with respect to distance for M2 =1, 25, and 50

The Gaussian beam radius with the M? factor taken into account then becomes

MJ . (2-16)

w(z)=w,, |1+
(2) = (nﬂwj
Even though the pump sources for the end-pumped solid-state lasers generally use a fiber-
coupled laser diode, the propagation modes especially for single-mode fibers are very close to a
Gaussian shape. Therefore Gaussian approximation can be used to calculate the beam

propagation in this case.

For a commercially available, fiber-coupled laser-diode module, the value for numerical
aperture (NA) and core diameter of the laser diode module are usually given by the manufacturer.
NA is defined as n-sin(@) where @ is the divergence angle from the fiber core. For a small angle of
divergence,

M 2 - NA- dcore (2'17)
24

I

where dcore 1S the fiber core diameter similar to the beam waist in free space. The pump module
used in this thesis had a multimode fiber with a low NA of around 0.118, core diameter of 110
um, and the M? value of 22.3.
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In most of the lasers higher order modes are usually avoided by design of good mode-
matching. The mode-matching condition (for the best beam quality M?) requires the volume of
the fundamental mode (TEMgo) beam of the resonator to match approximately with the volume
occupied by the pumping beam. Spherical aberration from the thermal lensing are also negligible
while the laser mode is kept smaller than the pumped area. Due to the higher M? of the pump
(low beam quality of fiber-coupled laser-diode as the pump source), the smallest pump spot size
is limited by the overlapped volume. When the laser mode size radius is 275 um and fully
overlaps with the pump at the center of the crystal, the mode size mismatch at the end-face of the

12-mm-long crystal is less than 11.1% as shown in Fig. 2-6.

3%3x12 mm Nd:YVO,

Pump radius

Laser mode

Fig. 2-6 Overlap of laser and pump mode sizes (mode matching) inside the laser gain medium.

For a representation of mode-matching quality, we start with the normalized pump volume,
j j j r,(r,z)dVv =1 (2-18)

with normalized pump intensity distribution, r, (r,z), represented by

2a 2r?
rp(r’ Z) = 2 eXp > [ Mans eXp(—az) (2-19)
7Z'Wp Wp

where 7aps equals to 1/(1-exp(-af)) and is the normalizing factor for the absorbed power exp(-oz)

and similarly the normalized laser mode volume,
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j j j s(r,z)dV =1 (2-20)

with normalized cavity mode intensity distribution, s(r,z), where

s(r,z) = wf Iexp[— 22r2 j (2-21)

Laser Laser

where | is the length of the laser gain medium. The maximum value for mode-matching occurs

when both beams are in fundamental Gaussian mode (TEMgg) and M? = 1,

2
ms(r,z)rp(r,z)olv=I(W2 )

Laser p

(2-22)

With the assumption of Gaussian beams for both pump and resonator mode with M? taken into
account, mode-matching quality () can then be quantified as [7]
7l (W2

1, = Laszer +W§)Ijjs(r, z)r,(r, z)dv (2-23)

This quantification of the mode-matching quality between the pump and laser modes shows us
that in order to obtain the optimum results in diode-pumped laser, 7, should be as close to unity
as possible which usually can be obtained with a good beam quality from the pump laser diode.
In the following sections, three sets of laser diodes with different performance were used, one for
Chapter 2, one for Chapter 3, 4, and 5, and one for Chapter 6.

2.4.2 Cavity design and parameters

With ABCD matrices formulation [12], a laser resonator design was done by properly choosing
lens system and distances between each elements. Optical resonator design is an iterative process
and there is no unique solution since the same round trip ABCD matrix of the optical resonator
can be obtained from multiple different lens system. One simple example is the possibility of
artificially extending the laser cavity by a telescope configuration [13] which can extend a stable
resonator indefinitely. This can be useful in some situations such as reducing the repetition rate
in pulsed operation. Additional features for resonator design can be specified such as certain
values of beam radii at certain optical components, high tolerance against misalignment, or

having particular cavity length to control the repetition rate.
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Therefore, the design constraints for thermal lensing measurement are as follows: 1) small
change in mode-matching of pump and laser mode while thermal lens power changes due to the
change in absorbed power and 2) observable mode size changes at the output coupler. These two

requirements can be met using a 3-mirror cavity.

In the laser resonator design process for thermal lensing experiment, the effective thermal
lens was treated as a lens positioned at the center of the laser crystal for ABCD matrix
calculation as shown in the equivalent laser resonator schematic in Fig. 2-7. The picture was

from reZonator software.

M1

L1

Fig. 2-7 Schematic diagram of the laser cavity used in ABCD matrix calculation.

where, M1 is the first mirror, L1, L2, and L3 are the propagation distances in free space, Crl and
Cr2 are the first and second halves of the laser crystal, F1 is the effective thermal lens, M2 is the

convex lens equivalent to a concave mirror used in the experiment, and OC is the output coupler.

According to the design constraint listed above, the laser resonator in this section was
designed in such a way that the cavity mode size at the output coupler can change freely with the
strength of the induced thermal lens while having small changes in size at the pump waist inside
the crystal to ensure relatively constant mode matching in order to maintain a good beam quality.

The parameters of each optical element are given in Table 2-2.
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Table 2-2 Parameters for optical

resonator in this section

Optical elements

Curved

. Output
Mirror Space Crystal Thermal lens Crystal Space Space .
Parameter mirror mirror
(M1) (L1) (Cr1) (F1) (Cr2) (L2) (L3)
(M2) (0C)
Distance
- 21 6 - 6 329 - 265 -
(mm)
Focal
length - - - 500 - - 500 - -
(mm)
n - 1 2.17 - 2.17 1 - 1 -
1 0 0
Transfer 10 1 21 1 o 1 2 1 329 1 265 10
2.17 1 2.17
matrix 01 0 1 0o 1 -— 1 0o 1 0 1 -— 1 0 1 01
500 500

The designed laser mode size throughout the resonator is plotted in Fig. 2-8 where T designates

the tangential plane which is the plane containing resonator’s elements (parallel to the optical

table) and S designates the sagittal plane which contains the element’s optical axis.

600

4
3

Beam radius (micron)
:': )
3 2

100 - -

Beam radius

100 200 300

400 500 600

L1.Crl.Cr2, L2, L3, mm

Fig. 2-8 Designed laser beam radius inside a stable resonator.
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The beam size at the center of the gain medium and at the output coupler (OC) with respect to

the different thermal lens values are shown in Fig. 2-9.
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Fig. 2-9 Laser beam radius at the center of the crystal (a) and at the output coupler (b) with respect to the

focal length of the thermal lens.
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Fig. 2-10 Stability map of the designed resonator with respect to the focal length of the thermal lens.

As shown in the stability map in Fig. 2-10, the designed cavity is stable (i.e. stability parameter

lies within £1) from thermal lens values of 100 to more than 1000 mm.

2.4.3 Pump performance and its absorption

A fiber-coupled laser diode at 914 nm from iPG Photonics was used as the pump source. The
core diameter of the fiber was 110 um and numerical aperture was 0.118. The output power from
the diode and its corresponding center wavelength over the operational output power range are
shown in Fig. 2-11. The operating voltage of the diode was 3.2 V. The maximum output power
obtained from this laser diode was 32.0 W at 12 A of drive current. The wavelength of the laser
diode starts at 905 nm at threshold and continues to increase with the drive current until 916.5
nm with spectral width of 3.8 nm.
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Fig. 2-11 (a) Output power versus drive current of the laser diode. (b) Output wavelength versus drive

current of the laser diode.

The laser diode power after passing through the Nd:YVO, crystal was also measured in order to
obtain the absorbed power at different wavelengths as shown in Fig. 2-12. The nonlinearity in
relationship between laser diode drive current and absorbed power is due to the crystal
absorption spectrum and the shifting of laser diode center wavlength at higher power due to its

temperature change.

Absorbed power (W)
- ~ w
!
1

Input Current (A)

Fig. 2-12. Nd:YVO, crystal absorbed power versus the laser diode drive current.

The difference between absorption under lasing and non-lasing conditions was also investigated.
As expected from a 4-level laser system, the difference between the two was very small and

relatively constant throughout all pump power levels. At maximum pump power (10 A of drive
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current), the absorption was ~2 % lower under the lasing condition whereas at 5.1 A of drive

current, the absorption under lasing condition was ~1% lower than under non-lasing condition.

At 914 nm, the measured absorption coefficient was 0.23 cm™ which is comparable to other
literature values considering that the crystal used here had the doping concentration of 0.5%
(0.53 cm™ reported by D. Sangla et al. [11] and 0.6 cm™ from X. Ding et al. [14] both for
Nd:YVO, crystal with 1% doping concentration). Due to the low absorption coefficient of
Nd:YVO, at 914 nm when compared to other absorption lines, longer crystal, multiple pass
pumping scheme, or higher doping concentration must be utilized in order to increase the

absorbed pump power further.

2.4.4 Continuous wave (CW) Nd:YVO, laser performance

The experimental setup is shown in Fig. 2-13. The Nd:YVO, crystal was constantly water-cooled
at the flow rate of 1 liter/minute on the top and bottom surfaces at 16° C. The first mirror is a
mirror with high reflectivity (HR) at laser wavelength (1064 nm). The laser crystal was anti-
reflection (AR) coated at pump (914 nm) and laser wavelengths (1064 nm) on the front and back
surfaces. The folding mirror M2 is a concave HR mirror. An output coupler transmittance was

10% and resulted in the highest output power from this laser setup.

Pump M1 R =500 mm

M2

Laser output
10% OC

Fig. 2-13. Experimental setup used for CW experiments. M1 is an HR mirror at 1064 nm. M2 is a

concave HR mirror. OC is a plane output coupler with 10% transmission.
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Fig 2-14 (a) CW laser output power versus laser diode drive current. (b) Output power versus the

absorbed pump power.

Fig. 2-14 shows the experimental results for the laser output power versus the drive current
of the laser diode (a) and versus the absorbed pump power (b). The slope efficiency (#s) is
defined as

dP,,
=—2 2-24
775 dP ' ( )

abs

while the optical-to-optical efficiency (,..,) determines the efficiency at specific output power,

P
770—0 (X) = (2'25)

The slope efficiency was 66.9%. The laser system produced the highest output power of 3.52W
with 56.8% optical efficiency. The laser threshold was at 1.34 W of absorbed pump power.

2.4.5 Thermal lensing measurement and results

Since the thermal lens directly modifies the laser resonator and its stability as explained in the
laser cavity design section 2.4.2, the change in beam width of the laser output and beam quality
(M?) factor was also required to identify the effective dioptric power of the induced thermal lens

inside the Nd:YVO, crystal. The experimental setup shown in Fig. 2-15 was used to record the
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beam radii (spot size radius) and the beam quality factors as the laser beam propagated through

the positive lens outside of the laser cavity. A dichroic mirror (DM) with high reflectivity at

output wavelength was inserted before all the power, spectra, beam size measurements, etc. to

filter out the residual pump light.

LD

DM
Residual

pump

Pump M1 R =500 mm
Nd:YVO,

M2

10% OC

Beam profiler
F=150 mm

Fig. 2-15 Experimental setup in thermal lensing measurement. DM is a dichroic mirror and a convex lens

was added in order to measure beam quality factor (M?).

A THORLABS slit-based beam profiler was used to measure laser spot size at multiple distances

along the z-axis after the focusing lens.

Beam spot size (um)
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Fig. 2-16 Measured beam spot sizes and their corresponding beam quality factor (M?).
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The beam quality factor (M?) was then calculated by fitting the measured spot sizes as shown in

Fig. 2-16 with equation (2-16). The M?factor was found to be 1.47 at the highest output power.

Fig. 2-17 (a) shows the evolution of the beam spot size at the beam waist after the focusing
lens as output power increases. The change in the beam size and shape is an evidence of the

thermal lens change inside the laser cavity. The M? factors were also measured for each output
power level and are shown in Fig 2-17 (b).

20

Beam quality factor (M)
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L
-

T T T T T T T
0.0 05 1.0 1.5 20 25 3.0 35
Output power

Fig 2-17 (a) Evolution of beam profile at the same position as the output power changed. (b) The M?

values at difference output power level.

The system was allowed to reach thermal equilibrium at each power level where a change in

output power and beam spot size no longer occur (> 5 minutes) before each beam spot size
measurement.

The equivalent laser cavity and laser beam propagation simulated using the ABCD matrix
calculation with commercial LASCAD software is illustrated in Fig. 2-18. The thermal lens was

modeled as a thin lens with variable focal length inside the laser crystal.

Laser cavity Match with experimental data

R >

:\/——

F1 _\

M1 M2 ocC F2

Fig. 2-18 The equivalent laser cavity used in LASCAD software.
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With the recorded beam spot size after the positive lens (F2) and the M? factor for each power
level from the experiment, the dioptric power of the effective thermal lens was calculated as a
function of output power [15]. The focal length of thermal lens at each output power is shown in
Fig. 2-19 (a) and dioptric power is shown in Fig. 2-19 (b). FTx and FTy refers to the horizontal

and vertical focal lengths of the thermal lens, respectively.
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Fig. 2-19 Calculated (a) focal length and (b) dioptric power of thermal lens.

The calculated thermal lens dioptric powers were 3.95 m™ horizontally and 4.37 m™ vertically at
3.52 W of output power. Thermal lensing was stronger in the vertical direction because of the
larger difference in temperature gradient due to the direction of cooling. When compared to the
previous records of thermal lensing in an a-cut Nd:YVO, crystal pumped at 808 nm [17,19], this
method of pumping the Nd:YVO, crystal at 914 nm created a weaker thermal lens at the same

level of absorbed pump power. This will be discussed in more detail in section 2.6.

2.5 Finite element analysis (FEA) simulations

With proper boundary conditions, crystal thermal properties, and dimensions, FEA method can
be used to simulate the temperature and stress fields inside the laser crystal by solving the
complex heat diffusion differential equation. FEA of thermal lensing under the same pumping
geometry as the experiment (275 um pump beam waist radius) was done to verify the accuracy
of the experimental results using the commercially available LASCAD program to calculate the
temperature distribution, deformation, and stress. The parameters used for the FEA calculations

are given in table 2-3.
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Table 2-3 Parameters used in the FEA simulation (a-cut crystal) [7,16]

Parameters Values Parameters Values

Ky 5.23 W/mK Ny 2.165

Ky 51 WmK n, 1.957

K, 5.1 W/mK n, 1.957

ax 11.37 x10°K™* dn/dT 85 x10°K*

ay 443 x10°K? Oaps (absorption coefficient) 0.23cm™

a 443 x10°K* W (radius) 275 pm

Young’s modulus 133 GPa Pump beam divergence 23 mrad
0.33 Distance of pump waist 6 mm

Poisson’s ratio

from left end face

Ky, Ky, K; are the coefficients of thermal conductivity, oy, ay, a;, are the expansion coefficients, and ny, ny, n, are the

refractive indices.

The resulting temperature profile is shown in Fig. 2-20.

Fig. 2-20 Temperature profile of 914 nm pumped Nd:VYO,. A lower half of the crystal is shown.
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The results from FEA are given in the form of refractive index profile along the x- (coincides
with the c-axis) and y- (coincides with the b-axis) axes as shown in Fig. 2-21. The a, b, and ¢

axes are labeled to show the crystal orientation compared to Fig. 1-1.

A parabolic fit of the temperature distributions was calculated for the effective focal length of
the thermal lens. As can be seen, the refractive index profiles over the cross-sectional area of the
pump and resonator modes (-0.275 to +0.275 mm) closely follows the parabolic shape. The
calculated thermal lens dioptric powers were 3.798 m™ horizontally and 4.025 m™ vertically at

6.55 W of absorbed pump power.
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Fig. 2-21 Refractive index profiles calculated from FEA (lines with solid dots) and their parabolic fit

(lines with solid triangles).

In Fig. 2-22 FEA simulation results were compared to the dioptric powers of thermal lens
obtained from the ABCD matrix calculations from the experimental data to verify the accuracy
of the measurement. The simulated thermal lens dioptric power is in good agreement with

experimental data.
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Fig. 2-22 Calculated thermal lens power and FEA analysis simulation results (line) for horizontal and

vertical direction.

FEA was also done for 888, 880, and 808 nm pumping wavelengths under the same pumping
condition (absorbed pump power, pump spot size, and pump divergence) as in 914 nm pumping
case. The differences between pumping at different wavelengths are quantum defect and
absorption coefficient (aaps). The absorption coefficients (aaps) 0f 0.5% doped a-cut Nd:YVO,
crystal used in the FEA simulations were 0.23, 0.73, 5.3, and 7.0 cm™ and the fractional thermal
loadings were 14.1, 16.5, 17.2, and 24.1% for 914, 888, 880, and 808 nm pumping schemes,
respectively [2,3,11,18]. The simulated results are compared in Fig. 2-23 showing the highest

thermal lens dioptric power for 808 nm pumping as expected.
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Fig. 2-23 Thermal lens dioptric powers simulated from FEA with four different pumping schemes and the

one experimentally obtained from 914 nm pumping.

Using the laser crystal thermal lens sensitivity factor (My,) defined as

dbD,,
dP.

abs

M, = (2-26)
which describes how much the optical power of the induced lens changes due to the absorbed

pump power, the results above show that thermal lens power with 914 nm pumping is reduced by

a factor of 2.1 when compared with the 808 nm pumping.

Temperature distribution plots inside the gain media under different pump wavelengths
obtained from FEA simulations at 6.55 W of absorbed pump power are shown in Fig. 2-24. Due
to the low absorption coefficient at 914 nm, the heat load was spread in a larger volume, thus
minimizing stress and temperature rise. This reduction in mechanical stress and temperature

gradient changed the geometry of the thermal lens and ultimately reduced its dioptric power.
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Fig. 2-24 Temperature distribution plots from FEA simulations for 0.5 at. % Nd:YVO,
pumped with (a) 914, (b) 888, (c) 880, and (d) 808 nm at the same level of the absorbed
pump power of 6.55 W(heat load). The highest temperatures are 295.9, 299.7, 327.1, and
398.1 °C, respectively.

To verify the last statement, the contribution of lens geometry and crystal surface deformation on
the final strength of the thermal lens were investigated. Multiple sets of FEA calculation were
done under the condition that the crystal was under the same heat load (Q). The pump power in

the calculation was changed accordingly to accommodate this restriction.

Chosen from the two extreme examples to illustrate the effect of thermal lens shape and
deformation, the pump absorption geometry in case of the 808 nm pumping was changed by
varying the absorption coefficient from 1 cm™ to 10 cm™ while the fractional thermal load ()
was kept constant at 24.1%. This assumption holds true in the case of small pump wavelength
shift away from the absorption peak, in which case the minute change of pump wavelength

negligibly affects the quantum defect.

The resulting (averaged) thermal lens dioptric powers (D) are 7.07 m™ for o equal to 1 cm™
and for 8.83 m™ for « equal to 10 cm™. The temperature and z-displacement profiles designating
the crystal expansion are shown in Fig. 2-25 (a) and (b), respectively.

(@) (b)
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Fig. 2-25 Temperature distribution and z-displacement for crystals with

absorption coefficients equal to (a) 1 cm™ and (b) 10 cm™ at the same heat load

Q).

When the surface deformation (z-displacement) was removed from the simulation leaving only
the effect of the change of refractive indices as can be seen in Fig. 2-26, the resulting Dy, became
6.47 m™ and 6.62 m™, respectively.

(a) (b)

Temperature, K Displacement Z-Component, mm Temperature, K Displacement Z-Component, mm
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Fig. 2-26 Temperature distribution with z-displacement equals to 0 for crystals

with absorption coefficients equal to (a) 1 cm™ and (b) 10 cm™ at the same heat

load (Q).

This result shows that the thermal lens geometry had a small effect (= 2.4%) over the overall
thermal lensing effect when large difference in absorption coefficient is considered. The
significant contribution from severe surface deformation at high absorption coefficient (33.4%)
was also shown. The results also confirm our statement that by using the pump wavelength with
lower absorption, even when under the same heat load, it is beneficial to the resonator in that it
can significantly reduce the thermal lensing effect by changing the lens geometry and decreasing

the surface deformation.

Another parameter that can also affect thermal lens dioptric power is the pump spot size,
since thermal lens dioptric power is inversely proportional to its area as described by equation
(2-5). Therefore, thermal lens to some extent can be controlled by the selection of a larger pump
spot size albeit at the expense of the increased threshold pump power and thus lower output

power.

2.6 Comparison with other results from different pumping wavelengths

Since this is the first experimental measurement of the thermal lensing effect of Nd:YVO, under
the 914 nm pumping, it is necessary to compare the newly obtained results to other
experimentally measured values from other pump wavelengths. Table 2-4 shows the comparison
between the reported values of thermal lens from 808 and 888 nm pump wavelengths and the

results given in this thesis.

As shown in the analytical solution of the thermal lensing effect in equation (2-5) the
resulting thermal lens also depends on the pump area (zw,”). Therefore the effect of the pump
area on the value of thermal lens dioptric power has to be canceled off before any comparison
can be made. In the following comparison in Table 2-4 between the 808 and 914 nm pumping,
the parameter fthlzrwp2 was used to compare the strength of thermal lens at 6.55 W of absorbed
pump power and under lasing condition. The smaller the value of fthhrwp2 translates to the

stronger the effect of thermal lensing.

Table 2-4 Reported values of thermal lens under different pump wavelength.
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Pump wavelength

(nm) fi (M) Wo(um)  fulmwy? (10°3 ) Ref.
J. L. Blows et al.

808 10.9 105 315
[19]

808 670.2 604 584 Feng Song et al.
[17]

808 590.0 570 578 Feng Song et al.
[17]

888 1540.8 825 720 L. Donagh et al.
[18]

914 3715.0 320 11548 D. Sangla et al.
[11]

914 255.69 275 1076 [This work]

As can be seen above, the values of fy/zw,” suggested that the thermal lensing effect is much
stronger under the shorter pump wavelengths. However, the initial estimate from D. Sangla et al.
suggested that the thermal lens was 1 order of magnitude lower even with 18.25 times higher
absorbed power which is far from our findings [11]. This result is not realistic considering the

fact that quantum defect was reduced only by ~40%.

2.7 Conclusion

In this chapter, the thermal lensing effects in a 914 nm diode-pumped Nd:YVO, laser have been
studied in order to assess its strength. FEA simulation was also done to verify the experimentally
obtained results and compared the thermal lensing effect with the 914, 888, 880, and 808 nm
pumping wavelengths. A comparison was also done under the same absorbed pump power level.
The results show that the thermal lens power was significantly reduced because of two reasons:
one, the difference in quantum defect and two, the thermal lens geometry. The obtained results
indicate that in-band pumping at 914 nm offers significant advantages for the development of
high average power Nd:YVO, and other laser oscillators in continuous wave regime. This
concept will be particularly useful for crystals that have poor thermal properties. The current
limit to this particular pumping scheme was due to the low amount of the total pump power
absorbed (~25% absorption). This was caused by low doping concentration (0.5% at.) of the

laser crystal and short crystal length available to us at the time of experiments. For further power
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scaling, longer crystal, multiple pass pumping scheme, higher doping concentration, higher
pump power, or any combination of the above can be utilized in order to increase the absorbed

pump power further.
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Chapter 3

Discrete on-demand wavelength tuning of a diode-pumped Nd:YVO, laser at
1064, 1073, and 1085 nm

As was mentioned in Chapter 1, Nd:YVOy, laser crystal provides many advantages such as high
absorption and emission cross-sections which make it suitable for compact and efficient diode-
pumping in medium range power applications. Now that the benefits of pumping at 914 nm in
terms of thermal management were demonstrated, we turn to look at the available oscillation

frequencies from the Nd:YVO;, lasers.

According to the emission spectrum of a Nd:YVQO, crystal shown in Fig. 1-3, apart from
standard 1064 nm line from the *Fs;, > *F11 transition, laser generation at 1073 nm and 1085
nm from the adjacent Stark energy levels of the same manifold are also possible which, for
example, can be used to generate other wavelengths through nonlinear frequency conversion
[1,2]. Particularly, the transition lines at 1073, 1080, and 1084 nm have specific applications that
cannot be provided by 1064 nm lasers. These wavelengths are used for optical pumping of
superfluid helium and related scientific studies such as atomic and molecular spectroscopy [3-7].
Although the laser operations at 1080 and 1084 nm are not possible directly from Nd:YVO, the
method described in this chapter can be directly applied to other sister material such as
Nd:GdVO, which has stronger emission cross-section around 1070 and 1080 nm. Moreover, the
emission cross-section of Nd:YVOQ, is also highly polarized, which guarantees the polarization of
oscillation and allows for high efficiency in the further frequency conversion process. This is
particularly beneficial since the frequency doubled output from the 1085 nm is around 543 nm,

which corresponds to the excitation wavelength of the commonly used fluorophores [8].

There are multiple methods to manipulate the laser oscillation wavelengths and obtain higher
round trip gain at other wavelengths than at 1064 nm. This can be done with various optical
elements such as diffraction grating or specifically coated mirror [9-11]. Etalons are also
normally used to achieve 1085 nm [12] output while 1073 nm laser operation is relatively more

difficult to obtain due to its proximity to the 1064 nm line which has a much higher gain.
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A stable Nd:YVO, laser operating at 1073 nm from a Nd:YVO, crystal was only recently
reported by Pang et al. [13] with the use of a Type | phase-matching LiB3Os crystal acting as a
filter with maximum output power of 300 mW and the optical-to-optical efficiency of 7%. The
1085 nm operation has been reported in single and multi-wavelength operation together with
1064 nm [1,14-17]. Wavelength selectivity between these three laser operations, which is
particularly attractive for agile wavelength extension of lasers, however, was not demonstrated.
This chapter discuss the method used to obtain wavelength tuning among the closely separated
Stark electronic levels. Further modification to obtain stable dual-wavelength or tri-wavelength

will be discussed in the next chapter.
3.1 Wavelength selection

Suppression of 1064 nm can also be done using birefringent filter (BRF) where transmission
window can be used to control the net round trip gain of adjacent emission lines by introducing
wavelength dependent intracavity loss. The following explanation will describe the wavelength

suppression ability of the BRF filter inserted into the laser cavity.

In order to have one laser wavelength oscillating and not the others, we need to look at the
threshold condition of a diode-pumped solid-state laser system as described in [18]. The

threshold power (Py,) for a 4-level laser system can be described as

L oIn(L-T) by 1 (e w?)
2n, Ot My 2

, (3-1)

th,i

i=123,

where i refers to each laser wavelength, L; is the round trip intracavity loss, T, is the
transmission of the output coupler, hv, is the pump photon energy, | is the length of the crystal #;
is the quantum defect efficiency, o; is the emission cross-section at the laser wavelength, 7 is the
upper state lifetime of the upper level, #, is the mode-matching quality between pump beam and
resonator modes as defined in the equation (2-19), w; and wj are the beam radii of the resonator

mode and the pump beam, respectively.
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Comparison between the two threshold powers at two competing wavelengths for oscillation

can be made while considering the condition in the experiment where the same cavity was used

for selectable multi-wavelength lasers. In this particular case, Ty, =Ty, =T.7, =7, .

W, =W

L =W, and 77,5, =85.9%, 1,7, =85.18%, 17, =84.23%.

In order for A; to oscillate instead of 45, R, , >R, , or

L, —In(1-T L, —In(1-T
A ( oc)> v ( oc) . (3_2)

In the case of BRF tuning

in =Ly + Lgee (3-3)

where Lj, is the round trip intracavity loss without BRF filter and Lggr is the loss introduced by
the BRF.

3.2 Intracavity Birefringent filter (BRF)

Birefringent crystal such as the one shown in Fig. 3-1 introduces phase retardation between the
ordinary ray (o-ray) travelling with polarization perpendicular to its optical axis and the

extraordinary ray (e-ray) travelling with polarization in the direction of the optical axis.

z
Q_) Rotation direction

X

Y
y optical-axis

Fig. 3-1 A drawing of the birefringent plate, angles, and the corresponding notations.
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This phase retardation is represented as the two distinct values of refractive indices ne and n,, and

results in polarization rotation of the incident ray which can be represented as [19]

Aé:sinzq)(zf (:Aor;(;j (3-4)

where Adis the phase retardation between the o-ray and e-ray, ¢ is the angle between the

refracted ray traveling inside the birefringent plate and the optical axis, 4 is the central
wavelength of the laser, an=n,—n,, ¢ is the incident angle, and d is the thickness of the

birefringent plate. Therefore, for a p-polarized ray with a fixed incident angle equal to Brewster’s

angle, a birefringent plate will exhibit maximum transmission for a set of wavelengths described

by

4= Andsin® o (3-5)
msin ¢
where m is an integer, while other wavelengths that do not satisfy the condition above will
experience polarization rotation and partial loss due to Fresnel reflection at both surfaces of the
birefringent plate [20]. From the relation above, the set of wavelengths experiencing minimum
loss can be selected by changing the thickness of the birefringent plate itself or changing the
angle ¢ (through changing the angle « by rotating the BRF plate).

While the wavelengths that experience transmission peaks can be easy determined by the
equation (3-5) above, which is similar to the case of BRF plates between the polarizers placed
outside the laser cavity as seen in [21], the complete information on transmission must be
calculated by Jones calculus which requires matrix formulation representing polarization changes
through each surfaces of the optical elements are needed. The calculation method was thoroughly
described by K. Naganuma et al. [22] and the detailed formulation of the Jones matrix method

used in this calculation is given in Appendix B.

The calculated transmission through an intracavity 0.5-mm-thick and 4-mm-thick plates

versus rotation angle («) is shown in Fig. 3-2.
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Fig. 3-2 Transmission of (a) 0.5-mm-thick (b) 4-mm-thick BRF plates versus rotation angle («).

Since the emission spectrum of Nd:YVO, for n-polarization consists of discrete sharp and well
separated emission lines unlike gain medium with broad emission spectrum such as Yb-doped
lasers, it is more important to see the changes in transmission versus rotational angle only at the
wavelengths of interest. This change is presented in Fig. 3-3. It can be seen that the high
transmission bands are much broader versus the rotational angle for the 0.5-mm-thick BRF plate
than for the 4-mm-thick plate. This leads to the overlapping of the 1064 nm transmission band
with others which is undesirable for wavelength tuning. There are also fewer high transmission

peaks for all wavelengths in 0.5-mm-thick plate case.
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From equation (3-2), to allow a successful oscillation at 1073 nm the following condition must

L1064 —In (1_Toc) > L1073 B |n(1—T0c) < L1085 _In(l_Toc)

O1064Thos4 O1o73Thors Ol085Thoss
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As can be seen in the equation above, there is also a competition between 1073 nm and 1085 nm

lines. However, due to their similar emission cross-sections, a small difference in transmission is



enough to fully suppress one or the other. Therefore, further discussion will only state the

requirement for successful suppression of the much stronger 1064 nm emission line.

Assuming that L, is approximately 3% based on preliminary experiments without BRF and
Toc = 2.1% the relationship between the condition for lasing wavelength 1064 nm and 1073 nm

becomes,

Log,, >844Lge +0253 (3-7)

In Fig. 3-4, let’s consider only one pair of wavelengths competing for threshold condition.
The greyed out areas under required transmission at 1064 nm line in both plots are all the
possible values for transmission at 1064 nm which will result in successful suppression of the
much easier to initiate 1064 nm laser operation and allows the competing gain (1073 nm line in

this case) to dominate the process.
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Fig. 3-4 shows that the BRF plate with 0.5 mm thickness cannot successfully suppress the 1064 nm

oscillation while 4 mm-thick plate can at several angles.

Fig. 3-4 (a) shows that the BRF plate with 0.5 mm thickness cannot successfully suppress the
1064 nm oscillation while the 4-mm-thick plate can do it at several angles. It is also worth noting
that, at the point where the transmission line (solid black) briefly crosses into the greyed out area
in Fig. 3-4(b), the oscillation can enter the equilibrium between the two oscillating wavelengths

and result in dual-wavelength operation. However, due to the sensitivity of this setup to the
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minute changes in the angle of rotation it is difficult to maintain such a regime over a long period

of time. The dual-wavelength operation will be discussed in more detail in the next chapter.

3.3 Discrete tuning results and discussion

For our particular case, a quartz birefringent plate cut at its normal axis was used and the angle .
can be changed by rotating the birefringent plate around its surface normal. We utilized this BRF
in order to suppress the large gain at 1064 nm. This chapter reports a laser operation at 1064 nm,
1073 nm, and 1085 nm with discrete wavelength selectivity using a single birefringent plate
which allows to select “on demand” any of these three wavelengths. This allows for a simpler
cavity configuration and more economically feasible design than other methods involving

specifically designed grating or mirror coating.

A 20-mm-long a-cut 1.5% doped Nd:YVO, was used in a 5-mirror cavity as shown in the
schematic diagram in Fig. 3-5. The crystal aperture was 3x3 mm? and it was pumped by a fiber-
coupled diode laser with a fiber core diameter of 110 um and a numerical aperture of 0.12. The
maximum pump power in the experiment was limited to 16.7 W. The pump was then coupled
into the crystal with a set of achromatic doublets with 50 mm and 200 mm focal lengths. The

spot size of the pump beam at the center of the gain medium was 275 um.

The crystal was wrapped in an indium foil and cooled on the top and bottom surfaces in a
copper holder kept at 16 °C. The gain medium was in-band pumped at 914 nm to reduce the
thermal effects and increase the stability of the laser system [23]. Both surfaces of the Nd:YVO,
crystal were anti-reflection coated (R < 0.5%) at 914 and 1064 nm. M3 was a dichroic mirror
with high reflection at 1064 nm (Tpy > 99.9%). A 4-mm-thick birefringent filter plate was
inserted into the cavity before the output coupler at Brewster’s angle to achieve the discrete

wavelength tuning.

Output couplers (OC) with 1.6, 2.1, 5, 10, 15% transmission in the 1040-1090 nm range were
used in the experiment in order to obtain the highest output power and optical efficiency for all

three output wavelengths under the chosen pumping configuration.
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Fig. 3-5. Experimental setup for discrete tuning Nd:YVO, laser operation.

Three discrete CW laser operations around 1064 nm, 1073 nm, and 1085 nm were achieved by
rotating the birefringent plate. Several birefringent plates that were available with 0.5, 1, and 2
mm thicknesses were tested with no tunability observed. A comparison between the maximum
output powers obtained for different output couplers is shown in Fig. 3-6(a). The large disparity
between the three wavelengths comes from the fact that both the threshold power and the
maximum output power levels are affected by the much lower stimulated emission cross-sections
at the output wavelengths of 1073 nm and 1085 nm as was shown in Fig. 1(a). As reported by Y.
Sato et al., the emission cross-sections were 13.4x10™*° cm? for 1064 nm, 1.6x10™° cm? for 1073
nm, and 1.7x10™*° cm? for 1085 nm [24]. Furthermore, the crystal anti-reflection coating was
optimized for the 1064 nm. In our particular case, we chose to optimize the output power and the

optical-to-optical efficiency at both 1073 and 1086 nm wavelengths.

The highest output powers obtained with a single (2.1%) output coupler at 1064 nm, 1073
nm, and 1085 nm were 4.78 W, 3.89 W, and 3.92 W, respectively. The output power levels from
each laser line are shown in Fig. 3-6 (b). The output powers were measured as a function of the
absorbed pump power at 914 nm. At the highest level of pump power, the slope and optical-to-
optical efficiencies were 49.8% and 43.3% at the 1064 nm output, 46.5% and 35.2% at the 1073
nm output, and 45.7% and 35.5% at the 1085 nm output. The beam quality factors (M?) were
lower than 1.43 throughout the experiment for any of the three wavelengths and were shown to
be TEMo as seen in the inset of Fig. 3-6 (b).
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Fig. 3-6. (a) Maximum output power obtained with different output couplers (OC). (b) Output power for
three different output wavelengths, 1064, 1073, and 1085 nm and 2.1% OC.

The three laser output spectra are shown in Fig. 3-7. The peaks of the laser output spectra are at
1064.02 nm, 1073.05 nm, and 1085.25 nm with linewidths of about 0.07 nm and are limited by
the resolution of the available optical spectrum analyzer. Wavelength tunability around the 1085
nm wavelength from 1084.5 to 1086.1 nm was also observed.
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3.4 Conclusion

In summary, to the best of our knowledge, the discrete tuning of the Nd:YVO, laser operating at
three wavelengths, 1064.0 nm, 1073.1 nm, and 1085.2 nm was demonstrated for the first time
and with the highest slope and optical-to-optical efficiencies. Using a 5-mirror laser cavity, a 4-
mm-thick birefringent filter plate, and the 914 nm pumping, the output powers of more than of
3.8 W at 11.2 W of absorbed pump power, slope efficiencies of more than 40%, and optical to

optical efficiencies of more than 35% for any of the three wavelengths were achieved.

Such multi-wavelength operating regime can lead to discretely tunable multi-wavelength
visible laser sources via nonlinear frequency conversion. A comparison with other results is

given in table 3-1.

Table 3-1 Other notable results from 1073 and 1085 nm lines

Crystal Wavelength ~ Output power Slope efficiency Opt-to-opt efficiency Reference
(W) (%) (%)
Nd:YVO, 1073.2 0.3 - 7 Q. S. Pang [13]
Nd:YAP 1073 5.2 35.8 335 Y. S. Tzeng
[25]
1084 0.57 - 12
Nd:LuVO, 1089.5 3.6 35 30 Y. P. Huang
[26]
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Nd:GdVO, 1083 3.4 30 28 Y. F. Chen [15]

Nd:GdVO, 1083 10.1 37 31 L. Chen [27]
Nd:YVO, 1064.1 4,78 49.8 43.3 This work
1073.1 3.89 46.5 35.2
1085.3 3.92 457 35.5
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Chapter 4
Dual-wavelength operations at 1064 & 1073 and 1064 & 1085 nm

Dual-wavelength lasers (lasers with two simultaneous outputs at different frequencies) have been
a focus of several recent studies due to multiple promising applications in biomedicine such as

blood analysis, DNA sequencing, flow cytometry, microscopy, and optogenetics [1-7].

Looking at the possible dual-wavelength operation regimes that the crystal of Nd:YVO, can
offer based on the three emission lines discussed in Chapter 3, one can see that 1064 & 1073 nm
and 1064 & 1085 nm wavelength pairs are possible. The latter pair can be used to generate 532
and 543 nm (when frequency-doubled) which are used in flow cytometry and generally come
from two different laser systems, Nd:YAG and He-Ne lasers, with the power of He-Ne usually

being the limiting factor (less than 2.0 mW).

These pairs can also be converted to 2.4 and 5.6 THz coherent radiation through proper
difference frequency generation (DFG) such as the one demonstrated by M. Scheller et al. [8].
Such THz radiation has a promising potential for imaging, sensing, and spectroscopy
applications [9-11]. Moreover, the 1073 nm emission line has not been reported in dual-
wavelength operation even though its stimulated emission cross-section is comparable to the one
at 1086 nm. This is possibly due to its proximity to the 1064 nm emission line. This chapter
demonstrates the ability to achieve gain balancing (two or more laser oscillations with the same
round trip gain and thus oscillating simultaneously) by using two intracavity birefringent plates.

4.1 Gain balancing

There are multiple methods to achieve dual-wavelength operation from laser gain media with
sharp emission lines as seen in Nd-doped crystalline gain media. All of them try to achieve
balanced gains at two or more wavelengths. Dual-wavelength generation in solid-state lasers can

be separated into three main categories.

First method to obtain dual-wavelength operation is to have two crystals with similar
emission cross-sections in order to have two comparable gains. This method can also be

extended to incorporate hybrid laser gain medium [12] or gain medium with multiple dopants
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[13]. Second method utilizes the fact that in some uniaxial or biaxial crystals, emission peaks for
horizontal and vertical polarizations occur at different frequencies. Therefore, by choosing a
proper direction, orthogonally-polarized laser operation can take place [14,15]. These first two
approaches in obtaining a dual-wavelength operation rely on a very strict balance of round-trip
gain which can be easily disturbed by cavity conditions such as thermal lensing or fluctuation in

power. This can lead to poor control of power ratio between the two oscillating wavelengths.

The last type of dual-wavelength generation is achieved by inserting an extra loss element
inside the laser cavity. This is generally done by using a specific coating of the output coupler to
intentionally have higher reflectivity at wavelength with low emission cross-section and low
reflectivity at wavelength with high emission cross-section [16-17]. However, specific coating
on the OC also means that the dual-wavelength regime will again operate on a strict condition
and will only work at a certain power level. To allow for more flexibility in the setup, tunable
loss elements such as etalons, Fabry-Perot filters, or birefringent filters are better suited for dual-

wavelength generation.

In order for two wavelengths to start oscillating at the same time, it is required that the
threshold power for both wavelengths, e.g. 1064 and 1073 nm, was the same [13,18]. From
equation (3-2) in the last chapter, the condition for the same threshold power for the two laser

wavelength becomes,

L1064 B In(l_Toc) _ L1073 —In (1_Toc)

Ol0647h064 Oio73Thors

. (4-1)

where T is the transmission of the OC. It is worth noting that equal threshold condition described
by equation (4-1) does not automatically translate into the equal power ratio between the
oscillating wavelengths above the threshold. Unlike other methods of dual-wavelength
generation, the benefit of using BRF plates is that they enable not only to select the correct
threshold condition via changes in the Liges and Lig73 l0sses (i.e. BRF introduced losses) but also

to reach 50% power ratio at all power levels which is generally much more complicated [19].

Fig. 4-1 gives a closer look at the change in transmission at 1064 and 1073 nm induced by
the 4-mm-thick BRF plate across 17 degrees of rotation angle (full range of angles was shown in
Fig. 3-4(b) in Chapter 3) and T, = 2.1%. The condition described by equation (4-1) is possible at
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a certain angle of the BRF plate where the transmission at 1064 nm (black) is exactly equals to
the required transmission (blue). As seen in Fig. 4-1, this condition was met when @,,, is equal

t0 27.0°,27.1°, 32.6", and 32.8".
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Fig. 4-1. (a) Transmission at 1064 and 1073 nm and the required transmission at

1064 nm for dual-wavelength operation using a 4-mm-thick BRF.

Although in all four cases above the two wavelengths (1064 and 1073 nm) will experience the
same Py, our first problem with using only the 4-mm-thick plate is that the angular tolerance for
this condition is very small, making it hard to perfectly achieve in practice, and thus causing
unstable power ratio of the generated wavelengths over a long period of time.

Furthermore, the same threshold condition as described in equation (4-1) does not take into
account the gain competition above threshold, which is our second problem. To illustrate the
problem of gain balancing at power levels at and beyond Py, we recall that the laser output

power (Poy) beyond the threshold power is described by

—In(A-T,
out — n( OC) V_L( Pabs - I:)th A ) ) (4'2)
=In@-T,)+L, v, ‘

i=12,
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where 4; refers to each laser wavelength, Vi is the laser frequency, V,, is the pump frequency, and

Paps IS the absorbed pump power.

With this in mind, let us consider the starting case where there is no intracavity BRF plate in
the laser cavity. The intracavity losses are the same at both wavelengths in this case (let’s say,
L1064 = L1o73) Whereas Py, 1064 < Pin 1073 from equation (3-1) because of the difference between the
emission cross-sections (o10s4 > o1073). This laser operation is drawn in Fig. 4-2(a). AS Paps
increases, the output power (Poy) at 1064 nm also increases with the slope efficiency (s 1064)
with no dual-wavelength operation.

POUT Ms,1064
—— 1064 nm (no BRF)
(a)
Py, 1064 < P 1073 Pl
P $ &2
s N's 1073, " M's 1064
I’ 4
/
2 ;
// - = 1064 nm (with BRFs)
(b) / 4 - =1073 nm (with BRFs)
/ 4
7 7/
I
/
! 7
!
’/,
L Plyioss = Pliiors P
Eoui
n"s1073 ¢
@ g | e 1064 nm
(c) I 1073 nm
Pioss=Pior3 d“‘:f n"s 1064 (with BRFs + small 0 s, rotation
g abs

Py 1064 < P 1073

Fig. 4-2. Simple illustration of the change in output power versus absorbed power of

single wavelength lasers for various conditions involving birefringent tuning.
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The second case (Fig. 4-2(b)) is where we introduced a 4-mm-thick BRF plate into the cavity
which helps fulfill the exact condition described by equation (4-1) (%, = 27.0°, where LBrr 1064

=0.32, Lgrr1073 = 0, for example) which has Pas = P'th 1064 = P'in,1073. This point is shown as the
starting point (white circle) in Fig. 4-2(b). Equation (4-2) shows, however, that the higher loss
introduced at 1064 nm (high Lgrr 1064 and, ultimately, high Liges ) in order to achieve the same
threshold pump power will result in the lower slope efficiency ('s.1064) than at 1073 nm (#'s 1073)-
Therefore, at Paps > P'hioss = P'hio7s, the levels of Py at the two wavelengths will start to
diverge. As shown by the two lines in Fig. 4-2(b), this means that the dual-wavelength operation
with equal power ratio for the oscillating wavelengths can only be achieved at a certain level of

Pabs Which describes our second problem mentioned above.

In order to solve the first problem (i.e. increase angular tolerance of the starting condition)
and to solve the second problem (i.e. maintain the equal power dual-wavelength operation far
above the threshold power (Pout 1064 = Pout1073 at Paps > Pi)), we can use an extra loss element
with lower angular sensitivity (dLggre/do), which can be found in thin BRF plates. The effect of
having two BRFs in the cavity is shown in Fig 4-2(c). As can be seen, the introduced extra loss
reduces the slopes and increases the thresholds for both wavelengths. Most importantly, it shifts
the threshold of 1073 nm to a higher value of the absorbed pump power than that for 1064 nm.
Therefore, by breaking the condition of equal thresholds, one can achieve equal power dual-
wavelength oscillation well above the threshold. As a side effect, at each pump power level this
regime would require a slightly different loss which can be conveniently found by rotation of a
thin BRF. A 0.5-mm-thick quartz plate, which was the thinnest one available to us in the

experiments, can be used in this case as the second BRF.

Consider again the transmissions at 1064 and 1073 nm wavelengths with the 4-mm-thick
BRF plate kept at 27.0° rotation (&,,,= 27.0") as the starting point. At this point, Lgre 1064 = 0.32,

Lerr1073 = 0. We have established before and in Fig. 4-2(b) that these parameters will result in
dual-wavelength operation only around the threshold power. From this point, a 0.5-mm-thick
BRF plate is inserted into the cavity. Fig. 4-3(a) shows a transmission plot versus rotation angle
of this newly inserted 0.5-mm-thick BRF plate. The overlapped sections (in red circles) of the
1064 nm transmission and the required transmission at 1064 nm represents Py, 1073 = Pin,1064 and

will have the largest angular tolerance when the slopes of both lines are at the minimum. As can
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be seen this occurs at 0" and 90  of rotation angles of the @.,,. Fine tuning of the starting

condition can then be accomplished by rotation of &,s,,away from 0" and 90". Therefore, two

birefringent filters allow for more precise control over the conditions of the two oscillating

wavelengths thus solving our first problem and allow for higher long term stability.

1.0 4= — 1.0

— o o T _ o
1 (\ QXgm = 270 — 1 /‘\. Agynm = 54.9
0.9 4 | B 0.9 4 [\ "
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Fig. 4-3. Transmission through both 0.5-mm-thick and 4-mm-thick BRF plates: (a) transmission at
1064 and 1073 nm and the required transmission at 1064 nm for dual wavelength operation and
(b) transmission at 1064 and 1085 nm and the required transmission at 1064 nm versus the
rotation angle of the 0.5-mm-thick BRF plate. The fixed angles of the 4-mm-thick BRF plates are
indicated in each graph.

The second problem of how to maintain the equal power ratio (Pout 1064 = Pout 1073 at Paps > Pin)

can also be accomplished by the rotation of @y.,away from 0" and 90  rotation angles.

Qualitatively, since by rotating the 0.5-mm-thick BRF plate we are reducing transmission at both
wavelengths simultaneously (i.e. increasing losses by ALgrr 1064 = ALgrr 1073 = 4Lpre), €quation
(4-1) tells us that this causes P "y, 1073 to be higher than P" 1064 because the right side of equation
(4-1) is much more sensitive to the change of intracavity loss which was previously kept at the
minimum value. Equation (4-2) makes sure that the resulting slope 7" 1064 after the rotation of

Uy 5omaway from 0" and 90" (with ALggr 1064~ ALsrr 1073~ ALgre) is still lower than 5" 1073 due to

the Iarger total intracavity loss (L1064 =Lin+ I—BRF,1064 + ALgrr > Lig73=Lin + I—BRF,1064 + ALBRF)-
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The two restrictions set by the equations (4-1) and (4-2) above mean that at all of the levels
of Paps beyond the starting point (Paps > P'th1064 = P'th1073), it would be always possible to find a
Pout1064 = Pout1073 Situation since there will always be an intersection between the two output
power lines as shown in Fig. 4-2(c). This can be ensured providing that the introduced ALgre
intracavity loss by rotation of the thin BRF plate shifts the threshold condition away from the
starting point. The effect of maintaining equal power ratio is illustrated in Fig. 4-2(c) where only
one intersection was shown (white circle) indicating Pout 1064 = Pout1073. This also means that for
a specific intracavity loss introduced by the two BRFs it would be possible to find the equal
power dual-wavelength regime simply by adjusting the pump power level rather than the loss.
Therefore, equal power regime can be stabilized either by the proper level of loss or pump

power.

Therefore, two birefringent filters allow for more precise control over the initial conditions
(P'th.1064 = P'th.1073) OF the two oscillating wavelengths thus allowing for higher long term stability

as well as help in maintaining the equal power ratio at subsequent output power levels.

As a side note, the overlapping of the transmission at 1064 nm and the required transmission

at the starting point as shown in Fig. 4-3(a) can be ensured by two factors.

First, by changing between different values of @, (to other values besides 27.0°, for

example) where transmission of 1073 nm is at maximum, the starting points of 1064 nm

transmission can also be discretely selected (black arrows in Fig. 4-3(a)).

Secondly, it is worth noting that aside from changing the angle of ¢,,,, the insertion angle

can be purposefully chosen slightly off from the Brewster’s angle, therefore increasing L, and
changing the level of the required transmission at 1064 nm (blue arrows). With these two factors

chosen carefully, the starting points as seen in Fig. 4-3(a) can be achieved.

Finally, similar conditions can also be found in the case of dual-wavelength operation
between the 1064 and 1085 nm as seen in Fig 4-3(b).
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4.2 Dual-wavelength operation: experimental results and discussion

In the experiment, the 5 mirror-cavity as shown in Fig. 4-4 was used with cavity lengths adjusted
to accommodate the extra insertion loss from the 2™ BRF. Two birefringent filter plates, 4 mm
and 0.5 mm, were used at the Brewster’s angle in the laser cavity. The 4-mm-thick birefringent
filter plate was inserted into the cavity first and rotated until the 1073 nm laser output was
observed. This birefringent plate ensured that the 1064 nm line fell into the low transmission
band of the filter. The second plate with 0.5 mm thickness was then inserted and both plates were
finely adjusted until both wavelengths were present and had the highest output power. Among
multiple OCs available, the one with the 2.1% transmission in the 1040-1090 nm range was

found to provide the highest output power in dual-wavelength operation.

" Nd:YVO, ,
Coupling lenses \ 7/’
— \ Output Birefringent plates

s Coupler (0.5 & 4 mm)

Fig. 4-4. Experimental setup for dual-wavelength operation of Nd:YVO,.

Dual-wavelength oscillation was maintained within the range of 3-5 degrees of rotation of &y, .

At 11.2 W of absorbed pump power (16.7 W of incident pump power), the dual-wavelength
operation was observed after carefully adjusting the two birefringent filters. The output power

with 1:1 power ratio is plotted in Fig. 4-5.
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Fig. 4-5. Dual-wavelength output power at 1:1 power ratio versus absorbed power.

The maximum output power when each wavelength had a similar spectral intensity (1:1 power

ratio) was 1.44 W in 1064 & 1073 nm operation. The slope efficiency was 16.53% in this case.

The same procedure was followed and 1.46 W of output power was obtained in 1064.1 &
1085.3 nm dual-wavelength operation with the slope efficiency of 16.2%. When the birefringent
filter plate was rotated until the laser was operating at a single laser wavelength again, the output
powers were increased to 4.61 W, 3.83 W and 3.74 W for 1064.1, 1073.1, and 1085.3 nm
wavelengths, respectively. Fig. 4-6 and Fig. 4-7 show the output spectra for 1064.1 & 1073.1
nm and 1064.1 & 1085.3 nm operations, respectively. As expected, power ratio could be
adjusted either by the BRFs or pump power level.
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Fig. 4-6. Dual-wavelength operation spectra at 1064.1 and 1073.1 nm. (a), (b), and (c)
show the change in power ratio between the two output wavelengths by adjusting the

rotation angle of the 0.5-mm-thick BRF plate.
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Fig. 4-7. Dual wavelength operation spectra at 1064.1 and 1085.3 nm. (a), (b), and (c)
show the change in power ratio between the two output wavelengths by adjusting the

rotation angle of the 0.5-mm-thick BRF plate.

Although the power ratio of the dual-wavelength output was still sensitive to the change in the
pump power level of the system and specific power ratio could only be maintained within a
limited range of output power without the change in cavity parameters, it could be adjusted back
to 1:1 throughout all of the output power levels by rotating the 0.5-mm-thick birefringent plate.
The long-term stability of the average laser output power at the highest power level was better
than 1% over 2 hours with the fluctuation in the spectral power ratio of 2.14% obtained from the
optical spectrum analyzer data (starting from 1:1 power ratio, the maximum deviation of

intensity at 1073 nm over 1064 nm was recorded (Alg;/le)). The linewidths of each

wavelength were ~0.1 nm and were limited by the resolution of the available spectrometer.
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4.3 Comparison with other dual-wavelength operations

To compare the results achieved in this work, the following table shows several notable results of

dual-wavelength Nd-doped lasers.

Table 4-1. Notable results of dual-wavelength Nd-doped lasers

References Crystal Wavelength Freq. Method Tunable Pout Opt-to-opt
pair ("m)  difference power (W)at efficiency
(THz) ratio 11 at 1:1
power  power ratio
ratio
Y. P. Huang et al. Nd:LuvO, 1086/1089 0.7 2 No 0.74 17.5
[14] polarizations
F. Zhang et al. [16] Nd:YAG 1064/1319 67.8 2 OCs No 0.65 12.0
G. Shayeganrad et al. Nd:YVO, 1066/1083, 5.6 Etalon No - 8
[20] 1085,1088
G. Shayeganrad et al. Nd:YVO, 1064/1085 5.57 Specific OC No N/A N/A
[61 coating
L. J. Chen et al. [16] Nd:LYSO 1075/1079 1.06 Specific OC No 0.7 27.7
coating
C.Y. Lietal [21] Nd:YAG 1116/1123 1.86 Etalon No 9.2
X. Wang et al. [22] Nd:YAG 1064/1073 2.4 Fabry—Perot Yes 0.581 10.9
filter
X. Wang et al. [19] Nd:YVO, 1064/1085 5.6 Fabry—Perot Yes 0.156 1.38
filter
This work Nd:YVO, 1064/1073 2.39 2 BRFs Yes 1.44 13.0
1064/1085 5.62 2 BRFs Yes 1.46 13.2
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As can be seen from Table 4-1, our result is the first dual-wavelength operation with two
wavelength pairs at 1064 & 1073 nm and 1064 & 1085 nm achieved with the same laser setup
without the need to replace an optical element. The highest optical-to-optical efficiencies with
controllable spectral power ratio was demonstrated for both wavelength pairs which is desirable

for the generation of THz radiation. We have achieved the highest output power as well.
4.4 Conclusion

In conclusion, to the best of my knowledge, the results shown in this work were the first
demonstration of the dual-wavelength 1064.1 & 1073.1 nm and 1064.1 & 1085.3 nm Nd:YVO,
lasers with adjustable output power ratios and operating with high stability. The explanation on
how multiple BRFs are required to achieve the power ratio tunable dual-wavelength laser was
also given here. Both dual-wavelength pairs can be obtained with one setup with minor
adjustments. The observed dual-wavelength output is very promising for applications in THz
generation because the frequency difference corresponds to the desirable range of THz radiation
(1-10 THz). The high output power and efficiency from this method could lead to a better source
of THz radiation. Finally, it is worth mentioning that multiple BRF plates can also be used to
generate a more complex transmission shape and ultimately to balance the gain for more than 1
pair of wavelengths at a time. This can lead to even tri-wavelength operation which is much

harder to achieve with other tuning methods.
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Chapter 5

Highly efficient CW mode-locked operation of Nd:YVO, laser in-band
pumped at 914 nm

The previous chapters have only discussed the continuous-wave (CW) operations of lasers where
the laser power is delivered continuously in time. In this chapter, an overview of picosecond
pulse generation from Nd:YVOy, lasers is presented. The detailed theories of different short pulse
generation techniques have been extensively studied and the information given here has been

selected to accompany the experimental results within the scope of this thesis.

Diode-pumped continuous wave passively mode-locked (ML) lasers with high efficiency and
high output power with picosecond (ps) pulse duration are used in multiple fields such as
micromachining, nonlinear optics, and bioimaging such as multi-photon microscopy [1] and
coherent anti-Stokes Raman scattering (CARS) microscopy [2]. The use of Nd:vanadate
(Nd:YVOy,) crystal instead of the other Nd-doped laser crystals such as Nd:YAG allows for an
overall more efficient laser system under ML operation. This is possible due to its very high
emission cross-section, broader absorption band suitable for diode-pumping, and birefringence

which is useful for further frequency conversion processes [3-5].

However, Nd:YVO, suffers from its inferior thermal properties in comparison to Nd:YAG
and has been extensively studied in order to determine the thermal effects which are the main
factor preventing it from being used in very high power applications [6-11]. The reduction in the
thermal effect and resultant improvement in terms of thermal management have been discussed

and demonstrated in Chapter 2.

As opposed to changing the cavity design parameters or the geometry of the laser crystal in
order to partially compensate for the thermal effects, recent increase in availability and feasibility
of the laser diodes at longer wavelengths allowed Nd:YVO, crystal to utilize other absorption

lines further away from the strongest and standard one at 808 nm.

Lower QD from longer pump wavelength affects the laser system in two ways. First, it
lowers the heat generation per stimulated photon which ultimately results in lower thermal load

inside the gain medium. The reduction of thermal effects due to lower QD has been reported for
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880, 888, and 914 nm pump wavelengths [12-16]. Moreover, the lower absorption at 880, 888,
and 914 nm, allows for the absorbed pump power to be more optimally spread across a larger
volume, thus further lowering the thermal lensing effects. This contributes to a better stability of
the system and opens up a way for laser power scaling.

Secondly, recall again the equation describing the output power in the equation (4-2), where
pumping at longer wavelength elevates the intrinsic limitation in efficiency of the laser system
imposed by the QD (in terms of the ratio between V, and V). The slope efficiency (s) is defined

as

“In@-T) v T, A&

~ oc

"ToA-T)+L, v, T.+L, A

(5-1)

and is dominated only by the ratio of the pump and laser wavelengths when L,, — 0 [17].
Therefore, the theoretical upper limit of slope efficiency of the laser system (operating at 1064
nm) can increase from 75.9% in 808 nm pumping case to 85.9% in the case of 914 nm pumping.
Fortunately, high-brightness laser diodes around this wavelength are widely used for pumping of
Yb-doped fiber lasers. Therefore, as was mentioned in Chapters 1 and 2, in-band pumping at 914
nm offers an attractive possibility to simultaneously achieve both high output power and high
slope efficiency. Indeed, Nd:YVOQ, lasers in continuous wave regime achieved slope efficiency
of up to 81% [15]. At the same time, Nd:YVO, lasers in mode-locked (ML) regime under 808,
880, and 888 nm pumping have been also reported [18-20]. The highest reported slope
efficiency to date in ML regime was 71% in [19]. However, there was only one report by Liang
et al. [21] on mode locking performance of a Nd-doped gain medium with low quantum defect
pumping at the 0.9 um absorption lines of the *Fz, — “*lg transition. A diode-pumped and
mode-locked Nd:GdosY0.4VO, laser demonstrated optical-to-optical efficiency of 27% and slope
efficiency of only 44% which was caused by the non-optimal mode-matching condition for
TEMOO mode as described by the authors [21].

This chapter reports the first results in ML regime under in-band pumping at 914 nm with a
maximum average power of 6.7 W with 16 ps pulse duration and slope efficiency of up to 77%
which, to the best of my knowledge, is the highest to date among the mode-locked Nd-doped

lasers.
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The principle of Semiconductor Saturable Absorber Mirror (SESAM) mode locking is
outlined in the following sections along with the general design rules for laser cavity operating in
mode-locked regime. Finally, the experimental setup and results showing highly efficient mode
locking of Nd:YVO, laser will be shown and compared to the previously reported results from

other Nd-doped mode-locked lasers.

5.1 Principle of mode locking

Short optical pulses are optical energy that is confined in small time windows and have a lot
of applications due to either the strength of the electric field it can generate or the intense power.
There are multiple ways to achieve short optical pulses. Laser systems can achieve this
modulation in output optical power by varying the conditions of the cavity via introducing
different mechanisms of intracavity loss modulation.

A strong loss modulation can create higher barrier for the lasing condition or higher Py, and
results in higher number of electrons being kept in the upper energy state before being released
in a short period of time when the loss is removed. This method is called Quality-switching or
“Q-switching” and can be categorized as active or passive from the loss modulator. Q-switched

lasers are generally used to generate nanosecond pulses [22].

In order to generate short pulses in the pico- & femtosecond range, mode locking technique
is required. First, let us examine a laser under the continuous wave operation where multiple
laser longitudinal modes are allowed to oscillate inside the laser cavity. Three main factors
dictating the oscillating frequencies are the bandwidth of the gain medium, the laser cavity, and
intracavity loss. Through standing wave condition, the possible oscillating frequencies are

described as
C
= — y 5'1
v=ord (5-1)

where v is the oscillating frequency, c is the speed of light, L is the cavity length, and q is a

positive integer. The oscillating frequencies are illustrated in Fig. 5-1.

78



Gain
A Resonator modes

Laser threshold

> vy

Fig. 5-1. Oscillating laser modes in the continuous wave laser operation within the gain

spectrum of a laser medium.

For example, considering the case in the experiment in this chapter where the cavity length is
172.6 cm, the longitudinal mode spacing is Av=c/2L=86.9 MHz or in terms of wavelength it

is
Ad= j_i =3.28 10" m=3.28 10" nm.

If the measured spectrum of the laser output is 0.07 nm (resolution of our spectrometer), it means

that there are approximately 213 modes oscillating simultaneously.

Naturally, without mode locking, all modes are oscillating with random phases independent
of each other and the intensity (electric field amplitude squared) of the output beam has a form as
shown in Fig. 5-2(a). When all the allowed modes travel with well-defined phase relationship
and the electric fields interfere constructively at a common point in the cavity, there will only be
one light pulse traveling inside the laser cavity and the laser output becomes a periodic train of
short pulses and is said to be mode-locked [23-25]. An example of the intensity of seven

oscillating modes with locked phases is shown in Fig. 5-2(b).
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Fig 5-2. Example of electric field amplitude squared (intensity) of the output beam (a) without mode

locking and (b) with mode locking.

In mode-locked operation, pulse formation can be described as controlling of the phase
relationship between multiple oscillating modes traveling inside of an optical resonator (laser
cavity) by introducing an additional optical element that is responsible for introducing either

amplitude or phase modulation.

Mathematically, the process of mode locking starts with the oscillating mode with the highest
gain determined by the enveloping laser crystal gain spectrum and represented by the electric

field of a plane wave (E(t)). The periodic loss modulation can be written as
L(t) =M (1-cos(m,t)), (5-2)

where M is the modulation depth and @, is the modulation frequency. Fourier transform of the
product of E(t) and L(t)describes the result of the plane wave with loss modulation in

frequency domain and is written as

FT {M (L—cos(ey)) x E(t)} = 27M 5(a,) — 27 L [ 5, + 0, ) + (0, — 0.)], (5-3)
{ 2

which shows that two more frequency components, @, +®, and @, —®,,, or side bands, are

generated from the original wave after one round of loss modulation. As this process continues,
more frequency components that are supported by the laser crystal gain spectrum will be
generated with fixed phase relationship. This will couple all of the produced modes in phase,

resulting in their constructive interference and pulse formation.
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To achieve mode locking, an optical element capable of weak optical loss modulation is
introduced into the laser cavity in order to allow short moments at which the net laser gain
becomes positive. In active mode locking, this periodic loss modulation is done through either
acousto-optic or electro-optic modulators. In passive mode locking, the loss modulation intervals
are governed by the high intensity of the laser pulse itself by utilizing passive optical elements
such as semiconductor saturable absorber mirror (SESAM) or Kerr medium inside the laser
cavity and thus ensuring a faster response time. Unlike Kerr-lens mode locking, SESAM mode
locking provides far more tolerance to misalignment, more flexibility to the cavity design, and
also the ability to achieve mode locking operation at the center of the cavity stability region.
However, due to the static parameters of the SESAM, it is possible to encounter a certain type of

unstable mode locking which will be covered more in detail in section 5.1.2.

5.1.1 Mode locking with SESAM

A semiconductor saturable absorber mirror (SESAM) consists of two important parts, an
InGaAs quantum well (QW) absorber and a Bragg reflector on a semiconductor substrate. The
typical structure of a SESAM is shown in Fig. 5-3 (a). Recent advancements in saturable
absorber include quantum wires, or single-walled carbon nanotubes (SWCNT) showing
semiconductor-like behavior, and quantum dots, which could provide better pulse shaping and
allow for faster recovery time and can help or, in some cases, replace KLM as the main pulse
shaping mechanism. They have been demonstrated alongside the original QW saturable absorber
mirror with comparable results as seen in [27] whereas the main advantages of using SWCNT-
SA is mainly due to the simplicity in fabrication which can now provide a real low-cost solution

to produce mode-locked ultrafast lasers.

The interest in this thesis, however, emphasizes on the overall efficiency of the ML laser
with 914 nm pumping scheme which can be demonstrated using various types of saturable
absorbers. Therefore, the QW semiconductor saturable absorber mirrors were used in the

experiments.
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Fig. 5-3 (a) Structure of a SESAM and (b) SESAM recovery mechanisms.

A Bragg reflector part of a SESAM is a periodic set of layers with slightly different refractive

indices. For the wavelength that satisfies the Bragg condition,
A=2nA, (5-5)

where A is the wavelength, Nis the refractive index, and A is the thickness of one period of the
Bragg reflector, the reflected wave constructively interferes resulting in a very high reflection.
Therefore Bragg reflector acts as a wavelength dependent semiconductor HR mirror. The role of
Bragg reflector is to reduce the electric field intensity incident on QW layer and increase the
damage threshold of the SESAM itself which cannot be accomplished with one reflective

surface.

The quantum well absorber introduces the loss into the laser resonator by absorbing photons
with enough energy to excite its electrons from the valence band to the conduction band.
However, if the excitation rate is strong enough (which happens at high light intensity), the
valence band can become depleted thus reducing the loss and resulting in the SESAM becoming

saturated.
Important parameters of a SESAM are

1. Center wavelength and reflection band of the Bragg mirror (Ag, AL).
2. Saturable loss (AR, i.e. modulation depth) indicates the maximum difference in the level
of reflectivity under maximum absorption and no absorption.

3. Non-saturable (parasitic) loss (Ans) as shown in Fig. 5-4.
4. Saturation fluence (Fsat,SESAM , pulse energy per unit area) which is defined as the fluence

that can reduce the absorption of SESAM to 1/e of its initial value. Therefore, the higher
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intensity pulses are favored for oscillation inside the laser cavity and the lower intensity
light is suppressed.

5. Recovery time of the SESAM governed by slow interband recombination (~ps-ns) which
can be reduced by proton bombardment at the expense of the higher non-saturable loss

and ultimately higher threshold for laser operation.

At the start of the mode-locked operation, a random fluctuation of intensity inside the laser
cavity that is strong enough to bleach the SESAM will see a lower loss and therefore will allow
for the time windows with higher net gain. During the subsequent round-trips a pulse narrowing
will take place where the leading edge of the pulse gets shaved off by the bleaching of the
SESAM, eventually leading to its final pulse duration.

5.1.2 Q-switching instabilities and multi-pulsing

Ranges of mode-locked operation can be classified into the 3 main categories, continuous-wave
mode locking regime (CW-ML), Q-switched mode locking regime (QS-ML, not to be confused
with Q-switching), and multi-pulsing. The latter two are generally undesirable and thus are

called mode locking instabilities and can occur due to the recovery dynamics of the SESAM.

Reflectivity (%)

) (5 e S

00:2% (IR . .......oooininninninsssssnnnsssssessmnias
Q-switching
instability .

i Continuous-wave

mode locking Multi-pulsing

instability

98%

Fluence on SESAM (uJ/cm?)

Fig. 5-4 Reflectivity versus fluence on SESAM showing the regions prone to Q-switching and

multi-pulsing instabilities.

The examples of the pulse trains relative to their round-trip time (7p) for different ranges of

operation are shown in Fig 5-5. QS-ML can be described as the range of operation with a slow

periodic modulation (> ps) enveloping the mode-locked pulse intensity.
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Fig. 5-5 ML pulse trains with (a) Q-switching instability, (b) no instability, and (c) multi-pulsing.

In order to avoid QS-ML, the effect of gain saturation from the gain medium comes into play in

order to suppress the buildup of the intracavity pulse energy. The saturation energy of the gain

medium ( Eg ) is described by

hv
Esat,Laser = I:sat,LAL = m_O' AL ' (5'6)

where F | is the fluence on the gain medium, A is the beam area on the gain medium, m is

the number of passes through the gain medium per round trip and o is the emission cross-section.
At the pump power multiple times above the threshold, the saturation energy of the gain medium
is the only factor from gain medium contributing to the QS-ML condition. The criteria for
avoiding QS-ML was derived by Honninger et al. [28] as

E;f > Esat,Laser Esat,SESAM AR ) (5'7)

where E, is the pulse energy traveling inside the cavity, Esasesam is the saturation energy of the
SESAM and equals t0 Feisesam  Mmultiplied by the laser mode area on it, and 4R is the
modulation depth of the SESAM. From this relationship we can say that gain media with larger
stimulated emission cross-section provide a more relaxed condition for avoiding the QS-ML
since it decreases the gain saturation fluence. However, for any given laser system, using

multiple passes can help manipulate the gain saturation even further.

Contrary to the QS-ML, multi-pulsing instability occurs at high levels of fluence on SESAM.
This is due to the inability for the laser system to differentiate between the two conditions, a

single pulse traveling inside the laser cavity and multiple pulses, if both conditions provide
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approximately the same level of saturation of the absorber. From Fig. 5-4 we can see that the
dR/dFsat sesam 1S much smaller at higher levels of Fg:sesam Which is the cause of this types of
instability. Therefore, the multi-pulsing instability acts as the upper limit to the output power

under mode-locked operation for a particular laser system.

Both types of unstable mode locking can be detected by careful inspection of the pulse trains
at different time windows or by radio frequency (RF) measurements which will be covered in the

results section of this chapter.

5.1.3 Optimum design

Taking all the factors mentioned above into accounts, we can draw a diagram as shown in Fig. 5-
6 connecting various parameters in order to explain the trade-offs for a particular case of mode-

locked lasers.

SESAM parameters

-------------------------------------- Emission
bandwidth

Dispersion

Non-sat

WSESAM AR spsunr
loss [

Pump M2 duration power

Esat, SESAM

Cavity Repetition
Minimum length rate

Wy,

E Q-switching Internal
sat,Laser instabilities cavity loss

Efficiency

I\’Iultl' — — Output Average
pulsing . Design parameters coupling power

_______________

Dependent variables
- Undesirable characteristics Output parameters
- Properties of the materials

SESAM

damage

Fig. 5-6. Diagram showing the connections between various parameters of a mode-locked laser.
Orange arrows denote direct relationship between two variables and blue arrows denote inverse
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relationship. The grey arrows from OC to efficiency and average power denote non-monotonic

relationships.

Due to the intricate nature of the connections between these variables, the information from
thermal lensing measurement in Chapter 2 is very useful here. Among these parameters Wees., and

w, are the parameters that reflect the changes from thermal lensing.

5.2 Experimental setup

Multiple resonator configurations were used with different SESAMs available in the experiment.

The following setup described here gives the highest output power and efficiency.

A 20-mm-long a-cut Nd:YVO, crystal (Castech) with doping level of 1.5 at.% was
antireflection (AR) coated for both pump and laser wavelengths in order to reduce internal cavity
loss. The crystal was pumped by a fiber-coupled laser diode (iPG Photonics) with 110 um core
diameter and numerical aperture of 0.12 at 914 nm. The laser diode was water cooled at 16 °C to
control the wavelength shift due to temperature change and was capable of delivering 16.8 W of
pump power at 914 nm. At this wavelength its spectrum was ~3.8 nm wide at FWHM (full width
at half maximum). The pump was focused into a 275 pum spot radius at the center of the crystal
through a set of coupling lenses with 1:5 magnification. The Nd:YVO, crystal was wrapped in
indium foil and constantly water cooled on the top and bottom surfaces in a metal holder at 16

°C in order to control the thermal effects.

SESAM

M

Coupling lenses

Output
Coupler

Fig. 5-7. Experimental setup for mode-locked operation of a Nd:YVO, laser diode-pumped at 914 nm.
LD, laser diode.

A 5-mirror cavity was used with a reflective SESAM as one of the end mirrors as shown in

Fig. 5-7. The dichroic pump mirror M, served as a folding mirror and was AR-coated for 914 nm
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and highly reflected (>99.9%) laser radiation at 1064 nm. The radii of curvature of M; and M3
were 400 mm and 500 mm, respectively. The distances L, L, Ls, and Ly were 33, 47.5, 48.1,
and 45.0 cm, respectively. At the highest absorbed pump power (and with thermal lensing taken
into account) the spot size of the laser mode at the center of the crystal was 270 um and ensured
constant and efficient mode-matching with the pump beam while the spot size radius on SESAM
was 175 pm. The laser cavity was designed to have a proper spot size on SESAM in order to
control its fluence and to achieve mode locking with the highest output power [28]. This enabled

us to avoid multi-pulse mode locking and damage of the SESAM.

The SESAM (BATOP GmbH) with 1.2% modulation depth, 0.8% non-saturable loss, 90
w/em? saturation fluence, and relaxation time constant of ~10 ps was used. The SESAM was

soldered onto a gold plated Cu-cylinder.

A stable, self-starting, continuous wave mode-locked output with the highest output power
was achieved with a 15% output coupler (OC). The mode-locked pulse train was recorded by a 6
GHz digital oscilloscope (Tektronix, TDS6604) with a fast InGaAs photodetector (Thorlabs,
DETO08CFC/M) giving an overall temporal resolution of ~100 ps. An autocorrelator with a delay
range of 200 ps (Femtochrome Research, FR-103XL) was used to measure the pulse duration

and monitor multi-pulse instabilities.

5.3 Experimental results

Since the specification of the laser diode has changed from the one given in Chapter 2 and the
crystal doping concentration is higher in this experiment, the laser diode wavelength and the
absorbed power versus laser diode optical power are given again here. The pump absorption at
914 nm displayed nonlinearity as shown in Fig. 5-8 due to the wavelength shift of the laser
diode. This was taken into account for further analysis of the performance of the developed laser

oscillator. Pump absorption by the crystal was 66% at the highest level of pump power.
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Fig. 5-8. Pump absorption (left axis) and center wavelength of the laser diode (right axis)
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5.3.1 CW operation with 5-mirror cavity

When SESAM was replaced with an HR (High Reflectivity) mirror, the performance in the
continuous wave regime could be obtained. The output power and slope efficiency in CW is
shown in Fig. 5-9 along with output power from ML regime for comparison. The measured slope

efficiency of 76.7% was very close to the limitation imposed by quantum defect. The optical-to-

optical efficiency was 65.7% at 7.26 W of maximum output power.
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Fig. 5-9. Output power versus absorbed power in continuous wave and ML regimes.
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5.3.2 Mode locking results

The laser output power versus the absorbed pump power in ML regime is presented again in Fig.
5-10 with detail of different ranges of operation. After 0.94 W of output power, Q-switched
mode-locked (QS-ML) operation was observed as shown in the pulse train in the middle inset.
Above 4.1 W of output power, the laser started operating in continuous wave mode-locked
regime. At 11.0 W of absorbed pump power, the maximum output power of 6.7 W was obtained
with 60.7% of optical-to-optical efficiency and 77.1% of slope efficiency in the ML regime. This
slope efficiency is much higher than the reported values of 55.2% for the commonly used
pumping scheme at 808 nm [29-34] and higher than 71% previously reported at 880 nm [19].
Assuming a reasonable internal cavity loss of ~0.9% that was introduced by different cavity
elements (i.e. crystal and mirrors which were all specified to have <0.1% loss per
surface/reflection) and 0.8% from the non-saturable loss introduced by the SESAM, the
maximum possible slope efficiency can be calculated as ~77.2%. This is in good agreement with
the experimentally achieved slope efficiency and shows that it is mainly limited by the
intracavity loss. Therefore by carefully managing of the intracavity loss either by using a
SESAM with lower non-saturable loss or by lowering the number of optical elements inside the

cavity, it is possible to increase the slope efficiency even further.

Output power (W)

absorbed power (W)

Fig. 5-10. Average output power of the Nd:YVO, laser versus the absorbed pump power.
Insets: beam intensity profile at maximum output power, QS-ML pulse train and ML

pulse train over 30 ps and 15 ps time periods, respectively.
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The obtained optical-to-optical efficiency with respect to incident pump power (40%) can be also
increased by using a longer gain medium with higher doping concentration to maximize pump
absorption. Since the beam quality of the laser diodes available at 914 nm is much better than for

the 808 nm diodes, maintaining good mode-matching even in a long crystal is not an issue.

The slope efficiency shows no sign of decreasing at the highest output power which suggests
that the output power was not limited by the thermal lensing effects but by the available pump
power. Due to the lower absorption coefficient of Nd:YVO, at 914 nm as compared to the other
absorption lines, a longer crystal or multiple pass pumping scheme can be used to further

increase the output power.

The beam quality factor M? was measured by a beam profiler to be less than 1.4. Throughout
the experiment, the output beam exhibited TEMgy mode beam profile as shown in the inset of Fig
5-10. This is due to the fact that the cavity was designed with preliminary measurement of
thermal lensing effect [16,35] which at the highest pump power level was found to be ~160 mm.
The other insets in Fig. 5-10 also show the pulse trains in the QS-ML and ML regimes within the

time spans of 30 us and 15 ps, respectively.

T T T T

Mode-locked operation
- - - Continuous wave

Intensity (a.u.)

VA
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1063.8 1064.0 1064 .2 1064.4

Wavelength (nm)

Fig. 5-11. Optical spectrum of the laser output in continuous wave and ML operation.

Figure 5-11 shows the broadening of the optical spectrum when the laser operation changes from
the continuous wave to the continuous wave mode-locked regime. The FWHM of the spectra are
0.14 and 0.07 nm, respectively, and was limited by the resolution (0.07 nm) of the available

optical spectrum analyzer (Anritsu, MS9710B).
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At maximum output power, a pulse width of 16 ps was measured and deconvoluted by an
intensity autocorrelator corresponding to the time bandwidth product of 0.593 which indicates a
chirped pulse. According to the recorded spectrum, the generation of pulses shorter than 10 ps
should be possible. The autocorrelation trace with its corresponding fitting assuming sech?-
shaped pulses is presented in Fig. 5-12(a). The radio frequency (RF) spectrum in Fig. 5-12(b)
displays stable mode locking at ~87 MHz repetition rate with noise suppressed to better than 51
dB. In addition, Fig. 5-12(c) shows an RF spectrum spanning 0-500 MHz also indicating clean,
stable mode locking without multi-pulse instabilities.
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Fig. 5-12. (a) Autocorrelation trace (dots) and sech®-fit (line) of the output pulse in CW-
ML operation. (b) Radio frequency (RF) spectrum of the mode-locked laser. (c) RF
signal in the 0-500 MHz range.

From the measured average output power, pulse duration, and repetition rate, we can calculate

the peak power of the pulse and the maximum pulse energy, assuming that the laser operates in
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stable CW-ML which is clearly the case in our measurement. The pulse duration and repetition
rate at the highest average output power corresponded to the peak power and maximum pulse

energy of 4.8 KW and 77.2 nJ, respectively.
5.4 Conclusion

In summary, a diode-pumped passively mode-locked Nd:YVO, laser with optical-to-optical
efficiency up to 60.7% and slope efficiency of 77.1% under the new pumping wavelength of 914
nm was demonstrated. This is the highest slope efficiency for the ML Nd:YVO, lasers reported
to date and for the ML Nd-doped lasers in general. This result for the first time confirms the
advantages of in-band pumping at 914 nm over the standard pumping at 808 nm in the ML
regime. The measured slope efficiency was limited by the intracavity losses and therefore can be
further improved by careful intracavity loss management. The maximum average output power
of 6.7 W was achieved with a pulse duration of 16 ps and was limited only by the available pump
power. Further power scaling can be done both by the increase of pump power or increase of the
absorbed pump power using a longer gain medium and higher doping concentration. We believe
that the same concept can be extended and to other Nd-ion based gain media to produce highly

efficient mode-locked laser systems.
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Chapter 6
Selectable Multi-Wavelength Operation of a SESAM Mode-locked Nd:YVO,

Laser

To expand upon the mode locking results of Chapter 5, we can also recall the tunability of the
Nd:YVO, laser demonstrated in Chapter 3. Aside from one report of passive mode locking at
1086 nm from Nd:LuVO, crystal with a custom made SESAM and mode-locked pulse width of
144 ps [1], so far both 1073 nm and 1085 nm emission lines from the Nd:YVO, have not been

demonstrated in the mode locking regime.

Wavelength selectivity in the mode locking regime also has not been reported. In a typical
mode-locked laser selection between the three wavelengths mentioned in Chapter 3 requires,
however, a change of cavity lengths, OC, and spot size on SESAM in order to accommodate for
the change in intracavity power owing to a large disparity in the stimulated emission-cross
sections at different wavelengths.

This chapter reports the discrete wavelength tuning results from a single setup of a stable,
self-starting, passively mode-locked Nd:YVO, laser operating at 1064 nm, 1073 nm, and 1085
nm with the use of an intracavity birefringent plate as the tuning element. The laser did not
require any changes in setup except for the rotation of the BRF.

6.1 Experimental setup

The laser crystal used was still a 3x3x20-mm-long a-cut 1.5% doped Nd:YVO, crystal. The laser
was pumped by the same fiber-coupled diode laser at 914 nm to reduce thermal effects. The
crystal was water cooled on both top and bottom surfaces at 16 °C. The schematic diagram of the

laser cavity is shown in Fig 6-1.
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Fig. 6-1. Experimental setup for tunable mode-locked Nd:YVO, laser operation.

The total cavity length in this case was 1.77 m. The spot size radius on SESAM was changed to
150 pum while keeping the laser mode size at 275 pm by changing the separation between each
mirror. The reason for a smaller spot size on SESAM was due to the much smaller emission
cross-sections at 1073 and 1085 nm which significantly influence the criteria for stable mode

locking as seen in equations (5-5) and (5-6).

At the highest incident pump power, 11.0 W was absorbed in the crystal. The pump spot size
was 270 um at the center of the gain medium. A SESAM with 1.2% modulation depth and 90
w/em? saturation fluence was used as one of the end mirrors. A 4-mm-thick birefringent plate
was inserted into the cavity at the Brewster’s angle to achieve the discrete tuning of the laser
output wavelength. Stable, self-starting, continuous wave mode-locked operations for all three
wavelengths at 1064, 1073, and 1085 nm were achieved with a ~2.1% OC. Since the small
change in the reflectivity of the OC can influence the criteria for QS-ML, the specification for
the reflectivity of the OC is also given in Fig. 6-2 to confirm that the change in reflectivity is
relatively small within the range of operation. The reflectivities at 1064, 1073, 1085 nm are 2.07,
2.06, and 2.11%, respectively.
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Fig. 6-2. Reflectivity of the OC used to obtain discretely wavelength tunable ML operation.

6.2 Results and discussion

The continuous wave mode-locked operations were achieved at all three wavelengths, 1064.0
nm, 1073.0 nm, and 1085.1 nm with the highest output powers of 2.79 W, 2.17 W, and 2.18 W,
respectively with the same BRF plate and OC. The laser output power versus the absorbed pump
power is plotted in Fig. 6-3 (a). The discrete tuning of the mode-locked laser wavelength was
done by rotating the intracavity birefringent plate. The optical-to-optical efficiency and slope
efficiency are 25.3% and 29.1% for the 1064 nm output, 19.6% and 31.3% for the 1073 nm
output, and 19.7% and 31.2% for the 1085 nm output. The beam quality (M?) was again less than
1.4 for all laser wavelengths. The higher threshold power levels for both the 1073 nm and 1085
nm outputs were due to the lower emission cross-sections for these lines. To the best of our
knowledge, this is the first report of the mode-locked operations at 1073 nm and 1085 nm and

also discrete wavelength tuning of the mode-locked Nd:YVO, laser.
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Fig. 6-3 (a). Output power for three different mode-locked output at 1064, 1073, and 1085 nm.

(b) The three laser output spectra under ML operation.

Fig. 6-3 (b) shows the optical spectra for the three obtained wavelengths. The FWHM of the
spectra in the mode-locked regime are 0.14 nm, 0.11 nm, and 0.11 nm, for output at 1064 nm,
1073 nm, and 1085 nm, respectively. The autocorrelation traces with their sech? fit curves are

shown in Fig. 6-4 and were used to calculate the following pulse durations.
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Fig. 6-4. Autocorrelation traces and sech? fits of the output pulses in the CW-ML operation at (a)
1064 nm, (b) 1073 nm, and (c) 1085 nm.

The pulse durations at the highest output power levels were 14.2 ps, 11.1 ps, and 9.1 ps. The
radio frequency (RF) spectra were also recorded with signal-to-noise separation of more than 45
dBm and show no sign of Q-switched mode locking or multi-pulsing at the highest output power

for all of the three wavelengths (see Figs. 6-5 and 6-6).

The repetition rate for the cavity was ~84.9 MHz which was confirmed with the RF

measurements as shown in Fig. 6-5.

99



RF signal (dBm)

Fig. 6-5.

RF signal (dBm)

-40

60 -

80
-100
120 4

T . T * T ' T . 1 ¥ I

UM [ vl N

40 -
60 -]
80

-100 4

120

T
84.4

84.6 84.8 85.0 85.2 85.4 _
-'
>47 dBm =1

40 -
60
80

-100

-120

T T T T

T T T
84.4 84.6 85.4

1085 nm I —
>45 dBm m

RF spectra of the mode-locked lasers close to the fundamental frequency (~84.9 MHz).

T

T T T
84.8 85.0 85.4

Frequency (MHz)

T
84.4

-40 -

-

|Gz

A
VSN AAAS

|

T T

2(l)o ' 3(')0
Frequency (MHz)

500

Fig. 6-6. RF spectra in the 0-500 MHz range.

100



Following the similar calculation for the peak power and pulse energy for a stable mode-
locked laser at the end of the last chapter, the resulting discretely wavelength tunable laser had
the peak powers of 2.04 kW, 2.03 kW, 2.48 kW and pulse energies of 32.9 nJ, 25.6 nJ, 25.7 nJ
for laser outputs at 1064 nm, 1073 nm, and 1085 nm, respectively.

6.3 Conclusions

A discrete wavelength tuning of a mode-locked Nd:YVO, laser operating at 1064.0 nm, 1073.0
nm, and 1085.1 nm was demonstrated for the first time. Wavelength tuning was realized with a
birefringent plate as the tuning element. The output power of more than 2.2 W at 11.0 W of
absorbed pump power was achieved for all three wavelengths with slope efficiencies of more
than 29% in ML regime, and optical to optical efficiencies of more than 19%. The generated

pulse durations were 14.2 ps, 11.1 ps, and 9.1 ps respectively.
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Chapter 7

Alternative ultrashort pulse gain media under 914 nm pumping

Since the previous chapters of this thesis have demonstrated that the direct in-band pumping at
914 nm can provide clear advantages over other pump wavelengths in terms of reduction in
thermal lensing and increase of efficiency, the same concept can be applied to other Nd-doped
materials as well. The ability to pump Nd:KGW laser at 910 nm was also investigated with a
similar experimental setup [1,2]. For the next logical step, a further study should be made with
Nd:YVOQ,’s sister material, Neodymium gadolinium vanadate (Nd:GdVO,), which has the most

similarity in terms of crystal parameters and performance.

Such low quantum defect pumping schemes are also particularly advantageous for laser gain
media with disordered structures such as Nd:glass since they are generally constrained by poor
thermal conductivity (k). This chapter provides the experimental findings from low quantum
defect pumping at 914 nm of two gain media with disordered structure, Nd:ScYSiOs (Nd:SYSO)
and Nd:CaYAIO, (Nd:CALYO). To the best of my knowledge, this is the first report of such

experiments with these gain media.

7.1 Nd:CaYAIO, (Nd:CALYO)

Nd:CALYO crystal was first proposed as a new candidate for disordered structure laser crystal in
1977 by E. F. Kustov et al. [3] where the absorption and emission spectra of single crystals of
Nd:CALYO were initially reported. H. R. Verdin and L. M. Thomas later reported the first laser
operation with Nd:CALYO pumped by a GaAlAs diode laser array [4] in 1990.

Nd:CALYO was the first laser crystal discovered that was isostructural with tetragonal
K2NiF4 structure where the Ca®*, Y*', and Nd** can randomly occupy the same crystallographic
site. This random distribution of different species creates the same effect as disordered crystals.
The main reason for interest in Nd:CALYO was because of the disordered crystal structure
which translates to spectral properties as seen in Nd:Glass, Nd:CNGG, and Nd:CLNGG media,
i.e. smooth inhomogeneous broadening of absorption and emission spectral lines. At the same

time the crystal of Nd:CALYO still retained the thermal properties closer to the other crystals

102



with ordered structure such as Nd:YVO,. The inhomogeneous broadening of the emission

spectrum ultimately can allow generation of shorter pulses.

The absorption spectra of the uniaxial Nd:CALYO can be seen in Fig. 7-1(a) and were measured
by D. Z. Li et al. [5]. The typical pump band of interest was at 805 nm because of the availability
of the AlGaAs pump diodes. The spectra also show small absorption past 900 nm for both
polarizations indicated by the light red bands.
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Fig. 7-1. Polarized (a) absorption and (b) emission spectra of Nd:CALYO [5]. Colored
areas (red) represent the wavelengths available from the pump laser diode in the

experiments.
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While there are multiple absorption bands available, the typical pump band of interest is at 805
nm because of the availability of the pump diode generally employed in the diode-pumped solid
state laser (GaAlAs). The FWHMSs of the main emission band at 1080 nm (‘“Fz, > “*lip
transition) are 12 nm for c-polarization and 15 nm for n-polarization and the spectra are given in
Fig. 7-1(b). The FWHM for oc-polarization is approximately 20 times larger than that of
Nd:YVO, emission band at 1064 nm. These large FWHMs of the absorption and emission bands
are clear evidence of the disordered structure of Nd:CALYO. Birefringent property of the
Nd:CALYO crystal is the result of the tetragonal crystallographic structure and is beneficial in

applications such as mode locking and others that require linearly polarized laser output.

While the absorption and emission linewidths are many times larger than those of the ordered
structure crystals, the main disadvantages of Nd:CALYO when compared to Nd:YVO, are the
smaller peak absorption and emission cross-sections. These disadvantages result in higher laser

threshold and lower optical efficiency.

7.2 Nd:ScYSiOs (Nd:SYSO)

Nd:SYSO is a newer crystal first demonstrated in CW and Q-switched regimes by S. D. Liu et al.
[6] and in passive mode-locked regime by V. Aleksandrov et al. [7]. The absorption cross-
sections for different cuts of Nd:SYSO are shown in Fig. 7-2(a) [8]. Similar to Nd:CALYO,
there is small absorption for the wavelengths longer than 900 nm. Table 7-1 provides a
comparison between the optical and thermal properties of Nd:YVO,, Nd:CALYO, and
Nd:SYSO.

Table 7-1. Comparison of several optical and mechanical properties of Nd:YVO,, Nd:CALYO, and Nd:SYSO

Aem Gem Al K Ot dn/dT T
Laser Crystal Ref.
(m) | @0%cmd) | (M | wmiK?) | (100K | @Q0KY | (us)

IC 5.23 0, 4.43 No 8.5
Nd:YVO, 1064 141 (x) | 0.96 90 | [9,10]
1C510 | @c11.37 ne 15.5

IC 3.2 0, 8 No 8.5
Nd:CALYO 1080 1044 (c) | 15 114 | [3,5]
1C36 o 11 Ne 12
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Nd:SYSO 1075.6 9.92 15.4 - - - - [8]

As can be seen from Table 7-1, both Nd:CALYO and Nd:SYSO have clear advantages over
Nd:YVOy, in terms of emission bandwidth as shown in Fig. 7-2(b) which offers a possibility of

sub-picosecond pulse generation while trading away some of the thermal properties in the case of
Nd:CALYO.
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Fig. 7-2. (a) Emission and (b) absorption spectra of Nd:SYSO for 3 different cuts [8].
Colored areas (red) represent the wavelengths available from the pump laser diode in the
experiments.
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This section demonstrates for the first time low quantum defect pumping at 914 nm of these two
gain media with disordered structure, Nd:CALYO and Nd:SYSO.

7.3 Experimental setup

A 20-mm-long Nd:CALYO crystal was used in a 3-mirror cavity as shown in Fig. 7-3. The
crystal was pumped by a fiber-coupled diode laser with a fiber core diameter of 105 um and a
numerical aperture of 0.15. The maximum pump power was limited to 24.3 W. The pump was
then coupled into the crystal with a set of achromatic doublet with 40 mm focal length and 150

mm focal length. The spot size of the pump beam at the center of the gain medium was 197 pm.

The crystal was wrapped in indium foil and water cooled in a copper holder at 16 °C at the
flow rate of 1 liter/minute on the top and bottom surfaces. The gain medium was in-band
pumped at 914 nm at the highest pump power level. Both surfaces of the crystal were anti-
reflection coated (R < 0.5%) at the laser wavelength. M3 was a dichroic mirror with high
reflection at 1080 nm (T > 99.9%). An output coupler (OC) with 1.6% transmission in the 1040-
1090 nm range was used in the experiment in order to determine the highest output power and

optical efficiency.

In another experiment, two 5-mm-long 0.8 at. % doped Nd:SYSO crystals were used in a
similar 3-mirror cavity setup (see Fig. 7-3). The optimum output coupler in this case was found
to be 5%.

M1 R =500 mm
| Gain medium
- =
914 nm pump
Coupling optics \ M2
o \ Output
il ' coupler

Fig. 7-3. 3-mirror laser cavity used in the experiment for both Nd:CALYO and Nd:SYSO

7.4 Results and discussions

The absorbed pump power was 9.0 W and 3.3 W for the Nd:CALYO and Nd:SYSO crystals,

respectively. Fig. 7-4 shows the absorbed pump power versus the laser diode power. The
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experimental results were limited by the low pump absorption in the crystals which could be
increased further by higher doping concentration, longer crystal in the case of Nd:SYSO, or
utilizing multiple pass geometry. Regarding the available pump power, high-power fiber-coupled
laser diodes around 914 nm (>100 W) are widely used for pumping of Yb-doped fiber lasers and

are readily available for further power scaling experiments.
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Fig. 7-4. The absorbed power versus the incident pump power for Nd:CALYO and Nd:SYSO.

The output power achieved was 201 mW for the Nd:SYSO and 154 mW output for the
Nd:CALYO. Fig. 7-5 shows the measured output power for both crystals. The highest slope
efficiency obtained from Nd:SY SO laser was 18.6% while the slope efficiency from Nd:CALYO

laser was only 7.8%.
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Nd:SYSO output power (W)
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Fig 7-5. (a) The output power versus absorbed power for Nd:SYSO. (b) The output power versus the
absorbed pump power for Nd:CALY O with various values of output coupler transmission.
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The laser spectra are shown in Fig. 7-6. The central wavelengths are 1079.8 nm for the
Nd:CALYO and 1074.9 nm for the Nd:SYSO. The FWHM are 0.14 nm and 0.17 nm,

respectively.
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Fig. 7-6. Laser spectra of (a) Nd:CALYO and (b) Nd:SYSO.

7.5 Conclusions

Two proof-of-principle neodymium lasers with disordered structure gain media, Nd:SYSO and
Nd:CALYO, were demonstrated with in-band pumping at 914 nm for the first time. The
maximum output power achieved was 201 mW centered at 1074.9 nm with slope efficiency of
18.6% for Nd:SYSO and 154 mW output centered at 1079.8 nm with 7.8% slope efficiency for
Nd:CALYO. This pumping approach offers further power scaling possibility due to the
availability of powerful InGaAs laser diodes around 910 nm, the strongly reduced quantum

defect and, consequently, thermal lensing.

109



References

[1] R. C. Talukder, Md. Z. E. Halim, T. Waritanant, and A. Major, “Multiwatt continuous wave
Nd:KGW laser with hot-band diode pumping,” Opt. Lett. 41, 3810-3812 (2016).

[2] M. Z. Eibna Halim, R. C. Talukder, T.Waritanant, A. Major, “Passive mode locking of a
Nd:KGW laser with hot-band diode pumping,” Laser Phys. Lett. 13, 105003 (2016).

[3] Kustov, E. F., Petrov, V. P., Petrova, D. S., and Udalov, J. P., “Absorption and luminescence
spectra of Nd** and Er** ions in monocrystals of CaYAIO,4,” Phys. Stat. Sol. (a) 41(2), 379-383
(1977).

[4] Verdan, H. R. and Thomas, L. M., “Nd:CaY AlO4—a new crystal for solid-state lasers emitting
at 1.08 um,” Appl. Phys. Lett. 56(7), 608-610 (1990).

[5] Li, D. Z., Xu, X. D., Cheng, S. S., Zhou, D. H., Wu, F., Zhao, Z. W., Xia, C. T., Xu, J.,
Zhang, J., Zhu, H. M., and Chen, X. Y., “Polarized spectral properties of Nd* ions in CaYAIO,
crystal,” Appl. Phys. B 101, 199-205 (2010).

[6] Liu, S. D., Zheng, L. H., He, J. L., Xu, J., Xu, X. D., Su, L. B., Yang, K. J., Zhang, B. T.,
Wang, R. H., and Liu, X. M., “Passively Q-switched Nd:Sc0.2Y0.8SiO5 dual-wavelength laser
with the orthogonally polarized output,” Opt. Express 20(20), 22448-22453 (2012).

[7] Aleksandrov, V., Iliev, H., Zheng, L., Su, L., Xu, J., Aka, G., and Bucharov, I., “Passive
Mode-locking of a Diode Pumped Nd:ScYSiOs Laser,” CLEO:2014, OSA Technical Digest
(online) (Optical Society of America, 2014), paper JTu4A.127.

[8] Liu, S. D., Zheng, L. H., Xu, J., Zhang, Y. P., Zhang, H. Y., Li, D. H., Ren, T. Q., Zhang, B.
T., and He, J. L., “Anisotropy of laser emission in monoclinic Nd:ScYSiOs crystals cut along the
optical indicatrix axes,” Chin. Opt. Lett. 14(2), 021406 (2016).

[9] Huai, X. and Li Z., “Thermal stress analysis of a Nd:YVO, laser medium end pumped by a
Gaussian beam,” Appl. Phys. Lett. 92(4), 041121 (2008).

[10] Sato, Y. and Taira, T., “Highly accurate interferometric evaluation of thermal expansion and
dn/dT of optical materials,” Opt. Express 4(5), 10528 (2006).

110



Chapter 8

Conclusion

In conclusion, this thesis proposed to study Neodymium-doped laser crystals as an alternative for
ultrashort pulse generation with medium output power level and high efficiency. The first half of
this thesis focused on the thermal effect which is the main limitation in power scaling. Thermal
lensing effect in Nd:YVO, laser with in-band pumping at 914 nm was studied as an alternative to
the classical 808 nm pumping scheme in order to relieve the output power limitation. FEA
simulation was also done to compare the thermal lensing effect with 914, 888, 880, and 808 nm
pumping. The results showed that the thermal lens power is significantly reduced because of two

reasons, one, the difference in quantum defect and two, the thermal lens geometry.

Aside from thermal lens effect investigation, with the available Nd:YVO, laser setup,
discrete wavelength tuning by a birefringent plate was reported at 1064.0, 1073.1, and 1085.2
nm. Two dual-wavelength operations were also demonstrated at 1064.1 & 1073.1 nm and 1064.1
& 1085.3 nm with two intracavity birefringent plates where the output power ratio of the dual-

wavelength output could be freely adjusted.

The in-band pumped continuous wave Nd:YVO, laser formed an ideal platform for the
development of a pulsed oscillator based on the principle of mode locking. As a result, mode-
locked operation with SESAM as saturable absorber was demonstrated for the first time with the
highest efficiency to date. The output in CW-ML regime was stable and self-starting with pulse
width of 16 ps. The mode-locked operation was then extended to adjacent emission lines at 1073
nm and 1085 nm while still maintaining the CW-ML range of operation that could be switched

between each wavelength simply by the rotation angle of the intracavity BRF plate.

To continue the in-band pumping study of Nd:YVO,, the next step would be to use now
commercially available laser diodes at 914 nm with up to 100 W of output power to push power
scaling even further, to test pump absorption saturation, and to perform frequency conversion

experiments.

Finally, other important candidates for low quantum defect pumping such as Nd:CALYO and
Nd:SYSO were identified and tested with in-band pumping around 914 nm for the first time. The
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efficiency improvement and optimization are still required for these two crystals with disordered

structure and are the prime candidates for the future works on ultrashort pulse generation.
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Appendix A — ABCD matrix formulation

In the field of optics, originally proposed as a tool for light rays propagation, the term ABCD
matrix refers to the matrix that provides enough information of an optical element in order to
transform the information contained in the light propagating through that particular optical

element. An ABCD matrix can be written as

M (A B 1
w0 =\ s p | (a-1)

Recall from Chapter 2, a Gaussian beam with wavelength 4 can be fully represented by a pair of

parameters. The parameter q(z) is then defined to represent two beam parameters w(z) and r(z) as

1 _ A 1 @2
q(z)  aw(@)® r(2)

which represents the Gaussian beam at distance z. Following the analogy between Gaussian
beams and spherical waves in geometrical optics, the same ABCD matrices from geometrical
optics can be used to transform the parameter q(z) through equation

, 0-A+B

] :q-C+D (a-3)

where ¢’ represents the Gaussian beam after the optical element described by the matrix Magcp.

Curved
Optical element Flat mirror Free space Crystal Thin lens
mirror
1 0
M 10 1 d 1 d/n 1 11 0
ABCD 0 1 0 1 0 1 -— 1 -1
2f 2r

d is the propagation distance, n is the refractive index, f is the focal length of the thin lens, and r
is the radius of curvature of the curved mirror.
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Appendix B — Jones matrix calculation

The Jones matrices are operators for Jones vectors, written as

E, e
0x y (b-l)
E,e"”
which are the vectors that describes the propagation of two transverse polarizations of the light in
homogeneous isotropic medium. Different optical interfaces and elements have their

corresponding Jones matrices. In this section the Jones matrix (M) for the birefringent filter used

in this thesis is given.

Consider the birefringent plate with angles described in Fig. 3-1 in Chapter 3 inserted into the

laser cavity at the Brewster’s angle. The Jones matrix for this birefringent plate [1] is described

by

M:[l Oj( sin C?Saeq](l Qj(sinaeq —(_:osaeqj(l OJ’ (b-2)
0 q)l—-cose, sing, )\0 e¥)\cosa, sSing, IO q
where

2 b-3
AT (3)
sin(az,) = /(L —cos?(az,,)) » (b-4)
cos(a,,) = (cosgcosdcosa —singsind) /siny (b-5)

and
Q= [(sin2 o -c0s’ 0) + (cos(ax) - cos(¢(n)) - cos(B) —sin(6) sin(¢(n)))2] Kk(n)-Al)-d (b-6)

cos(4(n))

which describe the phase difference between the fast and slow axes of the crystal due to
birefringence. The five matrices in equation (b-2), from right to left, describe the propagation of

the two transverse waves through the first air-glass interface, redistribution of the wave
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amplitudes to the crystal’s fast and slow axes, phase retardation, back-conversion of the axes to
the original vertical and horizontal axes, and propagation through the second air-glass interface.
The parameter g represents the maximum loss due to the Fresnel reflection which occurs only in
S-polarization while P-polarized light experiences no loss. Since the calculation above involved
a large wavelength range, the refractive indices of the birefringent plate (n) used in the
calculation are also functions of wavelength, n(1) [2]. The round-trip Jones matrix for the linear

laser cavity is written as
M roundtrip = Q,Q’MM (b-?)

which includes the matrices describing the other sources of the polarization dependent loss inside
a laser cavity, Q'. Since it is the nature of the oscillator that the propagating wave repeats itself
after one round trip, the eigen value of Myoundtrip 1S then the electric field amplitude transmission

(m) and |m|?is the round trip power transmission.
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