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Abstract

High power diode-pumped solid state (DPSS) lasers are a rapidly growing technology that is
attractive for various applications in scientific and industrial fields. DPSS lasers are highly
efficient, reliable and durable with superior beam quality when compared to flash-lamp pumped
solid state lasers. Double-tungstate crystal of neodymium-doped potassium gadolinium tungstate
(Nd:KGW) is one of the most effective active media used in DPSS lasers for generation of

continuous wave radiation and ultrashort (i.e. picosecond, 107!? s) pulses.

Unfortunately, the thermal conductivity of KGW host crystals is relatively low (~3 Wm™'K™).
This low thermal conductivity and large quantum defect while pumping with ~808 nm lead to
significant thermo-optical distortions. One way to minimize thermo-optical distortions is to reduce
the quantum defect. This can be done by pumping at longer wavelengths as compared to

conventional 808 nm.

In this work we demonstrate what we believe is the first continuous wave Nd:KGW laser with
hot band diode pumping at ~910 nm. This pumping wavelength reduced the quantum defect by
>46% as compared to the conventional ~808 nm pumping and resulted in significantly lower
thermal lensing. The laser produced 2.9 W of average output power at 1067 nm in a diffraction
limited beam for an absorbed pump power of 8.3 W. The slope efficiency and optical-to-optical
efficiency were found to be 43% and 35%, respectively. Significant reduction of quantum defect
offered by this pumping wavelength and availability of suitable high power laser diodes opens an

attractive way to further power and efficiency scaling of the Nd:KGW lasers.
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Chapter 1: Introduction

1.1 Motivation

Lasers have been used in many diverse applications in medical, scientific and industrial fields since
the first demonstration of laser in 1960. High intensity, high directionality and high degree of
coherence are some of the unique properties of laser radiation. Moreover, solid state lasers and
especially diode-pumped solid state lasers (DPSS) lasers are highly efficient, reliable and durable

with excellent beam quality.

One of the most effective laser gain media is neodymium-doped potassium gadolinium
tungstate crystal (Nd:KGW) for solid state laser engineering in the near-infrared region. Nd:KGW
has some exceptional properties compared with other widely used Nd*" doped laser crystals
operating around 1 um such as Nd:YAG and Nd:YVO. High doping concentration of Nd** ion and
high slope efficiency can be achieved with it [1]. This crystal is well known for its high emission
cross section (higher than that of Nd:YAG) and thus efficient continuous wave (CW) [2], Q-
switched [3] and mode-locked operation [4, 5]. In addition, birefringence of the host results in
strongly polarized emission which is advantageous for further frequency conversion [6, 7, 8].
Owing to the high third-order nonlinearity of the host [9, 10], Nd:KGW crystals and lasers are
widely used to generate multiple wavelengths via stimulated Raman scattering [6, 7]. Continuous

wave Raman lasing based on Nd:KGW crystal was also reported [11].

Unfortunately, the relatively low thermal conductivity (about half that of Nd:YVO) of KGW
host crystals and large quantum defect (with ~808 nm pumping) lead to significant thermo-optical
distortions. As a result of thermal effects, the power scaling to multi-watt level is hindered [12].
Therefore, reduction of thermal lensing is the key strategy to achieve power scaling. This can be
done by pumping at longer wavelengths (as compared to traditional 808 nm) to reduce the quantum
defect. Although pumping at around 880 nm was reported [13, 14, 15], this is not the longest
possible pump wavelength for Nd-ion based gain media. Recently, efficient diode pumping (at 914
nm) of a Nd:YVO laser from the highest thermally populated sublevel (i.e. hot band) of the ground

state manifold was realized, thus enabling slope efficiency to reach up to 81% in the CW [16]
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regime and up to 77% in the mode-locked regime [17]. It was also shown that such a long
wavelength pumping reduced thermal lensing by a factor of two [18] in comparison with 808 nm

pump wavelength.

Therefore, we use similar approach of hot band diode pumping to demonstrate a multi-Watt

CW Nd:KGW laser.
1.2 Objectives

The objective of this work is to demonstrate a multi-watt continuous wave Nd:KGW laser with
hot band diode pumping at around 910 nm. Traditional pumping of Nd:KGW at ~808 nm leads
to significant thermal effects. This is the main obstacle to multi-watt power scaling of Nd:KGW
lasers. Hot band diode pumping at ~910 nm can minimize the thermal effects and as a result will
enable high power operation of the Nd:KGW crystal. Therefore, this work has the potential to open

a promising route to power scaling of Nd:KGW lasers.
1.3 Contributions

The following contribution has been made in this work:

A multi-Watt continuous wave operation of a Nd:KGW laser at 1067 nm with hot band diode
pumping was demonstrated. To the best of our knowledge, this is the first time that this approach
was used with Nd:KGW laser crystal. The results of this work were presented at the Photonics
North 2016 conference [19] and at the Conference on Lasers and Electro-Optics (CLEO) [20].

They were also accepted for publication in peer-reviewed Optics Letters journal [21]].
1.4 Outline of the thesis

Background information used in this thesis will be explained in chapter 2. Chapter 2 will start with
the description of thermal lensing. The idea of thermal lensing and what happens because of it will
be discussed in this chapter. Next, low quantum defect pumping approach will be explained. In
addition to that, the properties of Nd:KGW laser crystal will be introduced. Finally, the results of
CW Nd:KGW laser with 808 and 880 nm pumping will be discussed.
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Chapter 3 will present the experimental setup and results of our experiment. First, a description
of the pump laser diode will be given. Then, the design of our laser cavity will be discussed.
Moreover, CW results and beam quality measurements will be presented and explained. At last,

thermal lensing results will be discussed at the end of this chapter.

Chapter 4 of the thesis presents the conclusion and possible future work.
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Chapter 2: Background information

2.1 Thermal lensing

Thermal lensing occurs due to the generation of heat in the laser gain medium. Heat generation in

the process of optical pumping happens due to several reasons:

% The energy difference between the pump band and the upper laser level is converted into
heat inside the laser crystal as shown in figure 2.1. Likewise, the energy difference between
the lower laser level and the ground state is also lost as heat. Therefore, the energy
difference between the pump photon and the laser photon is the major source of heating in

solid state lasers and is termed as quantum defect. This can be written as

q= Ep— EL = — 2.1)

Here, q = quantum defect;
Ep - energy of the pump photon;
EL - energy of the laser photon;
ALaser = Wavelength of laser radiation;
Apump = Wavelength of pump radiation;
¢ = speed of light;

Typical pumping of Nd:KGW crystal with ~808 nm ensures that 24% of the pump power will
be converted into heat as the lasing wavelength is 1067 nm. Pumping with a wavelength longer

than 808 nm will reduce the generated heat inside the crystal if the crystal still lases at 1067 nm.

A pictorial view of the quantum defect is shown below:
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Figure 2.1- Schematic diagram of quantum defect of a four level laser

% Moreover, nonradiative relaxation is also a source of heat generation within the laser
crystal. Nonradiative relaxation from the upper laser level E3 to the ground state E; (due to
concentration quenching) and nonradiative relaxation from the pump band E4 to the ground

state E; will generate heat in the active medium.

The generated heat results in a temperature gradient inside the laser crystal. The temperature
gradient mainly induces two effects in the crystal: thermo-optic effect and thermo-mechanical
effect. Refractive index changes due to temperature gradient inside the crystal and this
phenomenon is known as the thermo-optic effect. Also, the thermo-mechanical effect generates
mechanical stress inside the crystal through thermal expansion. The induced mechanical stress
causes further change in refractive index which is called the photoelastic effect. Moreover, the
mechanical stress produces the bulging of end faces of the crystal and in extreme cases could lead
to crystal fracture. This thermally induced refractive index change and bulging deformation of end
faces of the crystal cause a lensing effect which is known as thermal lensing [22]. A schematic

diagram of thermal lens formation in shown in figure 2.2:
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Figure 2.2- Schematic diagram of thermal lens formation

Basically, the three effects that result in thermal lensing are:

% Change of refractive index due to the temperature gradient which is described as thermo-

optic effect.

¢ Induced mechanical stress due to the temperature gradient which is known as thermo-

mechanical effect.

¢ Further change in refractive index due to the mechanical stress which is called the

photoelastic effect [22].

Thermal lens can distort the laser beam size and wavefront when the beam passes through the
crystal. A positive thermal lens will focus the laser beam while a negative thermal lens will defocus
the beam. Also, spatial mode matching between the laser beam and pump beam inside the gain

medium is important for lasing efficiency. Mode size variation induced by thermal lensing can
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break mode matching between the laser and the pump beam. This mismatch will lead to low output

power and low lasing efficiency.

Wavefront distortion adversely affects the output beam quality. Beam quality corresponds to

the imperfection of a laser beam in comparison to the ideal fundamental beam (TEMyo).

The operating point of the laser cavity within the stability diagram becomes a function of input

power due to thermal lensing. In extreme cases, the laser cavity can become unstable.

Above all, thermal lensing could lead to stress fracture and put a limit to average power
obtainable from a laser medium [22]. As a result of the low thermal conductivity (about 3 Wm™ K-
1) of Nd:KGW in combination with thermal lensing effects, high average power operation is
hindered. We cannot modify thermal conductivity of a material; but we can lower the thermal
effects by longer wavelength pumping as compared to conventional 808 nm pumping. Therefore,

reduction of thermal effects is the main strategy to achieve power scaling.
2.2 Low quantum defect pumping

Low quantum defect pumping was studied with Nd:YVOg4 crystal [16]. The energy levels of this
crystal are shown in figure 2.3(a). Usually Nd:YVOs is pumped with ~808 nm. Reduction of
quantum defect requires pumping with longer wavelength. According to the figure 2.3(a), pumping
was done from the thermally populated highest sublevel of the ground state manifold of the crystal
in order to obtain low quantum defect as compared to the conventional 808 nm pumping. This
pumping from the thermally populated sublevel is called the hot band pumping and it corresponds
to 914 nm wavelength for the Nd:YVOj crystal. Hot band diode pumping enables us to reduce

quantum defect and hence the thermal load inside the crystal.
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Figure 2.3- a) Energy levels of Nd:YVO4 crystal, b) Output power vs. absorbed pump power [16].

This pumping scheme provided some excellent results. The obtained output power was 11.5
W at 1064 nm for an absorbed pump power of 14.6 W as shown in figure 2.3(b). The slope
efficiency was 80.7% which is very close to the theoretical maximum (85.9%). Also, optical to
optical efficiency was 78.7% which was the highest optical efficiency ever reported for Nd:YVO4
laser at this power level [16]. This high efficiency is a result of excellent overlap between the pump

beam and the laser beam in the Nd:YVOg4 crystal.

The thermal lensing effects were very weak. The thermal lens focusing power was 0.6 diopter
at maximum pump power which is one order of magnitude lower than the thermal lens measured

around 800 mW of absorbed power at 808 nm. In addition, nearly a Gaussian (M= 1) beam profile
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was achieved in this experiment. Beam quality factor was 1.1 in the horizontal direction and 1.2

in the vertical direction [16].

Now, a similar approach can be also used to pump a Nd:KGW crystal in order to reduce the
quantum defect. The hot band pumping was not studied with Nd:KGW crystal before. The hot
band corresponds to the 910 nm wavelength for the Nd:KGW crystal as shown in figure 2.5. This
910 nm pumping ensures the lowest quantum defect as this wavelength corresponds to the highest
sublevel of the ground state manifold for the Nd:KGW crystal. Therefore, lower thermal effects
within the crystal can be obtained with hot band pumping as compared to the traditional 808 nm

pumping.
2.3 Nd:KGW laser crystal

2.3.1 Crystal structure of Nd:KGW

The crystal structure of KGd(WOs4), is monoclinic and it corresponds to the space group C®n-C2/c
which is defined as the symmetry group of a configuration in space, usually in three dimensions.
Space groups are also called the crystallographic groups, and represent a description of the
symmetry of the crystal [23]. The unit cell parameters of the KGW crystal are mentioned in table
2.1.

Table 2.1- Parameters of the unit cell of KGW

Reference Unit cell parameters
a (A) b (&) c(A) B (deg)
Mochalov et al. [24] 8.098 10.417 7.583 94.43
Chen et al. [25] 10.652 10.374 7.582 130.8

The mutual orientation of the crystallographic axes (a, b, ¢) and the axes of the optical
indicatrix (Nm, Np, Ng) of the KGW crystal is shown in figure 2.4(a). From the figure, it is obvious
that [010] is parallel to Np. Besides, Ny and N, axes make 24 and 20 degree angles with [100] and
[001] axes, respectively [24]. Figure 2.4(b) also shows the laser crystal that was used in our

experiment.
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Figure 2.4- a) Orientation of optical indicatrix axes and crystallographic axes in a KGW crystal [24],
b) Nd:KGW crystal used in our experiment (wrapped in indium foil).

2.3.2 Physical, thermal and optical properties of Nd:KGW

KGW crystal is highly anisotropic with three principal optical axes direction denoted as Nm, Np
and Ng. The crystal is anisotropic in its mechanical properties because of the monoclinic structure.
Characterization of its physical, thermal and optical properties has attracted a lot of attention
because it can be used as a host for a range of dopants. For example, doping with Yb-ions produces
broadband radiation around 1030 nm that can be used for generation of powerful ultrashort pulses
[26, 27, 28, 29] . Table 2.2 gives the approximate values of microhardness, ultimate strength, and

Young’s modulus in three principal directions of the crystal [24].
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Table 2.2- Mechanical parameters of KGW crystal

Property Value along Value along Value along
[100] [010] [001]
Knoop microhardness 370 390 460
(kg/mm?)
Ultimate strength 14 10.2 6.4
(kg/mm?)
Young’s modulus (GPa) 115.8 152.5 92.4

Table 2.3 shows the measured anisotropic values of the principal refractive indices of pure
KGW and Nd-doped KGW published in various papers. It is obvious that for both measurements

Np<Nm<ng .

Table 2.3- Principal refractive indices for pure and Nd-doped KGW at 1.06 uym

Reference Doping Nm ng np
Mochalov et al. [24] - 1.986 2.033 1.937
Graf et al. [2] 2.2% 2.014 2.049 1.978

Thermal conductivity, thermal expansion coefficients and thermo-optic coefficient (dn/dT) are
the three major thermal properties of a laser material which play a very important role in thermal

lens formation and therefore power scaling of solid state lasers.

The thermal expansion coefficient is defined as the change in the length of the laser crystal per
unit temperature. Anisotropy of the Nd:KGW crystal ensures that the value of thermal expansion
coefficient is different in different directions. Thermal expansion coefficients for pure and Nd-
doped KGW crystal are listed in Table 2.4. The largest expansion occurs along [001] axis, while
the lowest expansion occurs along [010] axis. The lower value of thermal expansion coefficient is

better for high power solid state laser operation.
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Table 2.4- Thermal expansion coefficients of pure and Nd-doped KGW

Reference Doping Value along Value along Value along
[100] [010] [001]
Mochalov et al. [24] - 4 1.6 8.5
Moncorge et al. [30] 3% 4 3.6 8.5
Graf et al. [2] 2.2% 4 3.6 8.5

Thermal conductivity refers to the ability of a material to transfer heat. Heat transfer is higher
in materials with higher thermal conductivity and lower for lower thermal conductivity materials.
Hence, high thermal conductivity is preferred for high power operation. Thermal conductivity of
pure KGW and doped-KGW is presented in Table 2.5. It is seen from the table that KGW crystals

have a moderate thermal conductivity of around 3 Wm™'K!,

Table 2.5- Thermal conductivity of pure and Nd-doped KGW

Reference Doping Value along Value along Value along
[100] [010] [001]
Mochalov et al. [24] - 2.6 3.8 3.4
Esmeria et al. [31] 3-10% 2.8 2.2 3.5
Graf et al. [2] 2.2% 2.6 3.8 34

The thermo-optic coefficient (dn/dT) determines the temperature dependence of the refractive
index in the laser material. It is the change in refractive index due to a change in temperature.
Reported values of thermo-optic coefficients of pure and Nd-doped KGW are listed in table 2.6 at
various wavelengths. According to Mochalov et al, the thermo-optic coefficients can be both
positive and negative at 1060 nm. It is important to mention that dn/dT not only varies with
operating wavelength but also depends on the observation direction. But, according to Loiko et al,
the values of thermo-optic coefficients measured by a beam deflection method are negative in three

directions. This implies that the principal refractive indices decrease with an increase in
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temperature. As can be seen, there is still uncertainty in the sign of the thermo-optic coefficients

which is most likely a result of experimental measurement errors.
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Table 2.6- Thermo-optic coefficient dn/dT (10 K') for pure and Nd-doped KGW crystals

Reference | Wavelength | Doping | Observation dn/dT dn/dT dn/dT
(nm) direction (E ” Nim) (E ” N) (E " Np)
vector k
Mochalov 1060 - Nm - -0.3 -1.9
et al. [24]
Ng 4.3 - 1.7
N, -0.8 -5.5 -
Loiko et al. 1064 - Nm - -18.12 -16.11
[12]
N, -12.93 - -15.75
Np -12.02 -17.20 -
Jat% Nm - -19.67 -16.46
Ng -11.99 - -15.42
Np -11.64 -19.31 -
532 - Nm - -16.52 -14.65
N, -10.07 - -14.02
Np -9.44 -15.53 -
Jat% Nm - - -
Ng -10.01 - -14.25
Np - -14.98 -
Loiko et al. 632.8 - Nm - -16.48 -14.35
[12]
Ng -9.98 - -14.14
Np -9.39 -15.01 -
3at% Nm - -16.07 -15.02
Ng -10.43 - -14.56
Np -9.84 -15.89 -
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2.3.3 Spectroscopic properties of Nd:KGW

The energy levels of Nd:KGW are shown in figure 2.5 and were reported in [21]. Conventional
pumping scheme involves pumping with radiation around 808 nm. Although pumping at around
880 nm was reported [13, 14, 15], this is not the longest possible pump wavelength for this crystal.
We can also pump from the thermally populated highest sublevel of the ground state manifold (i.e.
hot band) of Nd:KGW crystal. This sublevel corresponds to a wavelength around 910 nm and
ensures the lowest possible quantum defect for this crystal. Therefore, hot band pumping is useful

to reduce the quantum defect and can lead to a high power operation of the Nd:KGW crystal based

laser.
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Figure 2.5- Energy levels of Nd:KGW crystal [21].

The polarized absorption spectra at room temperature of Nd:KGW are shown in figure 2.6
[25]. The polarization dependence of the absorption spectra arises from the anisotropic properties
of the crystal. It is obvious from the figure 2.6 that the peak absorptions of the *Io/ - *Fs/» +*Hop
transition were all located around 808 nm for all polarizations. The commercial laser diodes are
available which emit around 808 nm. Also, the absorption cross section varies in different
directions. The absorption cross section for E|[Nm (26.75x102° cm?) (where E is the electric field
vector) is larger than those for E|Np (7.81x102° cm?) and E|[Ng (3.43x102° cm?) directions as

mentioned in table 2.7. The crystal with larger absorption cross section at a certain pump
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wavelength means that it has higher absorption coefficient at a certain dopant concentration

compared to a lower absorption cross section [25].

Absorption cross section (1029 cm?)

50 700 750 800 850 900 950

Wavelength (nm)

Figure 2.6- Polarized absorption spectra of Nd:KGW crystal at room temperature [25].

Table 2.7- Polarized absorption cross sections at peak absorption wavelengths for Nd:KGW crystal

FIN, FT, EI%
Aabs(Mm) | Gabs(102° cm?) | Aabs(nm) | Gabs(102° cm?) | Aabs(nm) | Gabs(1072° cm?)

743 3.52 752 8.68 752 6.18

810 3.43 810 26.75 810 7.81

882 1.37 882 9.95 882 5.63

In this work we used pumping wavelength around 910 nm. This wavelength corresponds to an
electron excitation from the thermally populated highest sublevel of the ground state manifold *Io

to the upper laser level *F as shown in figure 2.5. Since this sublevel can also be used as a quasi-
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three-level laser transition, its potential for pumping can be evaluated from the fluorescence data
if the absorption data are unavailable. This was the case for Nd:KGW and our motivation for using
the 910 nm pumping wavelength came from the fluorescence spectra which are shown in figure
2.7[30]. It is obvious from figure 2.7 that the Nd:KGW crystal fluoresces around 910 nm although
it is not the strongest. Therefore, we can conclude that 910 nm can be used to pump this crystal as

the absorption and fluorescence peaks coincide.
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Figure 2.7- Fluorescence spectra of Nd:KGW around 900 nm [29].

The emission spectra of Nd:KGW crystal in different polarizations at room temperature are
shown in figure 2.8 and mentioned in table 2.8 [25]. The strongest laser emissions are all located
around 1067 nm for all three polarizations. The largest stimulated-emission cross section at 1067
nm is about 32.3x107%° cm? for the E|[Nm polarization. The laser output at 1067 nm is polarized
which is good for applications like non-linear optical frequency conversion such as stimulated
Raman scattering or second harmonic generation [6, 8, 10]. At the same time a polarization with
lower emission cross section can be also used for enhanced energy storage which is beneficial for

generation of powerful Q-switched pulses from lasers [32].
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Figure 2.8- Polarized emission spectra of Nd:KGW crystal at room temperature [25].

Table 2.8- Polarized stimulated-emission cross sections at peak fluorescence wavelengths for

Nd:KGW crystal
B[N, B[N EN
Aem (NM) Oem(1 020 cmz) Aem (NM) Gem(1 020 cmz) Aem (NM) Gem(1 020 cmz)
908 1.67 907 3.70 899 3.01
1067 8.30 1067 32.26 1067 11.93
1349 2.84 1351 9.33 1350 4.62

Comparison of the main spectroscopic properties of the Nd:KGW crystal with the crystals of
Nd:YVO4 and Nd:YAG is shown in table 2.9 [25, 33]. Nd:KGW has some excellent properties

when compared to other crystals. It has a broader gain bandwidth of 2.73 nm which is essential for
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ultrashort pulse generation. Moderate emission cross section is still high enough to ensure low
threshold power operation. On the other hand, the thermal conductivity of Nd:KGW crystal is
lower than of the other laser crystals. The lower thermal conductivity acts as an obstacle for high
power continuous wave operation. Therefore, low quantum defect pumping can be utilized to

overcome the limitation imposed by the low thermal conductivity.

Table 2.9- Comparison of spectroscopic properties of Nd:KGW with Nd:YVO4 and Nd:YAG

Spectroscopic Nd:KGW Nd:YVOq4 Nd:YAG
properties
Laser wavelength 1067 1064 1064
[nm]
Emission cross 323 250 28
section [1072° cm?]
Gain bandwidth [nm] 2.73 0.96 0.6
Fluorescence lifetime 110 at 3% doping 90 at 1% doping 230 at 1% doping
[us]
Thermal conductivity ~3 ~5 14
[WmK]

2.4 Previous results

Continuous wave Nd:KGW lasers pumped by 808 nm [2, 30, 34, 35] and 880 nm [14, 35] diodes
were reported previously. Moreover, thermal lensing was studied under both 808 nm and 880 nm
diode pumping [13]. Pumping with longer than 880 nm wavelength to reduce quantum defect even
further was not demonstrated. But, the same concept was used to pump a similar laser crystal
Nd:YVOs4 [16]. Nd:YVO4 was pumped by a 914 nm laser diode which corresponds to the highest

sublevel of the ground state manifold which is also known as hot band.

The highest output power achieved with 808 nm pumping in CW regime was 3.25 W and
reported by Abdolvand et al. [36] in 2010. The slope efficiency in that work was 74% and optical
to optical efficiency was 66% at 1067 nm laser emission. The highest slope efficiency achieved

with 808 nm pumping in CW regime was 75% and demonstrated by Boulon et al. in 2003 [37].

Page 19



Also Graf et al. published their results of CW Nd:KGW crystal with 808 nm pumping [2]. The
output power was 1.5 W with slope and optical-to-optical efficiency of 46% and 48.4%,

respectively.

Nd:KGW crystal was also pumped with 880 nm by Bui et al. [15]. The 880 nm pumping
reduced quantum defect when compared to 808 nm pumping done by Abdolvand et al. and Boulon
et al. A simple two mirror cavity was designed to get 9.4 W of average output power in CW
operation. The laser emission was around 1067 nm. The slope and optical efficiency were found

to be 66.4% and 63.9%, respectively.

The crystal can be also pumped with a longer wavelength than 880 nm. Hot band diode
pumping with 910 nm will reduce quantum defect even further than 880 nm and, therefore, can
lead to higher output power and slope efficiency. Moreover, the thermal effects will also be weaker

for a hot band pumping.
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Chapter 3: Experimental setup and results

3.1 Pump laser diode

A 16 W high power fiber-coupled laser diode operating around 910 nm (~5 nm linewidth) was
used as a pump source. The fiber had a core diameter of 110 um and a numerical aperture of 0.12.
The laser diode module emitted unpolarized light. This unpolarized output was first collimated
with an f = 40 mm collimator lens and subsequently focused onto the laser crystal by an f= 200
mm focusing lens, producing a pump spot diameter of ~550 um. The output power from the pump
diode was measured at different drive currents and the results are shown in figure 3.1. The
maximum output power obtained from the pump diode was about 16 W at 10 A drive current and

32 W of input electrical power. The electrical-to-optical efficiency of the pump diode was 50%.
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Figure 3.1- Output power of pump diode vs. drive current

The spectrum of the pump laser diode was analyzed using an optical spectrum analyzer. The
wavelength of the laser diode changed with the drive current as shown in figure 3.2(a). The
wavelength shifted towards longer wavelengths as we increased the drive current. Increased drive
current also increased the temperature of the laser diode. For this reason the pump diode needed

to be cooled at a certain temperature for a fixed wavelength operation. The spectrum of the pump
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diode was measured for different drive currents. A typical spectrum of the diode is shown in figure

3.2(b) when driven with a current of 8A.
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Figure 3.2- a) Laser diode wavelength vs. drive current, b) diode spectrum at 8A of current.
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3.2 Laser cavity design

A z-cavity was designed and simulated using commercial reZonator software [38] before building
of the laser system in the laboratory. The cavity was designed using an ABCD matrix analysis
technique while the effect of thermal lensing was taken into account. The ABCD matrix related to
an optical element is a 2-by-2 matrix which explains the element’s effect on a laser beam [22]. A
good overlap between the pump and the cavity modes was considered during the design to achieve

an efficient laser system.

Table 3.1- Parameters used in the laser cavity design

Cavity Parameters

L1 L2 L3 L4 Crystal R2 R4 Lr
Length (mm) 315 455 481 462 20 400 500 1733
n 1 1 1 1 2.17 - - -

The parameters used to design a laser cavity with desirable beam waists are shown in Table
3.1. These parameters are based on the lens equivalent cavity shown in figure 3.3, where curved
mirrors are replaced by the equivalent lens elements for the purpose of ABCD matrix analysis.
Here, R2 and R4 correspond to the radius of curvature of mirrors M2 and M4 respectively. The
front mirror M1 is 100% reflective and the end mirror (which is the output coupler) is partially
reflective. The output coupler (OC) usually reflects most of the light back inside the cavity and
transmits some portion of the light as the laser output. The laser cavity was designed in a way that
ensures the mode matching between the pump beam and the laser beam. In order to do so, we
needed to find the beam radius at the crystal after one round trip. For a stable laser cavity, the laser

beam should repeat itself after one round trip.

M1 M2 Crystal (20 mm) M4 oc
ﬁ L2 (455 mm) L3 (481 mm) ﬁ L4 {462 mm)

4
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e
25
—
(%]
=
n
3
=
=

Figure 3.3- Lens equivalent laser cavity
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Figure 3.4- Beam radius inside the laser cavity

The simulated beam radius variation in the laser cavity is shown in figure 3.4. Therefore,
according to the figure 3.4, the beam radius at the crystal is approximately 275 um after one round
trip. The pump beam should be very close to 275 um at the crystal as well to ensure a good mode

matching between the pump beam and the laser beam.

Not only the mode matching between the pump and the laser beam, but also thermal lensing
needed to be taken into account for stable and efficient laser operation. Thermal lensing can be
modeled as a thin lens inside the crystal. The strength of the thermal lens focusing power has a
significant effect on stability of the cavity. The stability of the cavity determines whether the laser
beam will be confined within the cavity or not. In a stable cavity, the laser beam will be confined
within the cavity. By contrast an unstable cavity does not resonate the laser beam in the cavity.
The stability of the laser cavity was simulated against the focal length of the thermal lens and is

shown in figure 3.5.
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Figure 3.5- Stability diagram against the focal length of the thermal lens

The stable cavity must have the stability parameter in-between -1 and +1. The stability
parameter is defined as (A+D)/2 [22]. It is obvious from the diagram that a focal length of -30 mm
to 125 mm corresponds to an unstable laser cavity. Any other focal length of the thermal lens will

lead to a stable cavity.

The beam radius variation at the output coupler with respect to focal length of the induced
thermal lens is shown in Figure 3.6. According to the figure, both strong positive and negative
thermal lensing results in the increase of output mode radius at the output coupler which can lead

to an unstable laser cavity.
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Figure 3.6- Beam radius variation at the output coupler with respect to focal length of the thermal
lens.

3.3 CW laser

For CW operation we have designed a 5 mirror cavity shown in figure 3.7. An Ng-cut 20-mm-
long Nd:KGW slab sample with dimensions of 1.6x6x20 mm?® and 3-at.% doping concentration
was used (Altechna). The crystal had flat end faces which were antireflection coated at 1067 nm.
Cavity mirrors M1-M4 were highly reflecting at 1067 nm. Cavity focusing mirrors M2 and M4
had 400 mm and 500 mm radii of curvature, respectively. M3 was a flat dichroic mirror. A dichroic
mirror has different reflection or transmission properties for two different wavelengths. In our

experiment, M3 was completely transmitting the pump wavelength and also fully reflecting the
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laser wavelength within the cavity. The distances L1, L2, L3 & L4 were 315, 455, 481, and 462

mm, respectively (see also Table 3.1).
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Figure 3.7- a) Nd:KGW crystal dimension, b) Experimental setup for continuous wave operation.

The unpolarized output of the fiber coupled laser diode was focused into the crystal by using
a 1:5 imaging system which produced a pump spot diameter of 550 um inside the crystal. A 1:5
imaging system was built using a collimator lens and a focusing lens with an f=40 mm and f =
200 mm, respectively. According to the simulation, the cavity beam diameter at the crystal was
also about 550 um which was the same as the beam diameter produced by the imaging system.
Indium foil was used to wrap the laser crystal to improve the thermal conduction between the laser
crystal and the aluminum heat sink. The laser crystal was water cooled at 16 “C as shown in figure
3.8(a). A typical experimental laser setup is also shown in figure 3.8(b). Output power was

measured using different output couplers with 5%, 7.5%, 10% and 15% transmission. The best
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performance in terms of output power was achieved using an output coupler with 10%

transmission.

a)

Cooling water

Laser crystal
sandwiched in
cooling mount

Figure 3.8- a) Water cooling mount of the Nd:KGW laser crystal, b) a typical experimental laser
setup.

Page 28



3.3.1 CW results

At 15 W of pump power about 8.3 W was absorbed by the crystal and 2.9 W of average output
power was generated at 1067 nm. The input-output power curve is displayed in figure 3.9(a). With
respect to the absorbed pump power, the slope efficiency was found to be 43% and the optical-to-
optical efficiency reached was 35%. For the case of ~808 nm pumping, the highest slope efficiency
and optical-to-optical efficiency for Nd:KGW crystal were reported as 75% [37] and 66% [36],
respectively, with respect to the absorbed pump power. The best slope efficiency for ~880 nm

pumping was 66.4% with optical-to-optical efficiency reaching 63.9% [15].

Comparison of continuous wave results is shown in table 3.2 [15, 36]. It is clear from the table that
808 nm and 880 nm pumping have higher output power than our experimental result. Both the
slope and optical-to-optical efficiency were lower in our case as compared to other results. The
total efficiency was calculated by considering the electrical-to-optical efficiency of the pump diode
which is 50% in our case. We got 2.9 W of optical power from the laser when the electrical power
at the input of the pump diode was 32 W which corresponds to a total efficiency of 9.1%. The total

efficiency was not mentioned in other two experimental works.

Table 3.2- Comparison of CW results

Author Pump A | CW output Slope Optical-to- Total Cavity
(nm) power efficiency optical efficiency | mirrors
(W) (%) efficiency (%) (%)
E. Rafailov 808 33 74 66 - 2
et al.
A.A. Bui 880 9.4 66.4 63.9 - 2
et al.
This 910 2.9 43 35 9.1 5
work
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We believe that in our proof-of-principle experiment the lower values of slope and optical
efficiency can be explained by the higher intracavity losses introduced by a larger number of
mirrors (five-mirror cavity was used in contrast to two-mirror cavities used in previous works),
probably not completely optimal transmission of the used output coupler, as well as fairly high
reflectivity of the crystal AR coatings at the laser wavelength which was specified as 0.25% (per
surface). Not only that, this lower slope efficiency can also come from lower power extraction
efficiency and lower geometrical coupling due to lower saturation parameter [39]. Saturation

parameter is defined as following,

2P

IST[WIZ

S =

3.1)

Here, P= intracavity circulating power,
Is= saturation intensity and
w) = laser beam radius.

The spectrum of the generated laser radiation is shown in figure 3.9(b). Its linewidth at half
maximum was measured to be 0.13 nm, limited by the resolution of our spectrometer (0.1 nm).

The output laser radiation was linearly polarized along the Nm-axis.
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Figure 3.9- a) Measured output power with linear fit, b) CW laser spectrum.

For 6 — 15 W of incident pump power, the pump absorption varied linearly from 71% to 55%
of the input power as shown in figure 3.10. The variation of absorbed power can be explained by
the change in wavelength of the pump diode with drive current (see figure 3.2(a)). Pump absorption

efficiency in our case can be enhanced by using a longer crystal with higher doping concentration

1066.5 1067.0 1067.5 1068.0 1068.5

Wavelength (nm)

or by using a wavelength-stabilized pump diode.
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Figure 3.10- Percentage of absorbed pump power vs. incident pump power.

The laser had a very good beam quality. The beam quality factor (M?) represents the degree

by which a laser beam is above the diffraction limit of an ideal Gaussian beam. It is defined as

mow,

2
M_x

(3.2)

where, 0 = half angle beam divergence, wy= beam radius, and A = wavelength of the laser

beam. For an ideal Gaussian beam M? value is 1 [22].

The M? value can be measured by placing a focusing lens at a fixed distance from the output
coupler and then by measuring the spot sizes of the focused beam along the propagation direction
using a CCD beam profiler. The focal length of the focusing lens was 150 mm. The schematic of
this measurement is shown in figure 3.11. The M? value and the beam waist wo of the laser beam
were calculated by fitting the measured spot sizes to the Gaussian beam propagation equation

which is given below.

Mzzxo)z

nmw,?2 (3-3)

W(z)=WO\/1+(

Here, Ao is the laser wavelength and z is the position of the beam along the propagation axis.
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Figure 3.11- Measurement of beam radius variation.

The beam quality factor M? was found to be 1.16 in the horizontal direction and 1.36 in the
vertical direction which is close to a perfect Gaussian beam. The measurement data along with the

output beam shape are presented in Figure 3.12.
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Figure 3.12- Laser beam quality at 2.9 W of output power. Inset: transverse intensity profile of the
laser beam.
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3.4 Thermal lensing measurement

The purpose of this measurement was to find the focal length of the induced thermal lens in the
Nd:KGW crystal. The thermal lens was modeled as a thin lens inside the laser crystal. The focal
length of this imaginary lens varied with different absorbed pump power. Therefore, the strength
of the thermal lens focusing power was measured for different absorbed pump power levels. First,
the M? values were measured in horizontal and vertical directions for different absorbed powers
(see section 3.3.1). Then, a variable lens inside the crystal within a laser cavity can be simulated
using the ABCD matrix analysis while the experimental M? value was taken into account. The
focal length of the thermal lens was determined as a value at which the beam waist after the
focusing lens from the experiment and the one from the ABCD model matched. The same
simulation was repeated for different absorbed powers to find the respective focal lengths. The
ABCD matrix analysis with variable thermal lens and beam propagation outside of the cavity was

studied with commercial LASCAD [40] software.
3.4.1 Thermal lensing results

The measured beam waist data and non-linear fitting curves for output powers of 1.6 W and 2.7
W are shown in figure 3.13. Mx? and My’ represent the beam quality in horizontal plane and vertical

plane, respectively.
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Figure 3.13- Laser output beam quality M? at output power of 1.6 W and 2.7 W.

The output power and laser beam quality factor values with respect to the absorbed pump
power are shown in figure 3.14. The M? value was <1.4 throughout the experiment. The measured
M? values and beam waist values were used in LASCAD software to simulate the focusing power

of the induced thermal lens.
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Figure 3.14- Output power and beam quality factor values vs. absorbed pump power.

The thermal lens focusing power in both horizontal and vertical direction is shown in figure

3.15. It is obvious that the thermal lens focusing power is almost same in both directions.
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Figure 3.15- Thermal lens focusing power with respect to absorbed pump power.
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It is also instructive to compare the observed thermal lensing effect as shown in table 3.3 with
all different reported pump wavelengths (i.e. 808 nm, 880 nm and 910 nm) used to pump the
Nd:KGW crystal .The thermal lens focusing power with 808 nm and 880 nm pumping was reported
in [13]. At 808 nm pumping, it was measured to be ~9 diopters in the horizontal direction and ~10
diopters in the vertical direction with absorbed pump power of 2.35 W. The focusing power of
thermal lens for 880 nm pumping was also measured to have the same values in both directions at
a higher absorbed pump power of 4.44 W. This result can be explained by the higher quantum
defect for pumping with 808 nm wavelength as compared to pumping with 880 nm. In our
experiment, the thermal lens dioptric power was measured using a modified ABCD-matrix
analysis which took into account laser beam quality [41]. At 8.3 W of absorbed pump power it
was found to be ~5.5 diopter in the horizontal direction and ~6.0 diopter in the vertical direction.
These measurements clearly indicate that even at the much higher absorbed pump power level the
thermal lensing effect is significantly lower for 910 nm pumping as compared to both 880 nm and
808 nm pumping. Therefore, the proposed new pump wavelength at 910 nm holds strong potential

for power scaling of Nd:KGW lasers owing to the strongly reduced thermal effects.

Table 3.3- Comparison of thermal lens focusing power

Author Pump Absorbed power Thermal lens Thermal lens
wavelength (nm) (W) power, horizontal | power, vertical
direction (D) direction (D)
Huang Ke et al. 808 2.35 9 10
Huang Ke et al. 880 4.44 9 10
This 910 8.3 5.5 6
work

Absorbed power is not the only parameter on which the thermal lens focusing power depends

on. It also depends on the pump beam radius, crystal geometry, pump absorption efficiency, etc.
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The thermal lens dioptric power can be defined as following [42]:

1 maPapsy
Dh=r—=7-"7

34
fih 21‘[KWp2 (34)

Here, fi;, = focal length of thermal lens,
K = thermal conductivity of crystal,

P,ps = absorbed pump power,

M. = pump absorption efficiency,
¥, = polarization-averaged thermo-optic coefficient,
wyp,? = pump beam radius,

Although a lower thermal lensing in the case of 910 nm pumping is obvious, it is worth noting,
however, that a direct comparison with the quoted values above in table 3.3 is not straightforward
because of the different experimental conditions such as the pump spot size, crystal geometry,
pump absorption length, cooling geometry, and coolant temperature. For example, we used the
pump beam radius of 275 pm while Huang Ke et al. used a pump beam radius of 130 um.
According to the equation 3.4, the thermal lens focusing power is inversely proportional to the
square of the pump beam radius. Therefore, the lower pump beam radius contributed to the higher
focusing power in Huang Ke et al. work. Nonetheless, in the case of ~808 nm pumping a stronger
thermal lensing by a factor of two should be observed in comparison with 910 nm pump

wavelength under the same experimental conditions [18].
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Chapter 4: Conclusion and future work

Multi-Watt CW operation of a Nd:KGW at 1067 nm with hot band diode pumping was
successfully demonstrated. To the best of our knowledge, this is the first time that this approach
was used with Nd:KGW laser crystal. The pump wavelength of ~910 nm significantly (>46%)
reduced the quantum defect and thus the amount of heat deposited in the crystal. Moreover, the
laser cavity was designed to have a very good overlap between the pump and cavity mode for
higher efficiency. The laser produced 2.9 W of average output power with 8.3 W of absorbed pump
power. The laser beam quality throughout the experiment was very good (M? < 1.4) in both
horizontal and vertical directions. The slope efficiency and optical-to-optical efficiency were
found to be 43% and 35%, respectively. We also measured the thermal lensing focusing power for
different absorbed pump power levels. The focal lengths of the induced thermal lenses were
obtained from the laser output beam waist measurements at various output powers using a
modified ABCD matrix analysis. It is important to mention that M? values were taken into account
for those focal length simulations. The thermal lens dioptric power at 8.3 W of absorbed pump
power was found to be ~5.5 diopter in the horizontal direction and ~6.0 diopter in the vertical

direction.

Reduced thermal effects as a result of hot band diode pumping opens a way to further power
scaling of Nd:KGW lasers by using high power laser diodes that are currently widely used for
pumping of Yb-doped fiber lasers. Therefore, further power scaling with hot band diode pumping
by a 40 W laser diode would be a future work for Nd:KGW crystal. Frequency doubling of such a
laser can provide green radiation suitable for excitation of, for example, Ti:sapphire [43] or
Alexandrite lasers [44]. Not only that, continuous wave operation of Nd:KGW at 1350 nm with
hot band diode pumping could also be studied in the future. Another interesting topic would be the
development of a pulsed Nd:KGW laser based on mode locking technique to generate picosecond
optical pulses. Such sources of pulsed laser radiation are widely used in various experiments such
as nonlinear frequency conversion [45, 46, 47, 48, 49], nonlinear microscopy [50], nonlinear [51],

and time-resolved [52] spectroscopy.
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