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Abstract

Diode-pumped solid-state lasers are highly recommended for a variety of industrial and scientific
applications as they can offer high efficiency and excellent beam quality. However, power scaling
of these lasers is a challenging task. The main limitation in power scaling of famous neodymium
doped lasers such as Nd:YVOs is the thermal lensing effect. Thermal lensing degrades the output
beam quality and in extreme cases can result in crystal fracture. One potential solution to this
problem is to reduce the induced heat load inside the gain media by decreasing the quantum defect.
This was demonstrated successfully for the Nd:YVOa laser by pumping the laser at a long

wavelength of 914 nm instead of the traditional pumping at 808 nm wavelength.

Among the Nd-doped crystals operating in the near infrared range, the crystal of yttrium lithium
fluoride (Nd:YLF) is another interesting gain medium as it has the benefits of natural birefringence
(can generate naturally polarized laser beam), negative dn/dT (reduces thermal effects) and long

upper level lifetime (in favor of Q-switched operation).

In this work we used a long wavelength pumping approach and for the first time examined the
performance of a continuous-wave Nd:YLF laser at 1047 nm under 908 nm diode pumping. This
pumping wavelength reduced the quantum defect by 50% as compared to the conventional 808 nm
pumping. The laser produced an output power of 850 mW at 1047 nm with excellent beam quality
and 625 mW at 1053 nm. The slope efficiency was ~73.9% and 46% for 1047 and 1053 nm,
respectively. Therefore, a considerable power scaling is possible for Nd:YLF crystals owing to the

strongly reduced quantum defect and, hence, thermal lensing.
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Chapter 1: Introduction

1.1 Motivation

Nowadays, lasers (Light Amplification by Stimulated Emission of Radiation) have many
applications in different areas such as medicine, industry, communications, etc [1]. T. Maiman
introduced the first laser in 1960 [2], in which the gain medium was a ruby crystal (solid-state),
and it was pumped with a flash lamp. Over the past 59 years, various classes of gain media such as
solid-state, gas, liquid and semiconductor with different pumping approaches were developed [3].
Among them, diode-end-pumped solid-state lasers can offer high efficiency, excellent beam
quality and high output power which are in high demand for many applications such as
micromachining. However, achieving high power operation together with high efficiency and good
output beam quality is a challenging task owing to the increased influence of thermo-optical effects
which often lead to the degradation of laser performance.

Among the Nd-doped solid-state crystals operating in the near infrared range (such as YAG, KGW,
glass, YVO4, GVO4 and YLF), the crystal of yttrium lithium fluoride (Nd:YLF) is an interesting
one. This crystal was first developed in 1969 and has the benefits of natural birefringence
(generates highly polarized laser beam), negative dn/dT (reduces thermal lensing effect) and long
upper laser level lifetime (in favor of Q-switched lasers with high pulse energy). The emission
spectrum of Nd:YLF has two main emission lines at 1047 nm (rn-polarization) and 1053 nm (c-
polarization) [3].

To achieve a higher output power and/or higher efficiency, the losses of the laser system should
be minimized. One of the mechanisms which contributes to this parameter is the quantum defect

(the energy difference between the pump and laser photons). Therefore, reduction of the quantum
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defect is an important factor for power scaling of the Nd:YLF lasers. This can be achieved by
pumping the laser crystal at the absorption lines with longer wavelengths (such as 863, 873 and
881 nm) [4-6] than the traditional ~800 nm [7-10]. However, 881 nm is not the longest available
absorption band for the Nd:YLF laser crystal. Recently, efficient diode-end-pumping around ~910
nm was realized for Nd:YVO4, Nd:KGW and Nd:GdV O lasers [11-14] which resulted in a lower
thermal lensing effect [15,16] and increased efficiency [17-20]. In this work we used a similar
approach and examined the performance of a continuous-wave Nd:YLF laser at 1047 nm under

the 908 nm diode pumping.
1.2 Objectives

The traditional pumping approach of Nd:YLF is at ~800 nm. The purpose of this research was to
explore the performance of a continuous-wave Nd:YLF laser at 1047 nm under a new in-band
diode-pumping approach at 908 nm. The latter approach was expected to reduce the quantum
defect by more than 50%. This, theoretically, should reduce the thermal lensing effect and enable

efficient and high-power operation. Therefore, the main goals of this study were to:

e Experimentally investigate the performance of a continuous-wave 1047 nm Nd:YLF laser with
in-band diode pumping at 908 nm.

e Study the thermal lensing effect of a 1047 nm Nd:YLF laser under 908 nm pumping and
compare it with the traditional pumping wavelength at ~800 nm.

e Study the feasibility of the continuous-wave operation of a Nd:YLF laser at its second main

emission line at 1053 nm under 908 nm pumping.



1.3 Contributions

The following contributions have been made in this thesis:

A continuous-wave operation of a Nd:YLF laser at 1047 nm with high efficiency and reduced
thermal lensing effect under in-band diode pumping at 908 nm was demonstrated. A slope
efficiency as high as ~73.9% was achieved. To the best of our knowledge, this is the first time that
the performance of a Nd:YLF laser was investigated using the in-band pumping approach at 908
nm. The results of this work were presented at the Photonics North 2018 conference [21], Photonics

West 2019 conference [22], and was submitted as a journal publication [23].

1.4 Outline of the thesis

This thesis consists of 4 Chapters.

Chapter 1 discusses motivation, objectives and contributions of the thesis.

Chapter 2 covers the background information related to this work. First, the important properties
of Nd:YLF crystal are described. Then, the theory of the thermal lensing effect is introduced and
the effect of the quantum defect on the reduction of the thermal lensing is discussed. At the end a

review of previous work is presented.

Chapter 3 presents the experimental configurations and results. First, the cavity design is
discussed and then the performance of a continuous-wave Nd:YLF laser at 1047 nm under in-band
diode pumping at 908 nm is investigated. Then, the thermal lensing results are presented, and using
numerical calculations are compared with previous work. The last part of this chapter discusses

the preliminary results of 1053 nm Nd:YLF laser using the same in-band diode pumping approach.



Chapter 4 presents the conclusions and a brief overview on possible future work.



Chapter 2: Background information

In chapter 1 it was mentioned that efficient and high power operation of diode-pumped solid-state
lasers is usually limited by the thermal lensing effect. Thermal lensing decreases the stability of
the laser system and degrades the laser output beam quality. In extreme cases, it can also cause
mechanical failure of the crystal. This chapter reviews the background of the relevant research,
discusses the theory of the thermal lensing effect and highlights several previous relevant studies

of Nd:YLF lasers with laser diode by pumping at different wavelengths.

2.1 Thermal lensing theory

Solid-state lasers, while operating, dissipate a certain amount of heat. The sources of this heat are
various. However, they are mainly due to the energy difference between the pump band and the
higher laser level as well as the energy difference between the lower laser level and the ground
state [3]. The energy differences between the pump photons (Epump= hVrump) and the laser photons
(ELaser= hViaser) are known as quantum defect and can be expressed as
QD= hveumy— hViaser, (2.2)
or can also be presented as the fraction of pump photon energy that is dissipated as heat
QD'= (1- Apumpl ALaser)*100%. (2.2)
Figure 2.1 shows a schematic diagram of the quantum defect of a four-level laser system. It should
be noted that Nd: YLF is known as a four-level system where the ground energy level and the lower

laser energy level are well separated.
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Figure 2.1- Schematic diagram of the quantum defect in a four-level laser system.

The generated heat causes temperature gradients inside the gain medium. The temperature gradient
causes changes in the refractive index (n) of the crystal through a couple of main mechanisms
including the thermo-optic effect which can be quantified by the material thermo-optic coefficient
(dn/dT) and the photo-elastic effect which can be described as the changes in refractive index due
to thermally induced mechanical stress. In addition, the thermally induced mechanical stress can
cause the bulging of the end faces of the crystal.

The refractive index changes of the gain medium due to the thermo-optic and thermo-mechanical
effects, together with end face bulging result in optical beam distortions within the crystal. These
phenomena together can be usually modeled as a virtual thin lens within the gain medium.
Therefore, this effect is well-known as the "thermal lensing" effect. Figure 2.2 shows the schematic

diagram of the thermal lensing effect.
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Figure 2.2- Schematic diagram of the nature of thermal lensing effect.

Stress

2.2 Nd:YLF laser crystal

2.2.1 Crystal structure, physical and thermoptical properties of Nd:YLF

Generally, active laser media are made of a host and dopants. Dopants typically are rare earth metal
ions (Nd®*, Er®*, Yb®, ...) or transition metals (Cr®*, Cr**, Ti®*, ...). A combination of host material
with the right concentration of dopant creates a laser gain medium which can possess favorable
optical criteria. Dopants define the absorption and emission spectral characteristics of the lasing
medium while the host determines material characteristics such as thermal conductivity and the
refractive index.

The gain medium in this work consists of neodymium ions as dopant embedded in yttrium lithium
tetrafluoride as host material which is usually expressed as Nd:LiYFs or Nd:YLF.
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Nd:YLF has a tetragonal structure and is uniaxial. Its lattice parameters are a=b=4.9589 A and
¢=10.5050 A. Nd:YLF is a birefringent crystal and it has two major emission lines around 1050
nm; one located at 1047 nm for n-polarization (the electric field parallel to the optic axis (c-axis):
Ellc, a-cut crystal) and the other one located at 1053 nm (the electric field perpendicular to the
optic axis (c-axis): ELc, a- or c-cut crystals) for o-polarization. Nd:YLF crystal has one optical
axis. Optical axis is the direction in the crystal that allows any light passing through it to have the
same speed as well as the same refractive index. If the electric field of propagating light is
perpendicular to the optical axis of the crystal it is known as an ordinary wave (the related refractive
index is called no). Whereas, when the electric field is parallel to the optical axis, it is known as an
extraordinary wave (the related refractive index is called ne). Birefringence is the difference

between the ne and no, 4n= nNe - No.

The birefringent characteristic of Nd:YLF can be explained by its anisotropic structure. It should
be noted that crystals can be classified into two main groups (i.e. isotropic and anisotropic) based
on their optical behavior and their crystallographic axes. The isotropic crystals have equal index
of refraction in all directions. This causes similar behavior of light propagating inside the crystal
despite the crystal orientation with respect to the incident light wave. When light enters an isotopic

crystal, it refracts at a constant angle and passes within the crystal at a single velocity.

Unlike the isotropic crystals, anisotropic crystals have non-uniform properties and non-equivalent
crystallographic axes. So, when the light propagates within anisotropic crystal, the characteristics
of refracted light depends on the orientation of the crystalline lattice with respect to the angle of
the incident light. Indeed, light exhibits different behaviors in an anisotropic crystal when it enters
either parallel or perpendicular to the direction of the optical axis. When light enters along the

optical axis of anisotropic crystals, it behaves like an isotropic crystal. On the other hand, when



light enters through a non-equivalent axis, it will be refracted into two polarized rays (with
perpendicular to each other polarizations) and each of them will travel at a different velocity. This

phenomenon is called birefringence or double refraction [24].

Table 2.1 lists the important characteristics of Nd:YLF crystal and compares them with the other
two famous Nd-doped solid-state crystals, Nd:YAG and Nd:YVOs. The main lasing wavelengths
of Nd:YLF are at 1047/1053 nm and slightly lower than 1064 nm corresponding to the Nd:YAG
and Nd:YVOg4. Nd:YLF and Nd:YVOaare uniaxial and can emit naturally polarized light and both
belong to the tetragonal crystal lattice. In the tetragonal crystal structure of Nd:YLF and Nd:YVOu,
the two crystallographic directions indicate the same features (a-axis) and differ from the third
direction (c-axis). Therefore, values for the index of refraction, thermal conductivity, thermo-
optical coefficient and thermal expansion coefficient can be different along the a-axis and c-axis.
Whereas, under the cubic structure of Nd:YAG, material properties are similar within the three
crystallographic directions. The indices of refraction of Nd:YLF for both a- and c-axis directions
are lower than those of the Nd:YAG and Nd:YVOs. Nd:YLF has slightly higher thermal

conductivity than Nd:YVO4 and lower than Nd:YAG.

Nd:YLF offers longer upper state lifetime as compared to the other two crystals. This characteristic
is in favor of lower threshold in CW lasers as well as high pulse energy in diode-pumped Q-switch
lasers.

The thermo-optical coefficient of Nd:YLF (dn/dT) is negative and its magnitude is much lower
than in Nd:YAG and Nd:YVO.. This characteristic can cause a weaker thermal lensing effects for
the Nd:YLF crystal compared to the other two crystals. The thermal expansion value of Nd:YAG
is the same as Nd:YLF along the c-axis, whereas this value along the a-axis is larger than for

Nd:YVOas.



Table 2.1- A comparison of physical properties of Nd:YLF with Nd:YAG and Nd:YVO. [3,25-27].

Material / Property Nd:YLF Nd:YAG Nd:YVOs4
Main lasing wavelength (nm) 1047 (n) 1064 1064 (n)
1053 (o)
Crystal structure tetragonal cubic tetragonal
Index of refraction no=1.4481 (c) 1.82 ne = 2.168 ()
(A ~1.06 pm) ne=1.4704 (a) no = 1.958 (a)
Thermal conductivity 5.8 (c) 12 5.23 (c)
ke [WKm?] 7.2 (a) 5.1 (a)
Upper state lifetime 480 230 90
T21 [US]
Thermo-optical coefficient -4.3x10® (c) 7.3x10° 8.41x10% (c)
dn/dT [K1] -2.0x10° (a) 15.5x10°° (a)
Thermal expansion coefficient 8x107° (c) ~8x10® 11x10°® (c)
ath [K7] 13x10° (a) 4.4x10° (a)

2.2.2 Spectroscopic properties of Nd:YLF

The absorption spectrum of Nd:YLF crystal is shown in figure 2.3. Its high absorption peaks are
located within the 780-815 nm and 855-885 nm bands. It has been common to pump at 792 nm

as it has the highest absorption peak for both polarizations.

It should be noted that the traditional pumping wavelength for Nd:YLF is at ~800 nm and the
longest pumping wavelength that has been reported to date was at ~880 nm [28,29]. As it is shown
in figure 2.3, there are some small absorption peaks available at ~908 nm that may be used for
pumping and to the best of our knowledge have not been studied so far for Nd:YLF. Indeed, laser
operation with a pump wavelength around 912 nm has been previously reported for other Nd-

doped crystals like Nd:YVOs, Nd:KGW and Nd:GdVOs [11-14,16-17,30]. In this work, we
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investigated pumping of the Nd:YLF laser crystal at 908 nm.
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Figure 2.3- Absorption spectrum of the Nd:YLF [31].

The emission spectrum for an a-cut Nd:YLF crystal is shown in figure 2.4. The main emission
lines are at 1047 nm (n- polarization) and 1053 nm (c-polarization). The secondary emission lines
are also available at 1042, 1057 and 1072 nm for the w-polarization and at 1042, 1047, 1067 and

1074 nm for the o-polarization [32] that can be utilized by suppression of the main emission lines.
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Figure 2.4- Emission spectrum of an a-cut Nd:YLF crystal in - and c-polarizations under 803 nm excitation [32].
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The geometry of the a-cut Nd: Y LF crystal used in the study is demonstrated in figure 2.5. It should
be noted that an a-cut Nd:YLF crystal is attractive owing to its superior absorption and emission

spectral features rather than c-cut.

¢ (m-polarization)

A

e

3 mm a (o-polarization)

\\ o

3 mm

Figure 2.5- The Nd:YLF crystal geometry used in this work.

2.3 Pumping at 908 nm

2.3.1 Low quantum defect pumping

As discussed in section 2.1, the reduction of the quantum defect can generate less heat in the gain
medium and therefore reduce the thermal lensing effect and indeed scale the maximum achievable
output power of the laser system. One strategy to reduce the quantum defect in diode-pumped
solid-state lasers is direct pumping [33]. The idea of direct pumping is to promote the laser
operation by pumping Nd*?* ions directly to a higher upper level or by pumping the laser crystal at
a longer wavelength. Considering equation 2.2, if the pumping wavelength gets closer to the lasing

wavelength, the quantum defect (and thermal lensing) will decrease.
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Pumping at long wavelengths such as 863, 873 and 881 nm were previously reported for Nd:YLF
laser [4-6] and higher laser efficiency was reported in comparison with traditional pumping at ~800

nm.

Figure 2.6 shows the schematic of the energy band diagram for pumping Nd:YLF at different
wavelengths. It can be seen that as the pumping wavelength increases, the energy difference
between the pump and laser photons decreases (compare with figure 2.1). The pump wavelength
of 908 nm (which was used in this work) reduces the quantum defect by more than 50% when
compared to the conventional pumping around 800 nm. Hence, in-band direct diode pumping
(pumping the laser active ions directly into the upper energy level of the laser transition) at ~908
nm for Nd:YLF crystal should reduce the thermal lensing effect and therefore may open a pathway

to power scale the laser output.

4F5/2 A
4F3/2
elel|e| E
c o [ ™
I 5] © L0
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- 75
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Figure 2.6- Energy levels of the Nd:YLF crystal.
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2.3.2 High slope efficiency
Equation 2.3 can be used to analyze and study the relation between the pump wavelength and the
slope efficiency on the output of the CW laser [34,35]:

—In(1-T) B
In(1-T)+Li

= X (Pabs - Pth)’ (23)

Pump

Poue =
where Pt is the output power, Paps is the absorbed pump power and Pt is the threshold power. T
is the transmission corresponding to the output coupler, Liis the internal cavity loss.

It is also possible to replace the viaser With the wavelength in this equation. Equation 2.4 will be

obtained based on the pump wavelength as

“In(1-T) _ Apump B
-1 < Aaser < (Fabs = Pen)- (2.4)

Pout =

The slope efficiency for a CW laser () based on equation 2.4 can be defined as [17]

—In(1-T) )\Pump
a _ln(l_T)+Li X )\Laser ' (25)

According to equation 2.5, as the pumping wavelength increases and gets closer to the laser
wavelength, the slope efficiency is expected to increase. Therefore, longer wavelength pumping at

908 nm should lead to a higher slope efficiency compared to the traditional pumping at 800 nm.

Equation 2.6 presents the threshold pump power for the CW laser by assuming that it has the best

mode matching between the laser mode and the pump mode [34,35]:

2 - —
Pth:nthumpW (Li—In(1-T)) ’ (26)

20T

where h is Planck’s constant, w is the beam waist for the pump, ¢ is the emission cross-section
and t is the upper state lifetime. As the pumping wavelength increases, the pump photon energy
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decreases and the threshold pump power for the CW laser becomes laser. This is an additional

benefit of low quantum defect pumping at longer wavelength.

2.4 Previous results

2.4.1 Previous records of Nd:YLF laser in-band pumped at 808 nm

In this section, some of the previous reports of Nd:YLF laser are discussed.

In 2010, Yan-Fei L et al. studied the performance of a 1047 nm Nd:YLF laser using a Ti:Sapphire
laser as a pump source [5]. The gain medium was 3x3x8 mms3, a-cut with 1.0-at.% doping (at.%
or atomic percent is the percentage of one kind of atom relative to the total number of atoms).
Figure 2.7 shows the related setup which included a cavity with two mirrors, where mirror M1 had
a high reflection (HR) coating at 1047 nm (R > 99.9%) and a high transmission coating at the pump
wavelength (T > 99%). Mirror M2 was plano-concave with 200 mm radius of curvature and had
10% transmission at 1047 nm. Also, a Brewster plate was used in the cavity to create additional
loss for the o-polarization (to have a stable single line of 1047 nm).

The Nd:YLF laser was pumped at 806 nm, 863 nm, 872 nm and 880 nm wavelengths. The slope
efficiencies with respect to the absorbed pump power were reported to be 55.6%, 65.1%, 71.2%
and 76.3%, respectively, while the output powers were between 0.8 to 1.05 W. It should be noted
that the Ti:sapphire laser pump itself needs another pumping source and therefore the overall
system was complex, very costly and not efficient. Better efficiencies observed at longer

wavelengths are in agreement with our discussion in section 2.3.2.
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Figure 2.7- Schematic setup of Nd:YLF laser [5]. M1: flat dichroic mirror, M2: concave mirror (OC). Brewster plate
is for additional loss for 1053nm to have a single line of 1047 nm.

In another interesting work, a Nd:YLF crystal was pumped with an end pumped fiber-coupled
diode laser at ~803 nm by Zhi Lin et al, in 2015 [32]. The gain medium was 1 at. % Nd:YLF
crystal, a-cut with the dimension of 3x3x4 mms3. The cavity had 2 mirrors (figure 2.8). M1 was a
flat dichroic mirror with a maximum transmission (T~90%) at the pump wavelength and high
reflectivity (R>99.9%) around 1053 nm. Mirror M2 was plano-concave and was used as an output
coupler with the radius of curvature of 1000 mm (~6.5% transmission at 1047nm and ~6.1% at
1053 nm).

The authors reported a laser transition from the single wavelength operation at 1047 nm to the
dual-wavelength operation at the 1047-1053 nm pair or to the single wavelength operation at 1053
nm. One of the main reasons for such a transition was believed to be the higher loss of the -
polarized 1047 nm laser radiation at high powers due to its stronger negative thermal lensing effect.
In the gain competition between the 1047 nm and 1053 nm lines, this could let the latter oscillate
even though it has a lower emission cross-section. As indicated in table 2.1, the dn/dT of the -
and c-polarized laser emission for the Nd:YLF crystal is -4.3 and -2x10® K™%, respectively [27,36].
Therefore, upon oscillation, it was expected for the 1053 nm laser line to have a weaker thermal

lensing effect.

A single-wavelength laser emission at around 1047 nm was first observed at a laser threshold of

~0.5 W pump power. Afterward, the dual-wavelength laser at 1047 & 1053 nm was reported at a

16



pump power of 5.77 W with a maximum output power of ~1.25 W and slope efficiency of about
50.9%. By increasing the pump power to 15.34 W, a single-wavelength 1053 nm laser was
achieved with a maximum output power of 3.36 W. Next, a glass etalon (0.1 mm) was added in

the cavity to obtain a dual-wavelength laser operation at 1047 and 1072 nm.

(Flat) acut (R= 1000 mm)
@ |—|\ .‘ Nd:YLF Laser output
BOE Sm ‘ H & ) PM
filter

0.1- mm
f=50mm 50 mm Glass etalon

OSA

Figure 2.8- Schematic design setup of the Nd:YLF laser [32]. M1: flat dichroic mirror, M2: concave mirror (OC).
Glass etalon: to achieve a dual-wavelength laser at 1047 and 1072 nm. PM: power meter, OSA: optical spectrum
analyzer.

In 2017, EI-Agmy et al. studied the effect of the laser crystal geometry on its temperature and stress
distribution by using numerical modeling simulation. They explored the geometry effect on the
Nd:YLF laser rod under 805 nm diode pumping [37]. The results of the finite element simulation
showed a thinner rod would result in power scaling the output power by 50% before reaching the
limits imposed by the thermal effects. Likewise, in the experimental work they applied 805 nm
laser diode light to a laser rod of 10 mm length and 4 mm radius and 0.7-at.% Nd-doping. The
cavity consisted of two mirrors. The authors used an HR mirror with ~99.5% reflection at 1053
nm wavelength and ~0.5% antireflection coating at 805 nm wavelength. By using a 5%
transmission OC, the laser generated 7.2 W output power at 1047 nm under 30 W of pump power.
Considering around 85% of absorption efficiency, the optical efficiency versus the absorbed pump
power was ~28%. We believe that any optimization of the crystal geometry that was proposed for

the traditional pumping wavelength can be applied to 908 nm pumping as well.

Very recently, Qinglei et al. reported a 13.6 W CW Nd:YLF laser operating at 1053 nm [38]. To
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reduce the problem related to stress-induced fracture, they pumped at ~808 nm instead of ~797
nm. The crystal was an a-cut 0.5% doped rod, 35 mm long and with 3 mm radius. The cavity
consisted of three mirrors and a fiber-coupled laser diode as a pump source. The pump was focused
into the gain medium through a lens barrel system. Mirror M1 had 500 mm curvature with a HR
coating at 1053 nm and an antireflection coating at 808 nm wavelength, M2 was with a 400 mm
curvature and high reflection for 1053 nm wavelength. M3 was an OC with 15% of transmission.
Furthermore, the Brewster plate in the cavity suppressed 1047 nm laser line in order to have only

a single wavelength operation at 1053 nm.

The schematic of the experimental setup is shown in figure 2.9. In the CW regime, 13.5 W output
power was obtained with a pump power of ~30 W. The optical-to-optical and the slope efficiency
were 45% and 51%, respectively, while the beam quality factor M? was around 1.02 indicating a

perfect Gaussian beam.

Pump M1 - awi
Laser coupling Q- switch
e le NS =2 )

Nd:YL

Brewster

1053 nm
M3

Figure 2.9- schematic design setup of Nd:YLF laser. M1 and M2 are curved mirror. M3 is the output coupler.
Brewster plate was used suppress the 1047 nm laser.
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Chapter 3: Experimental setup and results

As discussed in chapter 2, thermal lensing is the main limitation that can affect the laser output
power as well as the thermal stability in a laser cavity, the slope efficiency, and the beam quality.

In-band pumping with laser diode at 908 nm has an important role to reduce the thermal problems.

Also, in order to generate laser radiation with high efficiency and high beam quality, an appropriate
optical resonator should be designed. For a proper cavity one needs to choose the distances between
each optical element in a manner such that a good overlap between the pump beam and the laser
cavity beam is achieved (also known as mode matching). Mode matching between the pump and
laser beams is affected by the thermal lensing effect. Therefore, the thermal lensing effect also
should be considered while deciding on the distances of the cavity lens/mirror system. This chapter
presents the design and study of the performance of an efficient CW Nd:YLF laser and its thermal

lensing effects under in-band diode pumping at ~908 nm.

3.1 Laser diode (pump source)

In chapter 2, it was discussed that in the present research Nd:YLF crystal would be diode pumped
at ~908 nm. The pump system in this study was provided by a high power fiber-coupled laser diode
which was operating in the 905-915 nm wavelength range. The fiber core diameter was 105 pm
with a numerical aperture of 0.22. The maximum output power of the diode source that was used
in this work was 42.7 W at 3.75 A, as shown in figure 3.1. By using a collimating (f=40 mm) lens
and a focusing (f=200 mm) lens, the pump beam was focused into the center of the gain medium

with a spot size radius of ~262.5 pum.
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The laser diode had a spectral widths of ~3 nm (FWHM). The temperature of the laser diode was
monitored using a built-in thermistor and it was set to operate at ~17.5 °C to let the central
wavelength of the laser diode be ~908 nm. In order to calculate the absorbed pump power within
the Nd:YLF crystal, the laser diode power was recorded before and after it passed through the
crystal. The results are presented in figure 3.2. The nonlinear behavior of the absorbed power
versus diode drive current is caused by the variation of the diode’s central wavelength due to the

temperature change.
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Figure 3.1- Laser diode pump output power vs. drive current.
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Figure 3.2- Absorbed pump power vs. laser diode drive current.
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3.2 Laser cavity design

In a cavity design, a good overlap between the pump and laser beams is needed. The cavity can be
designed using an ABCD matrix analysis technique where optical elements are characterized using
2x2 matrices (see appendix A). Therefore, by using the ABCD technique, it is possible to choose
the appropriate distances between the elements in the cavity in a way that a reasonable mode
matching is obtained. It should be noted that the cavity design is an iterative process and it doesn’t

have any unique solution.

In this work, the reZonator software [39] and the LASCAD software [40] were mainly used for
modeling of the cavity and beam size analysis. In the laser cavity design process, we chose a three-
mirror cavity. The effective thermal lens was modeled as a thin lens at the center of the laser crystal
(as discussed in section 2.1). The schematics of the laser cavity in reZonator software is shown in
figure 3.3. M1 is a plane mirror, L1, L2 and L3 are the propagation distances in free space, Crl
and Cr2 are the two halves of the crystal. F1 is the effective thermal lens, M2 is the lens
corresponding to the concave folding mirror and M3 is the output coupler (OC). Figure 3.4 shows
the laser beam radius change along the length of the cavity as well as suitable mode matching

between the laser beam size and the pump beam size (~262.5 um) around 50 mm of distance.

M1 CriF1Cr2 M2 M3

§ L1 L2 ﬂ L3 E

Figure 3.3- Schematic diagram of the laser cavity used in ABCD matrix calculation.
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Figure 3.4- Beam radius inside a resonator (T denotes the tangential plane which is the horizontal plane containing
elements of a resonator and S denotes the sagittal plane which is the vertical plane containing optical axes of the
elements and it is normal to the tangential plane [39]).

3.3 Experimental set-up

3.3.1 Experimental set-up for CW laser operation at 1047 nm

Figure 3.5 shows the schematic of the continuous-wave (CW) laser experimental setup. The gain
medium was an a-cut Nd:YLF crystal with dimensions of 3x3x10 mm? and 1-at.% doping
concentration. The laser crystal was wrapped with indium foil and was water-cooled at 16 C on
its top and bottom surfaces. As mentioned in section 3.2 the laser cavity consisted of three mirrors,
where M1 was a flat dichroic, M2 was a concave mirror (with 500 mm radius of curvature) and
OC was a flat output coupler. The transmission of the output coupler was selected such that it
provided the maximum output power. Three distinct output couplers with different transmission of
5%, 7.5% and 10% were tested and the highest output power was obtained with 7.5% transmission
and it was kept in the cavity for the rest of the experiment. The distances L1, L2 and L3 were 4.1,
40.2 and 43 cm, respectively. The pumping system (as discussed in section 3.1) was a fiber-coupled
laser diode operating around 908 nm (105 pm core diameter, NA= 0.22). The pumping beam was

focused into the middle of the laser crystal and created a pump spot size of ~262.5 pum radius.
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Figure 3.5- Experimental setup for continuous wave operation.

3.3.2 Experimental set-up for thermal lensing measurement at 1047 nm

The goal of this section was to measure the focal length of the induced thermal lens inside the gain
medium. To measure the created thermal lensing strength, a modified ABCD-matrix beam
propagation technique was used to measure the sign and magnitude of the thermal lensing effect
[16,41] The thermal lensing measurement set-up is shown in figure 3.6 which is similar to the
figure of 3.5. Indeed, outside the cavity, the beam widths in vertical and horizontal directions of
the laser output beam were recorded after a focusing lens. It should be noted that the second
dichroic mirror (DM) was used in the setup to remove the residual pump power. The beam profiler

was located at different distances from the lens in order to measure the beam characteristics.
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Figure 3.6- Experimental setup for thermal lensing measurement.

The laser beam quality factor (M?) represents the deviation of a beam from an ideal Gaussian beam
for which M?=1. The M? and the laser beam waist, w ,, can be estimated by fitting the recorded

laser beam width data to the Gaussian propagation equation using equation 3.1 [41],

0(z) = wo [1 + (Lo20%)2]1/2 (3.1)

nmwg?

in which 4, is the output laser wavelength, n is the refractive index and z is the distance from the

beam waist along the beam propagation direction.

The methodology that a modified ABCD-matrix beam propagation technique uses to find the
thermal lensing focal lens is based on the concept that the thermal lens can be modeled as a virtual
lens inside the crystal. The laser cavity should be simulated in software with a variable lens at the
center of the gain medium. The experimentally measured output beam waist radius should be
recorded. The focal length of the virtual lens should then be adjusted to obtain the simulated output
beam characteristics similar to the experimentally measured value. The M? used in the simulation

should be the same as the experimental value.
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The commercial LASCAD software was used in our work to simulate the beam propagation. Figure

3.7 shows the equivalent laser cavity and the laser beam propagation.

Match with

Laser cavity experimental data
G e— D E— o == G s m——

Ml M2 OC F2

Figure 3.7- The laser cavity used in the LASCAD software.

3.4 Experimental results at 1047 nm

3.4.1 Experimental results on CW laser operation at 1047 nm

Figure 3.8 illustrates the measurement results of the output power for the 1047 nm CW Nd:YLF
laser versus the absorbed pump power using three different output couplers. The laser achieved
maximum output power of 850 mW under 42 W of pump power (1.85 W absorbed pump power).
The maximum slope efficiency of ~73.9% versus the absorbed pump power was achieved with a
7.5% output coupler. The lower slope in the low power regime (<250mW) may be explained by
the wavelength shift of the laser diode as the pump power was increased. The incident pump power
absorption efficiency was ~4.5% which limited the absorbed pump power to 1.85W. Such a low
value of absorption can be offset in future experiments by using a longer crystal or higher doping

concentration.
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Figure 3.8- Output power versus the absorbed pump power.

The laser produced a good output beam shape with a high beam quality. The beam quality factor
(M?) was found to be around 1.36 at full power operation. The measured beam shape, beam radii

and the beam quality factors are presented in figure 3.9.
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Figure 3.9- Laser beam quality measurement at 850 mW of output power. Inset: output beam shape.
The spectrum of the laser output is shown in figure 3.10. The peak value of the spectrum was at
1046.9 nm with the linewidth at half-maximum measured to be around ~0.1 nm which was limited
by the resolution of the used spectrometer (Anritsu MS9710B). The output laser radiation was
vertically polarized (E // c-axis, n-polarized).
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Figure 3.10- CW laser spectrum.

Improved efficiency for Nd:YLF crystal by long wavelength pumping methodology at 863 nm

(side pumping) [42] and 880 nm (Ti:sapphire laser pumping) [5] were previously reported.

In the present work, we showed that 908 nm is another available absorption band for 1047 nm
Nd:YLF laser. Although in our case the slope efficiency was a bit lower than with the Ti:sapphire
laser pumping (73.9% vs 76.3%), we believe that it is the highest one for the directly diode-pumped
Nd:YLF lasers. It should be noted that the Ti:sapphire laser itself makes the overall system

complex, very costly and not efficient as it requires another laser pump source.
3.4.2 Thermal lensing results

In order to have a better idea of the thermal lensing strength of the demonstrated in-band diode-
pumped Nd:YLF laser, we measured it using a modified ABCD-matrix analysis method [16,41] as
described in section 3.2.1. At ~1.85 W of absorbed pump power, the focal length of the thermal
lens was obtained to be -7290 and -2200 mm in the horizontal and vertical directions, respectively.

The weak thermal lensing strength in the experiment supports the observed single wavelength
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operation at 1047 nm. As we expected thermal lensing was stronger in the vertical direction due to
the cooling direction of the crystal.

To validate the obtained thermal lensing results they were compared with the results from previous
work. Using the numerical model described in [16], the thermal lensing strength can be predicted
in various experimental settings provided that the thermal lensing sensitivity factor M would be
available at one of the pump wavelengths. The thermal lensing sensitivity factor is defined as the
slope of the thermal lensing dioptric power dependence on the absorbed pump power and can be

written as [16]:

_ ab  _ np
dPgps  2kciw}

A, (3.2)

where D is the thermal lensing dioptric power, Pabs is the absorbed pump power, wp is the pump
waist radius, kc is the thermal conductivity. The #n is the fractional heat load (a fraction of the
absorbed pump power that is dissipated as heat in the gain medium) which can be approximated
as 1-Jp/41, where 4p and A are the pump and laser wavelengths. 4 is the “generalized” thermo-optic
coefficient which represents the three main mechanisms of thermal lensing effect known as
thermo-optic effect (dn/dT), photo-elastic effect (Ppe) and crystal end face bulging effect (Qbuiging)-

It can be expressed as:
d
A= (d_;"l + Ppp + Qbulging)- (33)

Using the tabulated experimental data from [37] for a 0.7-at.% doped, 10-mm long, 4-mm diameter
Nd:YLF rod, one can calculate the thermal lensing sensitivity factor to be ~-0.292 m™*/W for the
wp 0f 300 um and at the pumping wavelength of 805 nm. The 4 can then be also calculated as

-4.14x10° K1, Considering the value of the dn/dT of -4.3x10® K for the n-polarized light
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[27,36], the similarity in the calculated 4 and dn/dT values can be interpreted as the case when
contributions of the bulging and photo-elastic effects are fairly small. From this experimental data,
the dependence of the sensitivity factor on the pump beam waist radius wp at the pumping
wavelengths of 805 nm and 908 nm was numerically calculated and is displayed in figure 3.11(a).
This can be done because the “generalized” thermo-optic coefficient 4 is the same for the pumping
wavelengths of 805 and 908 nm since it does not depend on the source of heat. Details of similar
calculations can be found elsewhere [16]. Using our experimental conditions, the thermal lensing
sensitivity factor for the wp of 262.5 um and at the pump wavelength of 908 nm can thus be
predicted to be -0.219 m*/W (green square in figure 3.11(a)). This means that a 1 W increase in the
absorbed pump power results in the 0.219 m increase in the dioptric power of the induced thermal
lens as shown in figure 3.11(b). Therefore, one should expect the thermal lensing power of -0.405
m! (focal length of -2468 mm) at 1.85 W of the absorbed pump power which is within 13% of our
experimentally measured value of -0.45 m™ (focal length of -2200 mm). This fact allows us to
make a rough estimation of the sensitivity factor in our experimental conditions using only a single
measurement of the thermal lens. Assuming that there is no lens at zero power and using the
measured f=-2200 mm as a second data point, the M factor in our experiment can be evaluated as
-0.246 m™Y/W which is fairly close to the one (-0.219 m*/W) calculated from the data of [37]. This
approximate experimental value of the M factor is included in figure 3.11(a) as a purple dot.

This analysis shows that our thermal lensing data are very reasonable, and that thermal lensing is
about twice weaker than that with 805 nm pumping. This low thermal lensing effect points to a
new methodology for power scaling of Nd:YLF lasers and confirms the single wavelength

operation at 1047 nm in our work.
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Figure 3.11- a) Thermal lensing sensitivity factors versus pump spot radius for the diode-pumped Nd:YLF lasers. Red
and black curves: numerical calculation of M at various pump spot sizes with 805 and 908 nm pumping wavelengths,
respectively. Blue square (lower curve): M measured under the 805 nm pumping [37]. Green square (upper curve):
predicted value of M under the 908 nm pumping. Purple dot (upper curve): the measured value of M under the 908 nm
pumping. b) Thermal lensing dioptric power versus the absorbed pump power under the 908 nm pumping and for the
pump beam waist radius of 262.5 um. Solid black line: predicted thermal lensing dioptric power based on the M of -
0.219 mY/W. Red square: thermal lensing dioptric power measured in this work.

3.5 Nd:YLF laser performance at 1053 nm

As discussed in section 2.2.2, the second main emission line of Nd:YLF laser is located at 1053
nm. As a side work of the present research, we were interested to examine the possibility of the
operation of Nd:YLF laser at 1053 nm under 908 nm pumping. To achieve that, the oscillation of
the main emission band at 1047 nm should be suppressed. This can be done by implementing an
additional intracavity loss element within the laser setup such as etalons and birefringent filters
[20,43-44]. Indeed, we used a cavity similar to figure 3.5 and added a 2 mm-thick intracavity

birefringent filter at the Brewster angle. The new setup up is shown in figure 3.12.
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Figure 3.12- Experimental setup for CW operation.

The measurement results of laser output power at 1053 nm with respect to the absorbed pump

power is shown in figure 3.13. The maximum laser output power reached 625 mW. The slope

efficiency versus the absorbed pump power was ~46% and the optical efficiency was about ~34%.
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Figure 3.13- Output power versus the absorbed pump power.

The beam quality factor M? was found to be around 1.37 and 1.26 in the x (horizontal) and y

(vertical) directions, respectively. The measured beam shape, beam radii and the beam quality

factors are shown in figure 3.14
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Figure 3.14- Laser beam quality measurement at 625 mW of output power. Inset: output beam shape.

The spectrum of the laser output is shown in figure 3.15. The peak value of the spectrum was at
1052.9 nm with the linewidth at half-maximum measured to be around ~0.1 nm and was limited

by the resolution of the used spectrometer. The output laser radiation was horizontally polarized

(E L c-axis, o-polarized).
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Figure 3.15- CW laser spectrum.
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The thermal lensing strength of the 1053 nm Nd:YLF laser was also investigated using the
approach and setup discussed in section 3.5 Thermal focal length in the y-direction was measured
to be ~-3300 mm. However, the thermal lensing focal length in the x direction was too weak to be
precisely measured. Indeed, it made sense to have a lower thermal lensing strength compared to

1047 nm laser as the dn/dT was lower at 1053 nm as was shown in table 2.1.

3.6 Summary

In summary, we demonstrated the first continuous-wave Nd:YLF lasers operating at 1047 nm and
1053 nm which were pumped at 908 nm. As a proof-of-principle experiment the laser generated
850 mW and 625 nmW of average output powers, respectively. The slope efficiencies were ~73.9
% and 46 %, respectively. The results showed that in-band diode pumping at 908 nm is a promising

approach to reduce thermal lensing effects and therefore, scale-up the output power.
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Chapter 4: Conclusion and future work

In conclusion, we demonstrated the first continuous-wave Nd:YLF laser pumped at 908 nm. As a
proof-of-principle experiment the laser generated 850 mW of average output power at 1047 nm
with good beam quality and maximum slope efficiency of ~73.9%. The thermal focal length of the
thin lens in the middle of the laser crystal were -7290 mm and -2200 mm in horizontal and vertical
direction, respectively. Considering the high slope efficiency and approximately twice lower
thermal lensing effect we believe that the maximum output power of the developed laser was
limited only by the amount of the absorbed pump power. Pump absorption, on the other hand, can
be enhanced by using a longer crystal with higher doping concentration.

The results of this work can open a new promising path for power scaling of Nd: YLF lasers in the
continuous-wave, mode-locked, and multi-wavelength regimes [45-47,30]. High power Nd:YLF
lasers can be also frequency doubled to pump broadly tunable Alexandrite lasers [48-51] for use

in nonlinear microscopy [52,53].
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Appendix A

ABCD matrix

ABCD matrix analysis is a well-known technique to trace the light path as it travels through the

optical system. In this technique, each optical component is described by a 2-by-2 matrix as

A B

C D]' The effect of optical elements on the parameters of a Gaussian beam along the z direction

can be calculated using a complex quantity (q). The g parameter includes the Gaussian beam radius

w(z), the wavefront radius of curvature r(z), and the wavelength A as below:

T (A1)

a(2) w(@)? | ()

The beam characterizes changes as it passes through an optical element. The modified Gaussian

beam can be expressed as

,_Aq+B
cq+D

q (A.2)

where A, B, C, and D are the elements of the optical component. The ABCD matrices related to

some of the optical elements are listed below:

Free space Flat Mirror ~ Curved Mirror Crystal Thin lens

0 1 o 0 Lol b0 T [ ]

where L is the distance in the propagation matrix, R is the radius of curvature, d is the crystal

length, n is the refractive index and f is the focal length.
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The multiplication of the constituent matrices of the cavity can describe the entire optical system.
In the resonator design, one should make sure that it is stable. A stable resonator should satisfy

equation (A.3),
~1<22 <41 (A.3)

in which A and D are the elements of the ABCD matrix that describes the entire cavity. The detailed

discussion can be found elsewhere [54].
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