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Generation of Various High-pulse-energy Lasers with Nd-doped Crystals and
Wavelength Conversions

Student : Yi-Ping Huang Advisor ' Yung-Fu Chen

Department of Electrophysics
National Chiao Tung University

ABSTRACT

As the development of 1Jaser. diodes, ‘they are ~helpful for solid-state lasers.
High-pulse-energy solid-state lasers have be€n the main researches. There are many laser
transition lines in each laser medium. ‘Based on the generation of various fundamental laser
wavelengths and nonlinear wavelength conversions, solid-state lasers can be applied in more
fields. In the thesis, Nd-doped crystals are chosen to be the laser media to realize the low-gain
quasi-three-level lasers and eye-safe lasers. A good quasi-three-level laser in Q-switched
regime is potential and helpful for developing pulsed blue laser. Besides the conventional bulk
saturable absorbers, we develop the suitable semiconductor materials for various laser transition
lines to make a QWs saturable absorber. Efficient, high-pulse-energy Q-switched lasers are
generated. In addition, semiconductor materials are not only used to be the absorber for
passively Q-switched laser, but also to be the novel intracavity selective absorbers used for
suppressing the higher gain lines. On the other hand, Nd*"-doped pulsed lasers at 1.0 pm have
been maturely developed for many years and possess superior performances. We utilize the
Nd**-doped pulsed lasers at 1.0 um as the pump lasers to generate eye-safe intracavity OPOs.
Based on the numerical analysis and cavity design, we are devoted to generate highly efficient

high-energy eye-safe lasers.
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Chapter 1

Introduction

1.1 Diode-Pumped Solid-State Lasers

Solid-state lasers are attractive sources of coherent radiation for various scientific,
medical, industrial, and military applications. . Major advances in solid-state laser
technology have historically been preceded by advances in pumping technology. In
early stages, high-pressure noble-gas discharge lamps are typically used in solid-state
lasers. Krypton and xenon are theitwo.noble gases most commonly used in the laser
lamp systems, Kr arc lamp and Xe¢ flashlamp. Xenon is the typical used material
because of its higher radiation density than the other noble gases for a given electric
input. However, since flashlamps are broadband sources, they produce unprofitable
radiation which generates unwanted heat and consume a large amount of electric
power. As development of semiconductor lasers, laser-diode pumped solid-state
lasers were demonstrated much soon.

Compared with laser lamps, diode lasers provide an excellent match to the laser
pump bands and improved pump source lifetime; therefore, diode lasers possess much
advantages of higher overall efficiency, reduced thermal loading of gain medium,
smaller size and less weight, and higher system reliability. Fiber-coupled LD is the
favorite candidate for SSL since it has circular, symmetric and homogenized intensity
profile. For these reasons, diode-pumped solid-state lasers have shown promise for
use in present. Two basic approaches have been used to optically pump laser crystals:

end pumping and side pumping. End pumping has the potential to yield



high-efficiency and high-beam-quality lasers, provided that the diode laser array
emitting area can be matched to the intracavity laser mode size.

Contrary to the conventional high power diode pumped systems based on a low
power continuously diode pumped oscillator, the systems pumped by two dimensional
laser diode stacks give potential to generate more energetic (milijoule level)
nanosecond and picosecond pulses directly from laser oscillator. Milli-joule (mlJ)
lasers with QCW pumping have different applications from micro-joule (uJ) lasers
with CW pumping. For example, military systems such as rangefinders and target
designators require pulse energy of 10-200 mJ and pulse width of 10-20 ns [3].
Besides, there are another potential applications of diode-pumped solid-state lasers
such as coherent radar, global sensing from satellites, medical uses, micromachining,

and miniature visible sources for digital optical storage.



1.2 Nd-Doped Crystal Lasers

Rare earth ions (13 elements, from Ce to Yb) exhibit many sharp fluorescent
transitions, and therefore they serve as active ions in solid-state lasers. Fig. 1.2.1
illustrates laser transitions of trivalent rare earth [1]. The rare-earth metals are
usually triply ionized to be impurity ions, with 4f electrons [2]. The electronics
states are described by LS coupling and Hun’s rules. An example of popular
neodymium Nd** is shown in Fig. 1.2.2. The active atoms experience the local
electric field generated by the host lattice and thus these levels are shifted by the
electric field at the site where the rare earth resides (the Stark effects).

There are two major classes of host materials in solid-state lasers, isotropic
(primary various glasses, mostly silicates and phosphates) and crystalline ones (ex:
YAG). In all these media (except for some ‘glasses), the neodymium dopant ions
replace other ions (often yttrium)of the host medium;, which have about the same size.
By the way, there are two important differences between glass and crystal lasers: first,
is that glass hosts have lower-thermal conductivity than the most crystal ones; second,
the emission lines of ions in glasses.are broader than in-erystals. For continuous and
very high repetition rate laser systems, crystalline host materials provide higher gain
and greater thermal conductivity [3].

Nd** lasers have been investigated for more than 40 years and have been
established as probably the most common near-infrared lasers. The common
neodymium-doped gain media are Nd:glass, Nd:YAG, Nd:YVO,, Nd:YLF, Nd:YAP,
Nd:YALO, Nd:GdVO,, and some mixed crystals. Among the crystals, Nd:YAG
crystals have been most widely used in all-solid-state lasers because of their excellent

optical properties and high thermal conductivity [3-5].
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The energy levels of the rare-earth elements (Nd3+) split into a number of Stark
levels due to the action of the crystal field. The electron transition corresponding to
each Stark level emits a different wavelength. Fig. 1.2.3 depicts the energy level
diagram of Nd:YAG laser medium and Stark splitting of the manifolds are shown.
Laser transition lines of 946, 1064, 1319, and 1338 nm are indicated. The laser
transitions occur between the individual Stark sublevels of different manifolds.

Figure 1.2.4 shows the measured results for the fluorescence spectrum of Nd** in
YAG with the corresponding energy levels for the various transitions. It can be
clearly seen Nd®" in YAG additionally provides the long wavelengths end of the *Fs,
— *I13» transition around 1.41-1.44 um. The effective stimulated-emission cross
section is the spectroscopic cross section times the occupancy of the upper laser level
relative to the entire 4F3/2 manifold population. In 1974, Singh et al. have been
measured the stimulated-emission cross section at room temperature [6], as listed in
Tab. 1.2.1. In Nd:YAG crystal, the 1064 nm transitions *Fi» — 1,1, have the
highest emission cross sections atjroom temperature.” Several low-gain transitions,
one at 946 nm and two at'1.3.um, are of particular interest in Nd:YAG because
frequency doubling of these"wavelengths is attractive for generating visible lasers in
the blue and red region. Other Jow-gain transitions at around 1.44 pum are of
particular interest in the eye-safedlaser range. To achieve these low-gain transitions,
parasitic oscillations at the higher gain transitions have to be suppressed.

It is worth mentioning that the laser operating at 946 nm emission is termed a
quasi-three-level laser. Since the lower laser level is only ~ 4 A7 (853 cm ') above
the ground state [6], there is a thermal population of about 0.7% at room temperature
[3]. This residual population results in a partial reabsorption loss of the laser
radiation which increases the laser threshold. Simplified energy level diagrams of a
four-level laser and a quasi-three-level laser are depicted in Fig. 1.25. In a
four-level system, the lower laser level is above the ground state by an energy gap

ET k,T , and therefore is not thermally populated. Compared to the four-level lasers,

the quasi-three-level and three-level lasers require high pump intensities to generate

population inversion.
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Fig. 1.2.3. Energy level diagram of Nd:YAG. The solid line represents the major transition
at 1064 nm, and the dashed lines are the transitions at 1319, 1338, and 946 nm [3].
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Wavelength (nm) Laser transitions Cross section

(10"2°cm?)

946.1 4Fap— g, (R — Zg) 05
1064.18 Fap — My, (R — Ya) 45.8
1318.8 4 — Ygap. (Ro — X4) 8.7
1338.2 Fan— Hyam (Ra— Xy) 9.2
1414.0 4Fyp— Hyap, (Ra — Xo) 33
1430.8 Fan— Yi3m (R — Xg) 23
1444.0 4Fop— Hgp, (R1— X) 3.4

Tab. 1.2.1. The stimulated-emission cross section of the various laser transitions in

Nd:YAG at room temperature [6].
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quasi-three-level laser system. N; and N, are the populations of the lower laser level and the

upper laser level, respectively.
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1.3 Passively Q-Switched Lasers [3]

Q switching is a technique for the generation of nanosecond pulses of high
energy and peak power laser pulses by modulating the Q factor of the laser resonator
with a saturable absorber. Fig. 1.3.1 shows the generation of a Q-switched laser
pulse. Laser inversion is built up by the pumping process and laser oscillation begins
to develop inside the cavity. While the laser oscillation saturates the absorber, the
cavity is opened up. Simultaneously, the laser inversion exceeds the cavity losses,
and then a short pulse is rapidly emitted. The Q-switched pulse duration is typically
in the nanosecond range, corresponding to several cavity round trips.

Passively Q-switched (PQS) lasers are of many practical applications such as
laser ranging, laser cutting and drilling, and nonlinear optical studies. Passive
Q-switching that uses an internal satutable absorber has the advantages of simplicity,
compactness, and low cost, and requires.no. external driving circuitry. Numerous
saturable absorbers have been developed,-such as' dyes [7], LiF:F,-color center
crystals [8,9], and Cr*":YAG crystals [10-16]¢° Nowadays, Cr'":YAG crystal is the
popular saturable absorber insthe spectral region.of 0.9—=1.2 um . Because of its better
thermo-mechanical properties,” stability, reliability and simplicity, it is especially
suitable for all-solid-state laser systems. =~An"attractive alternative is the use of
semiconductor saturable absorbers which saturation fluence and maximum modulation
depths can be flexibly designed, and they can be adapted to different laser
wavelengths. To date, semiconductor saturable absorbers have been demonstrated as

useful devices for solid-state lasers [17-20].
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1.4 Nonlinear Optics[21.22]

A nonlinear optical effect can occur when the electric field E of electromagnetic
wave is increased significantly to induce nonlinearity in the polarization vector P in

a material. The relationship between P and the applied electric field £ is expressed
P=g,y"E+e,yVE + e,y VE +-- (1)

where gy is the permittivity of free space and y is the linear susceptibility
representing the linear response of the material. The other terms describe the
nonlinear response of the medium. The term in E” is called the second-order
nonlinear response and x@ is called the second-order nonlinear susceptibility.
Similarly, the term in E° is called the third=order nonlinear response and x* is called
the third-order nonlinear susceptibility.

The magnitudes of the ‘nonlinear susceptibility coefficients are such that the

second- and third-order polarizations become comparable to the linear polarization

term B =¢,7"E when the applied eleetric field £ is of the order of the electric field

produced between the electron and proton of a hydrogen atom, E=e/(475,a;) , where

e is the electron charge, ay is the radius of the electron orbit. »® and ¥ are of the

order of
@) -11
7P 22x10" m/V 2)
and
3) - 23
77 =4x1077 m/V (3)

respectively [22].

Numerous nonlinear processes that use laser radiation to generate new
frequencies of coherent light and produce other interesting nonlinear effects.
Second-order nonlinear phonomena related to x® describe three-wave mixing

processes, including second harmonic generation (SHG), sum frequency generation

13



(SFG), different frequency generation (DFG), and optical parametric generation
(OPG). Second harmonic generation is a special case of sum frequency generation.
Figure 1.4.1 depicts the second-order nonlinear processes. The third order

nonlinearities involved )((3)

is thus four-wave mixing processes, including third
harmonic generation, optical Kerr effect, Raman effect, and Brillouin scattering.

Not all wavelength regions of interest are directly accessible with lasers.
Nonlinear frequency conversion is an important method of extending the frequency
range of available laser sources. @ Many industrial, medical, and military
applications require a different wavelength than the fundamental output available
from standard lasers. Medical applications require solid-state lasers operating in a
specific spectral range for control of the absorption depth of the radiation in the skin,
tissue, or blood vessels. Military rangefinders need to operate in a region
(wavelength > 1.5 um) that does not cause eye damage because most of the time
these systems are employed .in training exercises. Therefore, diode-pumped

solid-state laser combines with nonlinear optical frequency conversion technology

will extend wider wavelength region.
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1.5 Overview of Thesis

In the thesis, various laser emissions in Nd-doped crystals and wavelength
conversion with nonlinear optics are the main goal. Besides, high-pulse-energy
lasers generation is an additional goal. Therefore two pump source, including CW
fiber-coupled laser diode and QCW two dimensional laser diode stacks, are used in
laser experiments. The main text of this thesis is organized as following.

Laser operation on the transition 4F3/2 —>4F9/2 of Nd*" ions generates wavelengths

0f 910 to 950 nm and allows for SHG into the blue spectrum region. End pumping is
especially good for quasi-three-level operation, because of the high pump intensity in
laser crystal. In chapter 2, we realize a quasi-three-level 946 nm Nd:YAG laser and
blue light generation at 473 nm by intracavity frequency doubling. For the low gain
Nd:YAG laser at 946 nm, we develop ‘a semiconductor quantum-wells saturable
absorber with low nonsaturable” losses: = Furthermore, we make a thorough
comparison for the 946-nm passively Q-switched performance between the saturable
absorbers of the semiconductor quantum-well§ saturable absorber and the Cr*":YAG
crystal. In order to generate'a higher-power946.nm Nd:YAG laser and a blue light at
473 nm, a high-power quasi-continuous-wave (QCW) diode stack is used as a pump
source.

SESAM is not only used to be an absorber element for passively Q-switched
laser, but also to be a novel intracavity selective absorber (ISA) used for suppressing
high-gain lines. In chapter 3, we report an ISA with an AlGalnAs QW-barrier
structure grown on a Fe-doped InP transparent substrate. With the novel ISA, an
efficient high-power Nd:YAG laser at 1.44 pm is successfully realized.

Nd**-doped lasers operating at 1.0 um have been maturely developed for many
years and possess superior performances. In chapter 4, eye-safe wavelength is
obtained from Nd*'-doped lasers that are wavelength-shifted with an optical
parametric oscillator (OPO). Efficient eye-safe lasers with mJ pulse energy are
studied for military requirement. We theoretically and experimentally study the
output performance of an intracavity OPO in a shared cavity configuration. Besides,

we present an analytical design model to investigate the dynamics of simultaneous
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emission of fundamental and signal waves. Furthermore, we design an AlGalnAs
QW material with a low nonsaturable loss and large modulation strength to be a
saturable absorber used in an intracavity Nd:Y VO4/KTP optical parametric oscillator.
In the previous chapter, a plane-parallel configuration generates a high-energy
laser but leads to a large beam divergence and poor beam quality. In chapter 5, to
improve the beam quality and accomplish efficient energy extraction, we design an
unstable convex-concave resonator stabilized by thermal-lensing effect to generate a
large fundamental mode volume in a passively Q-switched laser. By using ABCD
law and the complex beam parameter ¢, the laser mode size is analyzed. Based on
the unstable cavity, a passively Q-switched Nd:YAG/ Cr*":YAG laser with a large

fundamental mode volume and good beam quality is experimentally confirmed.
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Chapter 2

Diode-Pumped Nd:YAG Laser at 0.946 um

and Intracavity Frequency Doubling

2.1 Continuous-Wave Nd:YAG Laser at 946 nm and

Intracavity Frequency Doubling.to 473 nm

Fan and Byer first demonstrated the quasi-three-level laser operating at 946 nm

[1]. The 4F3,— 41y, transition hasits lower laser level in the thermally populated

ground state, which is only 4 kT ‘above the ground state at room temperature [2],
leading to temperature-dependent reabsorption losses. In addition, the stimulated
emission cross section of 946 nm is smaller than 1064 nm (around 9 times).
Nd-doped lasers around 0.9 um are much attractive for frequency doubling into the
blue range. The second-harmonic generation of continuous-wave (cw) 946-nm
lasers is useful for applications such as holography, optical data storage, and color

displays.

Various nonlinear crystals are utilized for the frequency-doubling of the 946-nm
Nd:YAG lasers, such as KN (KNbOs), PPKTP (periodically poled KTiOPO,4), LBO
(LiB;0Os), BBO (B-BaB,04), and BiBO (BiB30Og) [3-8]. Among biaxial crystals,
BiBO crystal has a high optical damage threshold and many advantages for nonlinear
optics, such as large effective nonlinear coefficient, large angular and spectral

acceptance bandwidths, and broadband angle tuning at room temperature [9]. The
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most important is that BiBO crystal is non-hygroscopic, and therefore it is favorable

for many optical devices and applications.

2.1.1 Experimental Setup

The active medium was 1.1 at.% Nd:YAG crystal with a length of 2.0 mm.
Since a short crystal length was used to reduce the reabsorption losses, only
approximately 52% of the pump light was absorbed in the gain medium. In order to
shorten the cavity length, the entrance surface of the laser crystal was coated to be
high reflection at 946 nm (R>99.8%) and high transmission at 808 nm (T>90%) and
1064 nm (T>85%). The other surface of the laser crystal was coated for
antireflection at 946 nm (R<0.2%). Note that for this low-gain 946 nm laser, tough
coating is demanded to suppress the competing transition lines of 1064 nm and 1320
nm. The transmittance spectrum‘for the entrance surface of the Nd:YAG crystal eas
shown in Fig. 2.1.1.

Figure 2.1.2 (a) shows. the schematic diagram of.cw 946 nm Nd:YAG laser.
The pump source was a 10-W 808-nm fiber-coupled laser diode with a core diameter
of 600 um and a numerical aperture of 0.16. - Focusing lens with 5 mm focal length
and 92% coupling efficiency was used to re-image the pump beam into the laser
crystal. The pump spot radius was approximately 160 um. The output couplers
were flat and coated for high transmission at 1064 nm (T>90%) and partial reflection
at 946 nm (R=97%, 96% and 93%, respectively). The cavity length was

approximately 10 mm.

Figure 2.1.2(b) shows the experimental configuration of cw intracavity
frequency-doubled Nd:YAG laser. The frequency doubler we used was a 2x2x5
mm® BiBO crystal, which is cut for type-I critical phase-matching (6=161.7°, ¢=90°).
Both facets of the BiBO crystal were coated for anti-reflection at 946 and 473 nm
(R<0.2%) to reduce the reflection loss in the cavity. The laser crystals were wrapped
with indium foil and mounted in a water-cooled copper block. A plano-concave
mirror of 50 mm radius was chosen to be the output coupler coated for high reflection

at 946 nm (R>99.8%), high transmission at 1064 nm (T >70%), and high transmission
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at 473 nm (T>80%), respectively. The cavity length was approximately 30 mm.
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Fig.2.1.1. Transmittance spectrum for the entrance surface of the Nd:YAG crystal: high
reflection at 946 nm (R>99.8%) and high transmission at 808 nm (T>90%) and 1064 nm
(T>85%).
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Fig.2.1.2. Experimental setup for (a) diode-pumped Nd:YAG laser.; (b) diode-pumped
intracavity frequency-doubled 473 nm Nd:YAG /BiBO blue laser.
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2.1.2 Experimental Results and Discussion

First of all, the 946-nm cw laser was performed to confirm the quality of the laser
crystal. Fig. 2.1.3 plots the cw average output power at 946 nm with respect to the
incident pump power at 808 nm. It could be seen that the slope efficiency of three
output couplers are nearly similar to be 18%. The optimal output reflectivity for cw
output power is 97%. At an incident power of 19.6 W, the maximum output power

can be up to 3 W with an optical-to-optical conversion efficiency of 15%.

Employing the above-mentioned plano-concave mirror of 50 mm radius, the
second harmonic generation (SHG) of 946-nm laser with a BiBO crystal was
performance. Fig. 2.1.4 (a) shows the spectral information of the laser monitored by
an optical spectrum analyzer (Advantest Q8381A) with the resolution of 0.1 nm. Fig.
2.1.4 (b) shows the cw output average power as a function of the incident pump power
at 808 nm. At a pump power:of 13 W, the cw output'average power at 473 nm was

0.75 W, with a SHG conversion efficiency of 35%.

26



3.0

25

20

15

10

05

Average output powerat 946 nm (W)

0 2 4 6 8 10 12 14 16 18 20

0.0

Incident pump power (W)

Fig. 2.1.3. CW average output power at 946 nm with respect to the incident pump power.

27



(@)

473 nm

80 -

60

Intensity (a.u.)

40

20 -

0 1 1 1 1 1 1 1 1 1
450 455 460 465 470 475 480 485 490 495 500

Wavelength (nm)
08 T T T T T T T
\;, 0.6 ]
5}
S
o
a
5 04} -
=3
g
=1
)
)
Qo2} -
S
)
>
<
OO 1 A 1 1 1 1 1 1
0 2 4 6 8 10 12 14

Incident pump power (W)

Fig. 2.1.4. (a) Optical spectrum of the blue laser; (b) CW average output power at 473 nm

with respect to the incident pump power.

28



2.2 Efficient Passively Q-Switched Nd:YAG Laser at 946 nm

Passively Q-switched all-solid-state lasers are of great interest because of their
potential applications in remote sensing, ranging, micromachining, and nonlinear
wavelength conversion. The majority of the work on the Nd:YAG crystal were

focused on the 4F3/2%4I 112 transition in the 1064-nm range. Nevertheless, the lasing
wavelength near 946 nm in the 4F3/2—>4I9/2 transition has attracted much attention

during the last decade [10-17], since it is of interest for second-harmonic generation
into the blue region. Kellner et al. employed a Cr'":YAG crystal as a saturable
absorber in a passively Q-switched 946-nm Nd:YAG laser to achieve as much as
1.6-W average output power with pulse width of 70-100 ns [12]. Recently, Zhang et
al. demonstrated an average output power of 2.1 W with pulse width of 40.8 ns by
using a Nd, Cr:YAG saturable absorber [13].. More recently, Wang et al. used a
GaAs saturable absorber to obtain an average output. power of 1.24 W with pulse
width of 70 ns [14]. However, so far the overall Q-switching efficiencies (ratio of
the Q-switched average output power to the ew output power at the same pump power)
were in the range of 30-50%. Thedow Q-switching efficiencies arise from the
nonsaturable losses of the saturable absorbers. Since the gain of the Nd:YAG crystal
at 946 nm is quite low, a small amount of nonsaturable losses may lead to a
considerable reduction in the efficiency. In view of that, it is of practical usefulness
to develop a saturable absorber with low nonsaturable losses for the low gain Nd:YAG

laser at 946 nm.

2.2.1 Design of Semiconductor Saturable Absorbers

The present saturable absorber was fabricated to combine a SESAM with an
output coupler (SESAMOC) that was originally proposed by Spiihler et al. to simplify
the cavity configuration in passively Q-switched lasers [18]. The SESAMOC device,
as shown in Fig. 2.2.1, was monolithically grown on an undoped 350 um thick GaAs
substrate by metalorganic chemical vapor deposition (MOCVD) to comprise three

strained InGaAs/GaAs QWs grown on the Bragg mirror. The QWs have a thickness
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of 8 nm and are separated by 10 nm thick GaAs layers. The Bragg mirror consists of
eleven AlAs/GaAs quarter-wavelength layers, designed for a reflectivity in the region
of 97~98% at 946 nm. The back side of the GaAs substrate was coated for
antireflection at 946 nm (R<1%). Figure 2.2.2 shows the measured result for the
low-intensity transmission spectrum of the SESAMOC. It can be seen that the
low-intensity transmission was approximately 1.5% at 946 nm and 56% at 1064 nm.
The experimental result of the room-temperature photoluminescence (PL) spectrum is
depicted in Fig. 2.2.3. The peak wavelength of the PL spectrum is found to be in the
vicinity of 946 nm and the full-width at half maximum (FWHM) is approximately 20
nm. The saturation measurements were performed using nanosecond Q-switched
laser pulses to coincide with the present Q-switched experiment. Experimental
results revealed that the present SESAM device had a modulation depth of 1.5% and a

saturation fluence of 20 pJ/cm?.
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saturable absorber.
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2.2.2 Experimental Setup

Figure 2.2.4 shows the experimental configuration of the passively Q-switched
946 nm Nd:YAG laser with InGaAs QWs as a SESAMOC. The active medium was
1.1 at.% Nd:YAG crystal with a length of 2.0 mm. The entrance surface of the laser
crystal was coated to be high reflection at 946 nm (R>99.8%) and high transmission at
808 nm (T>90%) and 1064 nm (T>85%). The other surface of the laser crystal was
coated for antireflection at 946 nm (R<0.2%). The laser crystal was wrapped with
indium foil and mounted in a water-cooled copper block. The pump source was a
10-W 808-nm fiber-coupled laser diode with a core diameter of 600 um and a
numerical aperture of 0.16. Focusing lens with 5 mm focal length and 92% coupling
efficiency was used to re-image the pump beam into the laser crystal. The pump spot
radius was approximately 160 pume* The cavity,length was approximately 15 mm.
The spectral information of the:laser was-monitored by an optical spectrum analyzer
(Advantest Q8381A).  The ' spectrumi analyzer 'employing diffraction lattice
monochromator can be used for high-speed measurement of pulse light with the
resolution of 0.1 nm. The pulse temporal-behavior was recorded by a LeCroy digital
oscilloscope (Wavepro 7100, 10 G samples/sec, 1 'GHz bandwidth) with a fast PIN
photodiode.
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Fig. 2.2.4. Schematic of a diode-pumped passively Q-switched Nd:YAG laser at 946 nm.
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2.2.3 Experimental Results and Discussion

The average output powers at 946 nm with respect to the incident pump power in
the passively Q-switching operation are depicted in Fig. 2.2.5, and the optimum cw
performance with the optimum reflectivity of the output coupler of 97% is shown for
comparison. The output power in the CW operation reached 1.21 W at an incident
pump power of 9.2 W. In the passively Q-switching regime an average output power
of 1.1 W was obtained at an incident pump power of 9.2 W. Experimental results
indicate that the Q-switching efficiency (ratio of the Q-switched output power to the
cw one at the maximum pump power) exceed 90%. The extremely high Q-switching
efficiency signifies the nonsaturable losses of the present SESAMOC to be

considerably low.

Fig. 2.2.6 shows the pulse repetition rate and the pulse energy versus the incident
pump power. It was found that the pulse repetition rate was linearly proportional to
the pump power and approximately reached 55-kHz at an incident pump power of 9.2
W. Like typically passively Q-switched-lasers, the pulse energy is almost unrelated
to the pump power and its value is 20 pJ on average. On the whole, the pulse
duration was approximately 38 ns.. = With the measured pulse energy and pulse width,
the peak power can be found to be up to 0.53 kW. A typical oscilloscope trace of a
train of output pulses and an expanded shape of a single pulse are shown in Fig. 2.2.7.
Under the optimum alignment condition, the pulse-to-pulse amplitude fluctuation was
less than £5% for the pump power lower than 6 W and within +15% at the

maximum pump power of 9.2 W.
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Fig. 2.2.7. (a) Typical oscilloscope trace of a train of output pulses and (b) expanded shape

of a single pulse.
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2.3 High-Power 946 nm Nd:YAG Laser and Blue Laser at

473 nm in QCW operation

With the rapid development of laser diode, high-power 2 D laser diode arrays
(LDA) or diode stacks have been used in diode-pumped solid-state lasers to generate
high output pulse energies in free-running or Q-switched operations for several years.
Compared with the conventional high-power pump source, flash lamps, the 2D diode
stacks, consisting of several diode bars, possess many advantages of higher repetition

rates, higher overall efficiency, much lower thermal loading, and higher reliability.

High-power diode stacks are operated in the pulse durations of several hundred
micro-seconds, i.e. quasi-cw (QCW) operations, and emit high peak powers (on-time
average powers) of several hundred watts: y The QCW pumping technique provides
not only the high-level power but also the average heat-loading reduction. In this
part, we used a 2D diode stack:in QCW operation as the'pump source. A high-power,
QCW diode-pumped Nd:YAG laser operating at 946 nm-and its intracavity frequency
doubling to 473 nm with a BiBO crystal-were demonstrated.

2.3.1 High-Power QCW pump‘source

Here, the pump source is a high-power QCW diode stack (Quantel laser diodes)
that consists of three 10-mm-long diode bars generating 130 W per bar, for a total of
390 W at the central wavelength of 808 nm. The diode stack is designed with 0.4
mm spacing between the diode bars so the overall area of emission is approximately
10 mm (slow axis) x 0.8 mm (fast axis). The images of the diode stack are shown in
Fig. 2.3.1. The full divergence angles in the fast and slow axes are approximately
35° and 10°, respectively. This divergence causes a great loss of pump power.
Therefore, the highly efficient and simple optical devices, coupling the output from a
laser diode stack into a gain medium, are especially important for the design of high

power lasers with large laser diode stack as the pump source.

A lens duct was reported to have good coupling efficiency and was used to
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end-pump solid-state lasers [19, 20]. The lens duct is a glass device that can consist
of one spherical input surface and five planar surfaces, as shown in Fig. 2.3.2 (a).
The spherical surface is designed for efficient collection of the output radiation from a
laser diode stack into the duct. Schematic of ray tracing inside a lens duct is depicted
in Fig. 2.3.3. The light rays are totally reflected from the four side surfaces until
they reach the planar output surface, and then injected into the gain medium. The
output surface of lens duct has to adjoin the gain medium to reduce the coupling loss.
Fig. 2.3.2 (b) shows the lens duct assembly. For practical reasons the lens duct has
to be made of two pieces glued together. The first piece is a slice of a commercial
plano—cylindrical lens, which provides the curved face. The second piece is a lens
duct all of whose faces are plane. The curved surface of the plano—cylindrical lens

and the lens duct output face are not antireflection coated.

In comparison with other coupling®methods such as optical fibers [21],
gradient-index (GRIN) lenses [22], or aspheric lenses [23], the lens duct has the
benefits of simple structure,” high coupling efficienCy, and impervious to slight
misalignment.  These benefits are practically important for the end-pumped
solid-state lasers with laser‘diode stacks“in which there is a significant geometric
mismatch between the effective diode‘emitter area and the available input aperture of

the gain medium.
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(b)

Fig. 2.3.1. (a) Image of the Quantel laser diode and (b) the near-field image of laser diode
emitters at 30 A.
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(b)

Fig. 2.3.2. (a) Schematic of a lens duct with five geometric parameters of r, L, H;, H,, and
Hs: r is the radius of the input surface, L is the length of the duct, H; is the width of the input
surface, H; is the width of the output surface, and Hj is the thickness of the duct. (b) Lens

duct assembly.
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Fig. 2.3.3. Schematic of ray tracing inside a lens duct: (a) top view in the slow-axis plane

[20], (b) side view in the fast-axis plane.
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2.3.2 Experimental Setup

In this experiment, the lens ducts were manufactured with the same parameters of
r=10 mm, L =30 mm and H; = 12 mm, but the various output cross-sections with H,
x Hy at mm?” of 2.1x2.1, 1.6x1.6 and 1.2x1.2, respectively. The coupling efficiencies
of three lens ducts were experimentally found to be approximately 86, 78, and 72%,
respectively. The active medium was 3x3x5 mm® Nd:YAG crystal with 1.1 at.%.
Approximately 75% of the pump light was absorbed in the active medium. The
entrance surface of the laser crystal was coated with high reflection at 946 nm
(R>99.8%) and high transmission at 808 nm (T>90%) and 1064 nm (T>85%). The

other surface of the laser crystal was coated for antireflection at 946 nm (R<0.2%).

Fig. 2.3.4 (a) shows the schematic diagram of QCW 946 nm Nd:YAG laser.
The output couplers were flat and coated for high/transmission at 1064 nm (T>90%)
and partial reflection at 946 nm (R=97%). The cavity. length was approximately 10
mm. Fig. 2.3.4 (b) shows ithe experimental eonfiguration of cw intracavity
frequency-doubled Nd:YAG laser. Thefrequency doubler was a 5-mm-long BiBO
crystal, cutting for type-I ‘critical - phase-matching (6=161.7°, ¢=90°) at room
temperature. Both facets of the'BiBO crystal were coated for anti-reflection at 946
and 473 nm (R<0.2%) to reduce the reflection loss in the cavity. The laser crystals
were wrapped with indium foil and mounted in a water-cooled copper block. A
plano-concave mirror of 50 mm radius was chosen to be the output coupler coated for
high reflection at 946 nm (R>99.8%), high transmission at 1064 nm (T >70%), and
high transmission at 473 nm (T>80%), respectively. The SHG cavity length of was

approximately 30 mm.

The pulse temporal behavior was recorded by a LeCroy digital oscilloscope
(Wavepro 7100; 10 G samples/sec; 1 GHz bandwidth) with a fast InGaAs photodiode.
The spectral information of the laser was monitored by an optical spectrum analyzer
(Advantest Q8381A). The spectrum analyzer employing diffraction grating
monochromator can be used for high-speed measurement of pulse light with the

resolution of 0.1 nm.
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Fig. 2.3.4. Schematics of QCW diode-pumped Nd:YAG lasers at 946 nm in (a), and
intracavity frequency-doubling at 473 nm in (b).
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2.3.3 Experimental Results and Discussion

First of all, the QCW free running operation of the Nd:YAG laser at 946 nm was
measured without the BiBO crystal in the cavity to confirm the pump efficiency of the
lens duct and the quality of the laser crystal. In this experiment, the laser-diode stack
was set to emit pump pulses of 270 s at a repetition rate of 35 Hz, as the duty cycle
was approximately 1 %. Three kinds of output cross-sections of lens ducts were
employed for comparisons in the quasi-continuous-wave free running operation. Fig.
2.3.5 (a) shows the experimental results of the output pulse energy at 946 nm with
respect to the pump energy emitted from the laser diode in the free-running operation.
It can be found that the lower pump threshold and higher output energy were achieved
by employing a lens duct with a smaller output dimension. With the lens duct with
the smallest output surface of 1.2x1:2\mm?, therlower pump threshold of 36 mJ and
the maximum output pulse energy of 6.4.mJ.were obtained at a pump energy of 105
mJ. The experimental results confirm that'a high-intensity pump light is necessary
for such quasi-three-level laser. “Note that'the smallest'dimension of a lens duct is
limited by the emission arca-of laser‘diode.stack. Fig. 2.3.5 (b) depicts the pulse
train at repetition rate of 35 Hz, at the maximum pump energy. Fig. 2.3.6 (a)-(c)
depict the temporal shapes of the single pulse exhibited relaxation-oscillation driven
spikes for the employed lens ducts with output dimensions of 2.1x2.1, 1.6x1.6, and
1.2x1.2 mm?, respectively. It can be seen that the relaxation-oscillation driven
spikes and the pulse shape of laser of a single pulse were dominated by the pump
intensity. Moreover, due to the laser buildup time, the output laser pulse was shorter
than the pump duration of 270 us in the QCW operation. The on-time average
output power can be estimated with the laser output pulse width and pulse energy.
The on-time average output power at 946 nm versus the on-time average pump power
is plotted in Fig. 2.3.7.  Using a lens duct with the output dimension of 1.2x1.2 mm?,
the maximum on-time average output power was 34 W at the on-time average pump
power of 392 W. The overall slope efficiency of the three curves were nearly similar

to be 13 %.

The QCW diode-end-pumped Nd:YAG laser at 473 nm by intracavity frequency
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doubling was operated by inserting a nonlinear crystal BiBO and replacing of the
above mentioned concave mirror. The experimental results of the output pulse
energy at 473 nm versus the pump energy are plotted in Fig. 2.3.8. It reveals that the
pump intensity is extremely critical for an efficient SHG of the 946-nm low-gain laser.
Using a lens duct with the output dimension of 1.2x1.2 mm®, the maximum output
pulse energy of approximately 1.75 mJ was achieved for 105 mJ pump energy from
the laser diode stack. Fig. 2.3.9 shows the estimated on-time average output power
at 473 nm as a function of the on-time average pump power. The maximum on-time
average output power at 473 nm of approximately 9 W was estimated at 392 W of the
on-time average pump power. The conversion efficiency of blue light at 473 nm
with respect to the average output power of the free running performance was greater
than 26 %. To our best knowledge, it is the highest average power for intracavity
frequency-doubling in the blue region at 473 nm of diode-end-pumped Nd: YAG laser.
Fig. 2.3.10 (a)-(b) depict the pulse train and temporal shape of the single pulse at the
maximum pump energy of 105.:mJ:by using a lens duct with the output dimension of
1.2x1.2 mm®. Under the optimal alignment condition, the pulse-to-pulse amplitude

fluctuation was estimated to be approximately £10 %. ' The spatial distribution of the
output blue-light beam was recorded with'a C€D as displayed in Fig. 2.3.10(c). The
beam quality factors were measured:and found to be M’ < 12 and M; <7,
repetitively, where the X and y directions are parallel to the slow and fast axes of the

laser-diode stack. The asymmetry of the M?* factors in the X and y directions was

due to the walk-off effect by nonlinear crystal.
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Fig. 2.3.5. Experimental results of (a) the free-running operation for the output pulse
energy at 946 nm versus the pump energy for three kinds of output surfaces of lens ducts,

and (b) pulse train at the maximum pump energy.

49



50 ps/div

(a)

(b)

(c)

Fig. 2.3.6. Temporal shapes of the single pulse for the lens duct output surface of (a)
2.1x2.1 mm?; (b) 1.6x1.6 mm?; (¢) 1.2x1.2 mm™.
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Fig. 2.3.7. Estimated on-time average output power at 946 nm versus the on-time average

pump power in the free-running performance, for three kinds of output surfaces of lens ducts.
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Fig. 2.3.8. Experimental results of the free-running operation for the output pulse energy at

473 nm versus the pump energy for three kinds of output surfaces of lens ducts.
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Fig. 2.3.9. Estimated on-time average output power at 473 nm as a function of the on-time

average pump power for the lens duct with an output surface of 1.2x1.2 mm®.
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Fig. 2.3.10. Experimental results for the lens duct with an output surface of 1.2x1.2 mm®:
(a) pulse train at the maximum pump energy of 105 mlJ; (b) temporal shape of the single pulse

at the maximum pump energy of 105 mJ; (c) Spatial distribution of the output blue beam

recorded with a CCD.
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2.4 High-Peak-Power Passively Q-Switched Nd:YAG Laser

at 946 nm

High-peak-power pulsed lasers are highly desirable for some applications such as
remote sensing, ranging, and micromachining. Recently, Kellner et al. and
Kimmelma et al. utilized a Cr*":YAG crystal as a saturable absorber in a passively
Q-switched Nd:YAG 946-nm laser [24,25]. The generated pulse energies were less
than 100 pJ with the less than 4 kW peak powers. Besides, semiconductor materials
based on the GaAs substrate have been developed to be saturable absorbers in
Nd:YAG lasers at 946 nm [26,27]. Up to now, the maximum pulse energy and
highest peak power of passively Q-switched Nd:YAG 946-nm lasers with
semiconductor saturable absorbers (SESAs) are 20 pJ and 0.53 kW, respectively [27].

In this section, we designed.the InGaAs/GaAs QWs similar to that mentioned in
Section 2-2. In order to.generate a high-peak-power and high-pulse-energy
Q-switched Nd:YAG laser at 946 nm, the QCW diode stack was used as the pump
source. We make a thorough comparison for the output performance between the

saturable absorbers of the InGaAs quantum wells (QWs) and the Cr*":YAG crystal.

2.4.1 Experimental Setup

Figures 2.4.1 (a)-(b) are the experimental setups for high-power QCW
diode-pumped passively Q-switched Nd:YAG lasers at 946 nm with a Cr*":YAG
crystal and an InGaAs QW structure as a saturable absorber, respectively. The pump
source consists of three 10-mm-long diode bars generating 130 W per bar as described
in Section 2.3.1. In this experiment, the coupling component was a lens duct with
the parameters of r = 10 mm, L =32 mm, H;= 12 mm, H,= 1.6 mm, and H3;= 1.6 mm.
The coupling efficiency of this lens duct is experimentally found to be approximately
78%. The active medium was 1.1 at.% Nd:YAG crystal with a length of 5.0 mm and
with a transverse aperture of 3x3 mm®. The entrance surface of the laser crystal was

coated to be high reflection at 946 nm (R>99.8%) and high transmission at 808 nm
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(T>90%) and 1064 nm (T>85%). The other surface of the laser crystal was coated
for antireflection at 946 nm (R<0.2%). The laser crystal was wrapped with indium

foil and mounted in a copper block.

A Cr*":YAG crystal is used as a saturable absorber for the passive Q-switching
operation. The Cr*:YAG crystal had a thickness of 1 mm with 95% initial
transmission at 946 nm. Both sides of the Cr'":YAG crystal were coated for
antireflection at 946 nm. A plane mirror is chosen to be the output coupler whose
reflection at 946 and 1064 nm were 95% and <20%, respectively. The other passive
Q-switching operation is to employ a semiconductor saturable-absorber mirror
(SESAM) [18,28,29]. The SESAMOC device was monolithically grown on an
undoped 350 um thick GaAs substrate by metalorganic chemical vapor deposition
(MOCVD) to comprise three strained Ing;5GagssAs/GaAs QWs grown on the Bragg
mirror. The QWs have a thickness of 8 nm ‘and are separated by 10 nm thick GaAs
layers. The Bragg mirror consists of eight AlIAs/GaAs quarter-wavelength layers,
designed for a reflectivity in the region of 90~91% at 946 nm. The back side of the
GaAs substrate was coated for antireflection at 946 nm.(R<1%). Fig. 2.4.2 shows
the measured result for the low-intensity transmission.spectrum of the SESAMOC.
The SESAMOC with high transmission at 1064 nm is.particularly critical to suppress

the 4F3/2%4I11/2 transition and to lead to the lasing 946 nm. The saturation

measurements were performed using nanosecond Q-switched laser pulses to coincide
with the present Q-switched experiment. Experimental results revealed that the
present SESAM device had a modulation depth of 1.5% and a saturation fluence of 20
nl/em’.

The pulse temporal behavior was recorded by a LeCroy digital oscilloscope
(Wavepro 7100; 10 G samples/sec; 1 GHz bandwidth) with a fast InGaAs photodiode.
The spectral information of the laser was monitored by an optical spectrum analyzer
(Advantest Q8381A). The spectrum analyzer employing diffraction grating
monochromator can be used for high-speed measurement of pulse light with the

resolution of 0.1 nm.
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Fig. 2.4.1. Schematic of a diode-pumped passively Q-switched Nd:YAG laser at 946 nm: (a)
with the Cr*":YAG crystal as a saturable absorber; (b) with the InGaAs QWs as a saturable

absorber and an output coupler.
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Fig. 2.4.2. The low-intensity transmission spectrum for the InGaAs SESAMOC:

transmission at 946 nm and 1064 nm are approximately 10% and 64%, respectively.
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2.4.2 Experimental Results and Discussion

The first passively Q-switched Nd:YAG laser at 946 nm was performed by
inserting a Cr*":YAG crystal into the same plano-plano cavity. The threshold of the
Q-switched laser operation was found to be approximately 75 mJ and the output pulse
energy at 946 nm was measured to be 95 pJ.  The effective pulse width was found to
be 28 ns; consequently, the peak power was approximately 3.4 kW. As shown in
Fig.2.3.5 (a), the output pulse energy in the free-running regime is 2.1 mJ at 75 mJ of
pump energy (Note that the pump energy has been considered the coupling efficiency).
Consequently, the extraction efficiency with respect to the output energy from the
free-running operation is approximately 4.5%. When the pump energy is higher than
80 mlJ, the laser cavity generates double pulses with the pulse characteristics nearly

the same as the single pulse output, as shown.in Fig. 2.4.3.

The second passive Q-switchingpoperation, was” performed by employing the
above-mentioned SESAMOC to.replace the Cr":YAG and the output coupler. The
threshold of the Q-switched laser operation‘was found to be approximately 73 mJ and
the output pulse energy at 946 nm:was measured to be 330 pJ. As shown in Fig.
2.4.4 (a), the effective pulse width.was found to be approximately 30 ns; consequently,
the peak power was greater than 11 kW. = As shown in Fig.2.3.5 (a), the output pulse
energy in the free-running regime is 2.1 mJ at 75 mJ of pump energy. Therefore, the
extraction efficiency with respect to the output pulse energy from the free-running
operation can be found to be approximately 15.8%. Compared to the results
obtained with the Cr*":YAG saturable absorber, both lasing thresholds are almost
equal; however, the output pulse energy and efficiency with the present SESAMOC
are three times higher. The superior performance of the present SESAMOC comes
from the considerably low nonsaturable losses. When the pump energy is higher
than 80 mJ, the laser cavity can generate triple pulses with the pulse characteristics
nearly as good as the single pulse output, as depicted in Fig. 2.4.4 (b). Under the
optimal alignment condition, the pulse-to-pulse amplitude fluctuation was found to be
approximately £10%. The residual pump light radiating on the SESAMOC did not

clearly reveal to cause any influence on the output performance. Finally, the spatial
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distribution of the output beam was recorded with an infrared CCD and displayed in

Fig. 2.45. The beam quality factor M x Mj was measured and found to be

1.3x3.5, where the X and y directions are parallel to the slow and fast axes of the
diode stack. Although the present beam quality is about 4 times worse than the
diffraction-limited result reported in the previous Q-switched 946-nm laser generating
about 80 uJ [12], the peak power enhancement leads to the present brightness to be

approximately increased 2.7 times.
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Fig. 2.4.3. Typical result of double pulses in the passively Q-switched Nd:YAG/Cr*":YAG
laser at 946 nm (upper); expanded shape of each pulse (lower).
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Fig. 2.4.4. (a) typical oscilloscope trace of a single pulse; (b) typical oscilloscope trace of
triple pulses with the InGaAs QWs as a saturable absorber.
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Fig. 2.4.5. 3D spatial distribution of the output beam recorded with an infrared CCD.
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2.5 Conclusions

Diode-pumped Nd:YAG lasers at 946 nm, blue light generation at 473 nm by
intracavity frequency doubling, and 946-nm passive Q-switching operation have been
performed. Two types of pump sources, cw fiber-coupled laser diode and QCW

high-power laser diode stack, were used.

A cw diode-pumped Nd:YAG laser at 946 nm and a intracavity frequency
doubling to 473 nm with a BiBO crystal were achieved. At an incident power of
19.6 W, the maximum output power at 946 nm can be up to 3 W with an
optical-to-optical conversion efficiency of 15%. At a pump power of 13 W, the
second harmonic generation (SHG) of 946-nm laser with an output average power of
0.75 W was generated. For passive Q-switching, InGaAs quantum wells (QWs) and
a Bragg mirror structure are grown on a GaAs substrate to simultaneously serve as a
low-loss saturable absorber and.an output coupler for highly efficient Q switching of a
diode-pumped Nd:YAG laser operating at 946 nm. Under cw fiber-coupled laser
diode pumping, an average output power-of 1.1 W was obtained at an incident pump
power of 9.2 W. The maximum peak power was found to be up to 0.53 kW and the

overall Q-switching efficiency was generally greater.than 90%.

In order to generate a high-power Nd:YAG laser, the quasi-continuous-wave
(QCW) diode stack was used as the pump source. A lens duct was utilized to
efficiently couple the pump radiation from the diode stack into the laser crystal.
Three kinds of output cross-sections of lens ducts were used for comparisons.
Experimental results reveal that the pump intensity is critical for a low-threshold and
high-power quasi-three-level laser, particularly for frequency doubling. Using a lens
duct with the output dimension of 1.2x1.2 mm?, the maximum on-time average output
powers at 946 nm and 473 nm were 34 W and 9 W, respectively, at the on-time
average pump power of 392 W. The conversion efficiency of blue light at 473 nm
with respect to the average output power of the free running performance was greater
than 26 %. To our best knowledge, it is the highest average power for intracavity

frequency-doubling in the blue region at 473 nm of diode-end-pumped Nd: YAG laser.
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In addition, a high-peak-power QCW diode-pumped passive Q-switched
Nd:YAG laser at 946 nm. A comparison for the output performance between the
saturable absorbers of the InGaAs quantum wells (QWs) and the Cr*":YAG crystal
was demonstrated. Experimental results reveal that the InGaAs QWs is superior to
the Cr*":YAG crystal because of the low nonsaturable losses and leads to a pulse
energy of 330 pJ with a peak power greater than 11 kW. The experimental results
indicate the possibility of wusing InGaAs QWs structure to generate the

high-peak-power blue laser at 473 nm with intracavity second harmonic generation.
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Chapter 3

Diode-pumped Eye-Safe Nd:YAG Laser
at 1.44 pm with an Intracavity

Selective Absorber

3.1 Introduction to Eye-Safe Lasers

Eye hazards caused by laser radiation depends on the wavelength, laser power,
exposition time and type of tissue. " Figure 3.1.1 shows the eye transmission
characteristic for the path to retina and the absorption curve of retina [1]. We can see
that laser radiation in the range of 400 to 1400 nm is most dangerous for eye, because
the retina, lens, aqueous homuor and vitreous body transmit this range of radiation.
Figure 3.1.2 depicts the spectral transmission characteristics of the human eye [2].
Laser beam focused by eye lens on the retina, achieve high, dangerous power or
energy densities. Radiation in the range of below 400 nm and above 1400 nm is
strongly absorbed by the tissues such as cornea and the vitreous humor of eye, which
are mainly composed of liquid water. The laser intensity is, therefore, attenuated
significantly reaching the retina.

According to the American standard ANSI Z136.1-1986, the wavelength of 1.5
um is treated as safe. Generally speaking, laser wavelength above 1400 nm which

injury-threshold power becomes much higher is termed as “eye-safe laser”.
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The methods for generating eye-safe lasers include the solid state lasers with
Er**-doped or Cr*"-doped media [3-6] and the stimulated Raman scattering (SRS)
[7-10] or optical parametric oscillators (OPO) [11-13] pumped by Nd-doped lasers.
The advent of diode-pumped solid-state lasers (DPSSLs) [14-17] with high peak
powers and excellent brightness leads to a renaissance of interest in wavelength
conversions with the SRS or OPO process. Alternatively, laser systems based on
semiconductor quantum-well (QW) materials including InGaAsP and AlGalnAs are
designed for eye-safe lasers [18-23].

Nd:YAG lasers have recently been proposed as candidates for a simpler
solid-state system operating at the eye-safe wavelength of 1.444-um laser transition
[24-26]. Since 1.44-um radiation which the absorption coefficient of water is
comparable with that at 2.1-um [25], it is a natural candidate for many applications
not only in the field of surgery but also_for many technical applications in LIDAR,
communications [26-28], and medical applications [29-36] especially for facial skin
rejuvenation. Fig. 3.1.3 shows that water absorption at 20°C and penetration depth as
a function of wavelength [37]. It can be noticed that Nd:YAG provides high water
absorption (a=26cm™").  The'well-known attempts at lin€ selection in Nd-doped lasers
rely on appropriately coated cavity mirrors with a sufficiently large loss difference to

suppress the competing transition‘Channels [24].
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Fig. 3.1.2. Spectral transmission characteristics of the human eye [2].
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3.2 Design of Intracavity Selective Absorber

The fluorescence spectrum of Nd:YAG laser crystal, as shown in Figure 3.2.1,
reveals that laser transitions in the 4F3/2—>4113/2 manifold. The stimulated cross
section of the 1.44-um transition line, however, is approximately 20 times smaller
than 1.06-pm, which it is too weak to carry out. Therefore, the operation of a
Nd:YAG laser at 1.44 pum requires a rather tough coating. Even though the coated
cavity mirrors with a sufficient reflection contrast can lead to the 1.44 um emission at
low and middle pump powers, the power scaling tends to be hindered by the lasing of

the 1.06 um transition at high pump powers.

A method for overcoming this obstacle is to utilize the three-mirror folded
resonator with an additional mirror to increase the loss difference between the lasing
and competing channels. An alternative approach is the use of an intracavity
selective absorber (ISA) in a simple linear cavity. to absorb the competing emissions
without introducing substantial losses at the lasing wavelength [38]. Therefore, the
development of an ISA is practically beneficial to the power scaling of the weak

transition in Nd-doped lasers.

We developed an AlGalnAs® material-as ‘a promising ISA for an efficient
high-power Nd:YAG laser at 1.44 pm. With the ISA to suppress operation at 1.06
um, the output coupling at 1.44 pm can be flexibly optimized. The present ISA was
composed of AlGalnAs quantum wells (QWSs) with the barrier structure grown on a
Fe-doped InP transparent substrate by metalorganic chemical-vapor deposition. Note
that the conventional S-doped InP substrate cannot be used because of its significant
absorption in the 1.0-2.0 um spectral region, whereas the Fe-doped InP substrate is
transparent in this spectral region. The absorption region of the ISA consists of 10
groups of two 10-nm QWs with the absorption wavelength around 1.32 um, spaced at
190-nm intervals by AlGalnAs barrier layers with the absorption wavelength around
1.06 um, as shown in Fig. 3.2.2. An InP window layer was deposited on the gain
structure to avoid surface recombination and oxidation. The backside of the

substrate was mechanically polished after growth. The both sides of the gain chip

75



were antireflection (AR) coated to reduce back reflections. The total residual
reflectivity of the AR-coated sample is less than 5%. Fig. 3.2.3 shows the
transmittance spectrum for the AR-coated ISA device. It can be seen that the strong
absorption of the barrier layers leads to an extremely low transmittance near 1.06 pm.
The total absorption efficiency of the barrier layers at 1.06 um was found to be higher
than 96%. On the other hand, the absorption efficiency of the AlGalnAs QWs near
1.32 um was approximately 35%. To the best of our knowledge, although the
AlGalnAs material with a similar structure has been employed as a gain medium or a
saturable absorber [39-43], it is designed as an ISA in solid-state lasers for the first

time.
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Fig. 3.2.1. The partial fluorescence spectrum of Nd:YAG laser crystal in the 4F3/2—>4113/2

manifold.
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10 periods

Fig. 3.2.2. Structure of the present ISA: the absorption region including 10 groups of two
10-nm QWs with the absorption wavelength around 1.32 um, spaced at 190-nm intervals by

AlGalnAs barrier layers with the absorption wavelength around 1.06 um.
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Fig. 3.2.3. Transmittance spectrum for the developed ISA device.
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3.3 High-Power Continuous-Wave Nd:YAG Laser at 1.44 pm

3.3.1 Experimental Setup

A schematic of the laser experiment is shown in Fig. 3.3.1. The active medium
was 1.0 at. % Nd:YAG crystal with a length of 10 mm. The entrance surface of the
laser crystal was coated for high reflection at 1.06 pm (R>99.5%), 1.32 pm
(R>99.5%), and 1.44 um (R>99.5%) and for high transmission at 0.81 um (T>85%).
Note that the high reflection at 1.06 and 1.32 um on the entrance surface was for the
purpose of exploring the suppression ability of the developed ISA. The other surface
of the laser crystal was coated for AR in the spectral range of 1.06—1.44 pm (R<0.2%).
The laser crystal was wrapped with indium; foil and mounted in a water-cooled copper
block. The pump source was a20 W 808 nm fiber-coupled laser diode with a core
diameter of 600 um and a numerical aperture of 0.16. « A focusing lens with a 5 mm
focal length and 85% coupling efficiency was used to reimage the pump beam into the
laser crystal. The pump spot radius was-approximately 200 um. The cavity length

was approximately 15 mm.

Three different flat output couplers were used to test the function of the
developed ISA. There are three employed OCs with different reflectivities at 1.06,
1.32, and 1.44 um, respectively, as listed in Tab. 3.3.1.
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Fig. 3.3.1. Experimental schematic of the laser experiment.

Reflectivity
mirrors
1.06 pm 1.32 pm 1.44 pm
OCl1 5% 30% 99%
ocC2 50% 70% 95%
0C3 99.5% 69% 97%

Tab. 3.3.1. The employed OCs coatings with different reflectivities at 1.06, 1.32, and

1.44-pm, respectively.
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3.3.2 Results and Discussion

Figure 3.3.2 shows the average output powers, with and without the ISA inserted
into the cavity with the OC1, versus the incident pump power. The reduction in the
slope efficiency due to the ISA can be seen to be rather small. With the
Findlay—Clay analysis the insertion loss of the ISA is found to be approximately 0.2%.
Note that the output efficiency with the OC1 is rather low because the output coupling

is not optimal for the operation at 1.44 pum.

The second output coupler (OC2) was used to test the suppression ability of the
ISA; its reflectivities at 1.06, 1.32, and 1.44 um are 50%, 70%, and 95%, respectively.
Experimental results reveal that the laser cavity with the OC2 and without the ISA is
completely lasing at 1064 nm. With the insertion of the ISA, the laser cavity with
the OC2 can be purely lasing at'1444 nm. Figure 3.3.3 shows the input—output
characteristics for the output powers with and without the ISA inserted into the cavity
with the OC2. It can be seen that the ISA can make the laser cavity to change the
lasing wavelength from 1.06t0 1.44 um..~An output power of 2.5W at 1.44 pm, with
a slope efficiency of 23%, was achieved with the ISA inserted into the cavity with the
OC2. At a pump power of 10W the present output power is up to 1.7W, which is
superior to the previous data of 10W obtained with a 2% output coupler [44-45].
The superiority comes from the advantage that an output coupler with a higher
transmission can be used to optimize the output power because of the strong
suppression at 1.06 um transition by the ISA. Finally, the third output coupler (OC3)
was used to further investigate the maximum suppression ability of the ISA. The
reflectivities of the OC3 at 1.32 and 1.44 pum are nearly the same as those of the OC2;
however, the reflectivity of the OC3 at 1.06 pm is up to 99.5%. Experimental results
reveal that the ISA can still suppress the 1.06 um emission and lead to a Nd:YAG
laser operating at 1.44 pm. More importantly, the output performance with the OC3
is almost the same as that obtained with the OC2, as seen in the inset of Fig. 3.3.3.
In other words, the optimum output coupler at 1.44 pm can be straightforwardly

designed by means of the ISA to suppress operation at 1.06 um.
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3.4 Conclusions

An AlGalnAs QW-barrier structure grown on a Fe-doped InP transparent
substrate was developed to be an ISA for an efficient high-power Nd:YAG laser at
1.44 pm. Experimental results confirm that the developed ISA can still fully
suppress the 1.06 pm oscillation even if the cavity mirrors have a high-reflection
coating at 1.06 um. With the ISA to suppress operation at 1.06 um, the output
coupler at 1.44 um can be straightforwardly optimized. At a pump power of 16W, an
output power of 2.5W at 1.44 pm, with a slope efficiency of 23%, was achieved.
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Chapter 4

Design Models and Experiments for
Millijoule Intracavity Optical

Parameter Oscillators

4.1 Introduction to Optical Parameter Oscillator (OPO)

Optical Parameter Oscillators. (OPOs) consist of a nonlinear crystal which is
inserted in a resonant cavity. The OPO is based on the parametric interaction which
is a second-order nonlinear effect. The optical parameter process belongs to
three-photon process, as shown in Fig. 4.1.1 (a). When one high-frequency
(shorter-wavelength) is chosen, the pump photon breaks down and converts into two
lower-frequency photons. Three optical fields called pump, signal and idler with

frequencies @, , @, and @, , respectively. They are related by the energy

conservation condition:
w,=0,+0,.

The energy-level diagram of the optical parameter process is shown in Fig. 4.1.1 (b).
The top energy level can be chosen by the pump frequency. The middle energy level,

the difference between @, and ,, can be tuned by a phase matching condition.
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It is worth to be mentioned that the signal wave is amplified by the nonlinear
mixing process, and an idler wave is generated by the process. The gain related to
the process of optical parametric amplification (OPA) can be used to form an optical
resonator with mirrors placed on the sides of the nonlinear medium, which is known
as an OPO. If the end mirrors of an OPO cavity are highly reflecting at both

frequencies @, and w,, it is called a doubly resonant oscillator (DRO). On the
other hand, if they are highly reflecting at frequencies @, or @, but not both, it is

known as a singly resonant oscillator (SRO). Configurations for parametric

interactions are shown in Fig. 4.1.2.

The tunable properties of an OPO have to simultaneously satisfy the
energy-conservation condition and momentum conservation condition. To maximize
the conversion efficiency, a phase-matching condition (momentum conservation

relation) has to be fulfilled by the three fields

)

=
©“

Most of the OPO crystals “allow birefringence, phase-matching. The fields are
polarized along the ordinary or the extraordinary direction. The difference between
the corresponding indices compensates for the index wavelength dispersion. Two
kinds of phase-matching configurations are encountered, as shown in Fig. 4.1.3. In
type I, the signal and idler field polarizations are parallel to each other and are
perpendicular to that of the pump. The other kind of phase-matching is type II
phase-matching, i.e. the signal and idler fields have crossed polarizations: (i) the pump
and signal fields have parallel polarizations; (ii) the pump and idler fields have
parallel polarizations.. An example of type II phase-matching is KTP (KTiOPO,).
The angle tuning curve of type II KTP in the YZ plane for a pump wavelength of 1064
nm is shown in Fig. 4.1.4 (a). For type II x-cut KTP, the signal wavelength with
respect to pump wavelength is shown in Fig. 4.1.4 (b). Based on the tuning
characteristics from the phase matching conditions, OPOs are tunable over a broad
range from the visible to the far infrared, as shown in Fig. 4.1.5 [1]. In addition,

OPOs have the advantages such as the matured technology of pumping lasers and high
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efficiency approaching quantum limit. Therefore, to generate eye-safe lasers, OPO

should be a good and efficient method.
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Fig.4.1.1. (a) Diagram of three photons interaction in optical parameter process. (b) The

energy-level diagram of the optical parameter process.
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Fig. 4.1.4. (a) Angle tuning curve of type II x-cut KTP for a pump wavelength of 1064 nm.
(b) The signal wavelength with respect to pump wavelength for type II x-cut KTP.
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4.2 Cavity Configurations of Intracavity OPOs

There are two kinds of OPOs; one is extracavity OPO (EOPO), and another is
intracavity OPO. In an EOPO, the output coupler of the fundamental laser cavity has
to be optimized to maximum output power. IOPO has the advantage of a high power

level within the oscillator to allow a low threshold and high efficiency compared to an

EOPO.

In 1978, Ammann has proposed a shared resonator configuration for intracavity
Raman oscillation [2]. The shared cavity (two mirrors) and coupled cavity (three
mirrors) configurations are shown in Fig. 4.2.1. Recently, Chen et al. [3] reported
the investigation for IOPO revealed the shared cavity provides many advantages
including simpler configuration, better amplitude stability, and higher parametric
conversion efficiency. Therefore, it 1s a practical .interest to explore an intracavity

OPO in a shared resonator in quest of optimal pulse energies and peak powers.
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4.3 Subnanosecond Eye-Safe Intracavity OPO

Intracavity OPO has been proposed several decades ago [4-6], but it was
restricted by the development of nonlinear crystals. The advent of high damage
threshold nonlinear crystals and diode-pumped Nd-doped lasers leads to a renaissance
of interest in IOPOs. KTP-based IOPOs pumped by Nd-doped lasers at around
1050-1070 nm generate signal wavelengths around 1.55 pum [7-9]. One advantage of
the KTP family is the non-critical phase-matching (NCPM) that allows a good OPO
conversion efficiency even with poor-beam-quality pump lasers. Another advantage
is the large available crystal size that allows the generation of high energies. In
recent years, a number of efficient eye-safe intracavity OPOs pumped by actively
[10-12] or passively [13-15] Q-switched Nd-doped lasers have been demonstrated to
produce pulse energies of tens of ‘pJ . with pulse peak powers of 1-100 kW.
Nevertheless, eye-safe laser systems with. pulse enetgies in the mJ range and peak
powers greater than MW are.indispensable-for the many long-distance applications

[16-20].
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4.3.1 Experimental Setup

Figure 4.3.1 shows the experimental setup for an intracavity OPO pumped by a
high-power quasi-continuous-wave (QCW) diode-pumped passively Q-switched
Nd:YAG laser in a shared resonator. The fundamental laser cavity was formed by a
coated Nd:YAG crystal and an output coupler. The OPO cavity entirely overlapped
with the fundamental laser cavity. The pump source is a high-power QCW diode
stack (Quantel Laser Diodes) that consists of three 10-mm-long diode bars generating
130 W per bar, for a total of 390 W at the central wavelength of 808 nm. The diode
stack is designed with 0.4 mm spacing between the diode bars so the overall area of
emission is approximately 10 mm (slow axis) x 0.8 mm (fast axis). The full
divergence angles in the fast and slow axes are approximately 35° and 10°
respectively. A lens duct was exploited to couple the pump light from the diode
stack into the laser crystal. The geometric parameters of a lens duct include r, L, H1,
H2, and H3, where r is the radius of the input surface, L s the length of the duct, H1 is
the width of the input surface, H2 is the width of the output surface, and H3 is the
thickness of the duct. Here alens duet with the parameters of r = 10 mm, L = 32 mm,
H1 = 12 mm, H2 = 2.7 mm, and H3 = 2.7 mm was manufactured and used in the
experiment. The coupling efficiency of this lens duct is found to be approximately

85%.

The gain medium was a 1.0 at. % Nd:YAG crystal with a diameter of 5 mm and a
length of 10 mm. The incident surface of the laser crystal was coated to be highly
reflective at 1064 nm and 1573 nm (R>99.8%) and highly transmitted at the pump
wavelength of 808 nm (T>90%). The other surface of the laser crystal was coated to
be antireflective at 1064 nm and 1573 nm (R<0.2%). The nonlinear material for the
intracavity OPO was an x-cut KTP crystal with a size of 4x4x20 mm®. The saturable
absorber for the passive Q-switching was a Cr*:YAG crystal with a thickness of 3
mm and an initial transmission of 60% at 1064 nm. Both surfaces of the KTP and
Cr*":YAG crystals were coated for antireflection at 1573 nm and 1064 nm. All
crystals were wrapped with indium foil and mounted in conductively cooled copper

blocks. The output coupler had a dichroic coating that was highly reflective at 1064
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nm (R > 99.8%) and partially reflective at 1573 nm. Several output couplers with
different reflectivities (10% < Rs < 70%) at 1573 nm were used in the experiment to
investigate the output optimization. The total cavity length was approximately 5.5
cm. The pulse temporal behavior at 1063 nm and 1571 nm was recorded by a
LeCroy digital oscilloscope (Wavepro 7100; 10 G samples/sec; 1 GHz bandwidth)
with a fast InGaAs photodiode. In all investigations, the diode stack was derived to
emit optical pulses 250 ps long, at a repetition rate less than 40 Hz, with a maximum

duty cycle of 1%.
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Fig. 4.3.1. Experimental setup for an intracavity OPO pumped by a high-power QCW
diode-pumped passively Q-switched Nd:YAG laser in a shared resonator.
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4.3.2 Theoretical Analysis

The advantage of the intracavity OPO mainly consists in the exploit of high
photon density of the fundamental wave. First of all, we analyze the maximum
value of the intracavity photon density for the fundamental wave in a passively
Q-switched laser. Next, we verify that the intracavity photon density of the present
laser can exceed the threshold of a singly resonant intracavity OPO in a shared cavity
by far, even when the reflectivity of the output mirror at the signal wavelength is
nearly zero. In a passively Q-switched laser with a fast Q-switching condition, the
maximum value of the intracavity photon density of the fundamental wave can be

expressed as [21]

) n
=3n —n|l+In| £
¢f,mdx anv {nl nl |: (nt J}} (1)

where
1
ey [In(1/72)+In(1/ R)#] ;
1
"o [ Ain(1/77)+In(1/ R)+L] ;
O
ﬂ ) O-gs 9

n; is the initial population density in the gain medium; o is the stimulated emission
cross section of the gain medium; /,, is the length of the gain medium; /., is the
cavity length; 7}, is the initial transmission of the saturable absorber; 0,4, and o, are the

ground-state and excited-state absorption cross sections in the saturable absorber,
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respectively; R is the reflectivity of the output mirror at the fundamental wavelength;
and L is the nonsaturable intracavity round-trip loss. With the properties of the
Nd:YAG and Cr*":YAG crystals and the typical cavity parameters: ¢ = 2.8x10™"° cm”
Oy = 8.7x107"° cm?, 6, = 2.2x10™"° em?, Ly = 5.5 cm, R = 99.8%, T, = 0.6, and L =

0.01, it can be found that ¢, =~ canbe up to 1.56x10" cm™.

With Brosnan and Byer’s equation [22], the threshold photon density for the

double-pass pumped, single resonant OPO is derived to be given by

8how, w w, d, I -
wf,th (Rv) = ( S = ej; L J ln L + LS
’ nynn, & ¢ R (2)

with the gain coefficient

2 52
_8ha,m 0, dy 1,

mmmc i 3)

where g; is the mode coupling coefficient, y is the ratio-.of backward to forward pump
amplitude in the cavity; o), o7 and o3 are the signal, idler and pump frequencies,
respectively; n, and n3 are the refractive indices at the signal, idler and pump
wavelengths, respectively; 1, is the FWHM of the pump pulse; d.s is the effective
non-linear coefficient; g is the vacuum permittivity; c is the speed of light; /,; is the
length of the nonlinear crystal; L is the round-trip signal wave intensity loss in the

cavity; and Rj is the output reflectivity at the signal wavelength.
Fig. 4.3.2 depicts the calculated results for the dependence of the threshold
photon density ¢, ,(R;) on the output reflectivity Rs with the properties of the KTP

crystal and the typical cavity parameters: ;= 1.198x10" sec”’, w,=5.712x10" sec™,
hos=1.865x10" 1, dg=3.64 pm/V, L,=20 cm, n,= 1.737, ny= 1771, n3= 1.748, &
= 8.854 pF/m, Ly =0.01, and ¢ = 3x10® m/s. It can be seen that the threshold photon

density ¢, , increases from 1.9x10" cm™ to 5.6x10" cm™ for the reflectivity R,

varying from 99.9% to 0.1%. As analyzed earlier, the obtainable intracavity photon
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density of the fundamental wave generally exceeds 10'" cm™. Therefore, the
intracavity OPO for any value of R can be promisingly generated in the shared cavity,
as long as the pump energy can excite the fundamental wave to bleach the saturable

absorber and to overcome the lasing threshold.
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Fig. 4.3.2. Calculated results for the dependence of the threshold photon density on the
output reflectivity Rs.
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4.3.3 Results and Discussion

Fig. 4.3.3 shows the experimental results for the threshold pump energy versus
the OPO output reflectivity. Experimental results confirm that the threshold pump
energy is determined by the bleach of the saturable absorber not by the signal output
reflectivity. Consequently, a wide range of the signal output reflectivity can be used
to optimize the output performance. Fig. 4.3.4 depicts the experimental results for
the pulse energy of the signal output versus the signal output reflectivity. The
optimal output reflectivity for the output pulse energy can be found to be within R,
=40-50%. With the optimum output coupler, the conversion efficiency from the
diode input energy to the signal output energy is approximately 7%, which is slightly

superior to the efficiency of 4-6% obtained in a coupled cavity [23].

Figures 4.3.5 (a)-(c) show the experimental results for the temporal shapes of the
fundamental and the signal pulses ‘obtained with three.different output couplers. It
can be seen that the pulse durations of the signal-output are 4.4 ns, 2.1 ns, and 0.85 ns
for R=60%, 50%, and 15%, tespectively:” The pulse width obtained with R; = 15% is
2.4 times shorter than that obtained:with Rs =50%; however, the pulse energy is only
20% less than the maximum value. - In other words, the peak power reached with R;
= 15% can be nearly two times higher than that obtained with R = 50%. To be more
accurate, the output peak power was calculated with the experimental pulse energy
and the numerical integration of the measured temporal pulse profile. Figure 4.3.6
depicts the experimental results for the peak power of the signal output versus the
OPO output reflectivity. The optimal output reflectivity for the output peak power
can be found to be within Ry =10-20%. With the optimum output coupler, the

maximum peak power can be up to 1.5 MW.
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Fig. 4.3.3. Experimental results for the threshold pump energy versus the OPO output
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Fig. 4.3.4. Experimental results for the pulse energy of the signal output versus the OPO

output reflectivity.
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Fig. 4.3.5. Experimental results for the temporal shapes of the fundamental and the signal

pulses.
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Fig. 4.3.6. Experimental results for the peak power of the signal output versus the OPO

output reflectivity.
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4.4 Analytical Model for Simultaneous Emission of

Fundamental and Signal Waves

The OPO device is simple and provides the wavelength tenability to eye-safe
region by phase matching condition [24-26]. The dual-signal OPOs generated in the
eye-safe wavelength region, utilizing the quasi-phase-matched periodically poled
crystals, have been realized [27,28]. High-pulse-energy solid-state lasers combined
with Nd’*-doped lasers operating near 1.0 um and OPO converted eye-safe lasers are
potentially valuable for some applications, especially in target ranging of airborne
laser systems. The attainment of high-pulse-energy laser increases the risk of optical
damage to cavity components because higher pump level is required to exceed pump
threshold. Therefore, the demand for damage threshold of the coatings becomes

SEVETCr.

Intracavity singly-resonant OPO (SRO) takes the advantages of high photon
density of fundamental wave; and the good spatial overlapping of fundamental laser
and OPO signal. Moreover, the use~of output mirrors with partial reflection at
fundamental laser instead of*a highly reflective mirror is not only to generate a
dual-wavelength laser but also® to reduce the risk of optical damage [29].
Rate-equation model for the passively Q-switched IOPO has been used to analyze the
temporal behavior of fundamental laser and OPO signal pulses [30,31]. The output
energy characteristic of the simultaneous emission including the fundamental laser
and the OPO signal, however, has not been analyzed and modeled. Nevertheless, to
the best of our knowledge, the systematic investigation of the simultaneous emission

based on an intracavity SRO has not also been performed.

In this part, we firstly use the rate-equation model of a passively Q-switched
IOPO to calculate the output pulse energies of the fundamental laser and OPO signal
as functions of the initial transmission of the saturable absorber and the reflectivity at
the fundamental laser wavelength. With a nonlinear regression fit to the numerical
calculations, we extend the analytical expression for the pulse energy of passively

Q-switched lasers reported by Chen et al. [32] to develop an analytical model for the
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output pulse energies of passively Q-switched IOPOs including both the fundamental
laser and the OPO signal. To verify the accuracy of the analytical model, based on a
passively Q-switched IOPO using a Cr*":YAG crystal as the saturable absorber,
simultaneous generation of the fundamental laser output at 1.06 um and the OPO
signal at 1.57 pm is performed. Various output couplers with different reflectivity at
the fundamental laser wavelength, R, are employed to systematically investigate the
variation of the output pulse energies of both fundamental laser and OPO signal
wavelengths. Experimental results show that the output energy characteristic of a
dual-wavelength (fundamental laser/OPO signal) laser agrees very well with the
present model. The present model provides design criteria of the dual-wavelength

laser with a passively Q-switched intracavity OPO.
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4.4.1 Theoretical Analysis

In Section 4.3, we have employed the rate equation model developed by
Debuisschert et al. [30] to confirm the experimental results of an actively Q-switched
intracavity OPO. Here the initial population of the passively Q-switched laser is
employed in the same rate equation model to calculate the pulse energies of the
fundamental laser and OPO signal outputs for passively Q-switched IOPOs with a
shared-resonator configuration. In a passively Q-switched laser, the initial

population inversion density in the gain medium, n(0)=n,, can be determined from

the condition that the roundtrip gain is exactly equal to the roundtrip losses just before

the Q-switch opens, i.e.

h{lzj + ln(l) +L
T R
n =

' 20l (1

where 7, is the initial transmission .of the saturable -absorber, L is the round-trip
fundamental wave intensity loss in the cavity, and Rs the reflectivity of the output
mirrors at the fundamental wavelength. Since SRO only resonates fundamental laser
and signal fields, the evolution equation of the idler wave is eliminated. The rate

equations for the four-level Q switched laser with IOPO are given by:

dn

o=y *
d¢p _ Icr _IL[ - ¢p l

7_—100 CGl’l(¢p +A¢p) lw O-opo ¢s¢p l’r |:ln(R)+L:| (3)
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where 7 is the inversion population density of the gain medium, o is the stimulated
emission cross section of the gain medium, c is the speed of light; ¢, is the
fundamental laser photon density, ¢, is the OPO signal photon density, /., is the
optical length of the laser cavity, /., is the length of the gain medium, /,; is the length
of the nonlinear crystal, o, 1s the effective OPO conversion cross section, #. is the

round-trip time in the resonator cavity, A ¢, is the spontaneous emission

intensity, A ¢, is the noise signal intensity, L is the round-trip signal wave intensity
loss, and Ry is the output reflectivity at the signal wavelength. The effective OPO
cross section, Oy, 1S used to describe the conversion rate and derived from the

parametric gain coefficient for small gains.of the single resonator oscillator:

2 72
8o od, o 4

20 3
mnn, e, c A+ A (5)

opo “nl —

where @; and w; are the idler and signal frequencies, respectively; n;, n, and n; are the
refractive indices at the idler, signal and fundamental laser wavelengths, respectively;
d.y is the effective nonlinear coefficient; & is the vacuum permittivity; A, and A, are
the mode areas for the OPO signal and fundamental laser, respectively. The output

pulse energy can be expressed as [33]

E ——hvf'Afl (lj t)dt
iT g n R I¢/( ’ ()

where Av is the photon energy, 4 is the beam area and ¢ is the above-mentioned
photon density. The subscripts j=s, p represents the OPO signal and fundamental

laser, respectively.

Without loss of generality, we calculate the output pulse energies of the
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dual-wavelength laser for a practical example of an intracavity OPO at 1572 nm with
a type-II non-critically phase-matched x-cut KTP crystal pumped by a passively
Q-switched Nd:YAG laser with a Cr*":YAG crystal as a saturable absorber. With the
properties of the Nd:YAG, KTP crystals and the typical cavity parameters:
hv=1.26x10" J, hv,=1.86x107"" I, @ = 5.712x10"* sec™!, @, = 1.198x10" sec™, I.,.=
2.0 cm, ;= 2.0 cm, doy = 3.64 pm/V , n;= 1.771, ny=1.737, n,= 1.748, &y = 8.854
pF/m, A;=0.108 cm’, 4,=0.16 cm”, I, = 5.5 cm, R, =0.25 , L =L, = 0.01, and ¢ =
3x10% m/s, the calculated results for the output pulse energies with respect to R and 7,
are depicted by the solid lines in Fig. 4.4.1. It can be seen that for a given 7, the
OPO signal output energy increases with increasing the value of the reflectivity R,
whereas the output energy of fundamental laser decreases with increasing the value of
the reflectivity R. Physically, both the output energies of the OPO signal and

fundamental laser are proportional to the.initial population inversion density in the

gain medium #; that is an increasing function of the.factor ln(l/ T02)+1n(1/ R)+L ,

as shown in Eq. (1). From the viewpoint of practical-engineering applications, it is
of great usefulness to express the output energies of the<OPO signal and fundamental

laser as analytical functions of 7, and R.
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Fig. 4.4.1. Calculated results for the output pulse energy as a function of the reflectivity R for
several values of T,; solid lines: theoretical results calculated from Egs. (1)-(6); dashed lines:

modeling results obtained with the analytical expressions of Egs. (7)-(15).
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4.4.2 Analytical Model

For the passively Q-switched laser, the output pulse energy has been numerically

calculated as an analytical function of the parameters a, B, T,, and ln(l/ R)+L by

Chen et al. [32], where a=0,A/ycd,, f=0,/0, , A/Ay is the ratio of the

gs 2
effective area in the gain medium and in the saturable absorber, oy, is the ground-state
absorption cross-section of the saturable absorber, o is the stimulated emission
cross-section of the gain medium, y is the inversion reduction factor (y=1 and y=2
correspond to, respectively, four-level and three-level systems; see Ref. [21]). Based
on the model of Chen ef al. [32] and using a nonlinear regression to fit the calculated
results obtained with Eqgs. (1)-(6), the output pulse energy at fundamental laser

wavelength in the dual-wavelength operation ean be analytically expressed as

E,=E (1-R)""
S p (7)

with

g(T,)=0.73-1.84T, +1.14 T N

where E, is the pulse energy in the passive Q-switching operation and its expression

in the model of Chen et al. [32] is given by

1
(1—ﬂ)1n£2] :
E - ””m(lj L [1£(TT0 ] ]f(a,ﬁ)

_20'7 R 1 1
In| — |+In| — |+ L
/ (Tj [RJ

o )upper

)

where
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In(1/R)+ L
T)uper = exp{—¥}

n= 1 |:1 + 3@’506!’ :l(l _ el_a+aﬂ)
In(1/R)+L| B+0.08 , a1
vs0nah o € (0.15+0.95)
f(a,p)=1.15-0.2¢ 0.9 N + e | )

On the other hand, the output pulse energy at signal wavelength in the

dual-wavelength operation can.be fitted to be given by

— (7,)
E,=E,B(R,T)R"

(13)
with
1 —0.96T
B(R,T)= (0.25¢7°*" —0.091)
In(1/ R) (14)
and
T)=9-35T +507T"
p(L.) ° ° . (15)

To reveal the accuracy of the analytical function, we use the analytical model in Egs.

(7)-(15) to calculate the output pulse energies for the case given in Fig. 4.4.1. The
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calculated results based on Egs. (7)-(15) are shown by the dashed lines in Fig. 4.4.1.
The results obtained with the analytical model can be found to agree very well with
the numerical calculation for all cases. As a consequence, a straightforward model is

successfully developed for the design of passively Q-switched dual-wavelength 1.06
um/1.57 um lasers.
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4.4.3 Experimental Results and Discussion

To demonstrate the utilization of the analytical model, a dual-wavelength 1064
nm/1572 nm laser based on an IOPO pumped by a passively Q-switched Nd:YAG
laser in a shared resonator was performed, as shown in Fig. 4.4.2. The structure of
the shared resonator is that the OPO cavity completely overlaps with the fundamental
laser cavity. The pump source was a quasi-cw high-power diode stack (Coherent
G-stack package, Santa Clara, Calif., USA) which consisted of six 10-mm-long diode
bars with a maximum output power of 120 W per bar at the central wavelength of 808
nm. The diode stack was constructed with 400 um spacing between the diode bars
so the whole emission area was approximately 10 mm (slow axis) x 2.4 mm (fast axis).
The full divergence angles in the fast and slow axes are approximately 35° and 10°,
respectively. In the experiment, the'diode stack was driven to emit optical pulse
durations of 300 ps at a repetition rate less than.30'Hz with a maximum duty cycle of
1%. The pump radiation was delivered into the gain-medium with a lens duct that
was possessed of the advantages of simple-fabrication, high coupling efficiency, and
insensitivity to slight misalignment:. _ In_our experiment, the lens duct was
manufactured with the parameters of T = 10 mm, L' =29 mm, H; = 12 mm, H, = 3.5
mm, and H; = 3.5 mm. The coupling efficiency of the lens duct was experimentally

measured to be approximately 85%.

The gain medium was a 1.0 at. % Nd:YAG crystal with a diameter of 6 mm and a
length of 20 mm. The entrance surface of the laser crystal was coated with high
reflection at 1064 nm and 1573 nm (R>99.8%) and high transmission at 808 nm
(T>90%). The other surface of the laser crystal was coated with antireflection at
1064 nm and 1573 nm (R<0.2%). The saturable absorber for the passively
Q-switching was a Cr*":YAG crystal with a thickness of 2 mm and an initial
transmission of 50% at 1064 nm. The nonlinear crystal for the OPO was a KTP
crystal with a cross section of 4 mm x 4 mm and a length of 20 mm. The KTP
crystal was x-cut (0= 90°, and ¢ = 0°) for type Il noncritical phase-matching to
eliminate walk-off effect between the fundamental, signal, and idler beams. The

polarization of fundamental laser has a preferred linear polarization along the y axis of
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KTP crystal which is the ordinary wave. The OPO signal is also polarized parallel to
the y axis, whereas the idler is polarized along the z axis. Intracavity pumped by the
1.064 um radiation, the OPO produces a signal wavelength at 1.57 pm, and the idler
wavelength is 3.3 um. Because of the strong absorption of the idler wave (3—4 um)
in the KTP crystal and in the BK7 glass mirror, the OPO is resonant on the signal
frequency only. In general, the reflectivity of the output coupler made from BK7
glass for idler wave is less than 10%. No idler wave was extracted from the cavity
and detected. Both surfaces of the KTP and Cr*":YAG crystals were coated for
anti-reflection at 1064 and 1572 nm. All crystals were wrapped with indium foil and
mounted in conductively cooled copper blocks. To investigate the dual-wavelength
operation, we used several flat output couplers with the reflectivity of 99.8%, 98%.,
94%, and 90% at 1064 nm, and the respective corresponding reflectivity at 1572 nm
are 10%, 26%, 10%, and 24%. Note that the optimal output reflectivity at the signal
wavelength for the IOPO has been‘verified to be approximately 10-30% in Section 4.3.
The optical resonator was a“plane-parallel cavity. * The total cavity length was
approximately 55 mm. Th¢ dielectric mirror.coated with high transmission at 1064
nm (T>95%) and high reflection at 1573 am (R>99.5%) was used to separate the
fundamental laser and OPO 'signal. . Two Filters, Fland F2, were utilized in the
experimental measurement. A LeCroy digital osecilloscope (Wavepro 7100; 10 G
samples/sec; 1 GHz bandwidth) with the fast InGaAs photodiodes was used to record
the pulse temporal behavior at 1064 nm and 1572 nm. The spectral information was
monitored by an optical spectrum analyzer (Advantest Q8381A) that employs a
diffraction grating monochromator to for measure high-speed light pulses with the

resolution of 0.1 nm.
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Fig. 4.4.2. Experimental setup for an intracavity OPO pumped by a diode-pumped passively
Q-switched Nd:YAG / Cr*": YAG laser in a shared resonator.
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Experimental results revealed that the pump threshold energies were 170, 175,
182, and 188 mlJ for the reflectivity of 99.8%, 98%, 94%, and 90% at 1064 nm,
respectively. The pump threshold energy can be found to increase linearly with
decreasing the output reflectivity. It was also found that the laser threshold for the
reflectivity of 80% was greater than the maximum pump energy that was
approximately 195 mJ from the diode stack through the lens duct. The dependence
of the pump threshold energy on the reflectivity can be calculated with [34]

Ahv 1 1
E, = Elln| — |[+In| — |+ L
n20 L k)1 (16)

where 7, 1s the pump efficiency including the overlapping efficiency and the

absorption efficiency, and hv, is theqpump photonenergy. With the properties of the
Nd:YAG and Cr*":YAG crystals and thetypical‘cavity parameters: o= 2.8x10™"° cm?,
hv, = 2.46x10" J, 1, =0.545-4 = 0.16 cm’, R =99.8%, T, = 0.5, and L = 0.01, the
theoretical threshold energies were calculated to compare with the experimental
results, as shown in Fig. 4.43. It can be seen that the experimental results agree
very well with the theoretical values. Note that the pump threshold energy with
respect to the reflectivity at the fundamental laser wavelength in different 7, cases

can be theoretically calculated with Eq. (16).

Figure 4.4.4 shows the calculated and experimental results for the output pulse
energy with respect to the reflectivity at the fundamental wavelength of 1064 nm.
The calculated results obtained from theoretical Egs. (1)-(6) and from the analytical
expressions of Egs. (7)-(15), respectively, are also shown in Fig. 4.4.4 for
comparison. It can be seen that the analytical model is in good agreement with the
experimental data and the theoretical calculation. Lowering the reflectivity at 1064
nm can be found to lead to an increase in the output pulse energy at 1064 nm and a
relative decrease in the signal output pulse energy. With the reflectivity of 99.8%,
98%, 94%, and 90%, the output pulse energies at 1064 nm were 0.1, 1.9, 5.3, and 8.9
mJ, respectively and the corresponding pulse energies at 1572 nm were 10.8, 9.1, 7.7,

and 6.6 mJ, respectively. As a result, the total pulse energy of fundamental and
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signal outputs increased from 10.9 mJ up to 15.5 mJ for the reflectivity decreasing
from 99.8% to 90%. Divided by the pump threshold energy, the overall conversion
efficiency was enhanced from 6.4% to 8.2% for the reflectivity decreasing from
99.8% to 90%. In other words, the dual-wavelength output efficiency for the signal
and fundamental waves was considerably greater than the output efficiency for only

the OPO signal wave.

Typically temporal shapes for the depleted fundamental laser and OPO signal
pulses were simultaneously detected for the reflectivity of 99.8%, 98%, 94% at 1064
nm, and 90%, as shown in Figures 4.4.5 (a)-(d). It can be seen that the pulse width
of the fundamental laser output conspicuously decreases with decreasing with the
reflectivity at the fundamental laser wavelength. On the other hand, the pulse shape
of the OPO signal output generally displayed a sharp peak accompanied by a much
longer long tail. Experimental results révealed that the long tail mainly determined
the magnitude of the OPO signal.pulse energy, whereas the sharp peak had a dominant
influence on the peak power.” Figure 4.4.6 shows the output peak powers for the
fundamental laser and OPOsignal with respect to the reflectivity at 1064 nm. The
peak powers were precisely ‘deduced by-the numerical integration for the measured
temporal pulse profiles to fit the experimental pulse energies. It can be seen that the
peak power at 1064 nm is enhancedup to 0.3 MW by lowering the reflectivity at 1064
nm. In contrast, the peak power at 1572 nm could be maintained in the range of 0.62
to 0.82 MW on account of the sharp peak. In general, the central part of the
fundamental laser beam converts to the OPO signal beam only, which acts as a
naturally spatial filter. Higher order transverse modes were not observed in this

experiment.
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Fig. 4.4.3. The pump threshold energy with respect to the reflectivity at the fundamental
laser wavelength of 1064 nm in T,= 50% case; solid lines: theoretical results; symbols:

experimental values.
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4.5 Efficient Intracavity OPO with an AlGalnAs

Quantum-Well (QW) Saturable Absorber

Owing to the excellent optical properties of large stimulated emission
cross-section, large absorption coefficient, wider absorption bandwidth, and short
fluorescence lifetime, Nd:YVOy laser crystal is a candidate to generate an efficient
Q-switched laser with high pulse repetition rates as well as short pulse. Cr'":YAG
crystal is the popular saturable absorber for Nd-doped lasers in the spectral region of
1.0-1.1 pm [35-42]. However, the passively Q-switched Nd:YVO, laser with a
Cr'":YAG saturable absorber is not effectively realized, because the absorption
cross-section of the Cr*":YAG crystal (in the order of 10" cm® [43]) is not large

enough for the good Q-switching [32].

One solution for good passively Q-switching is to provide the proper spot size on
the Cr*:YAG saturable absorber = through ‘special cavity design [40-42].
Alternatively, semiconductor saturable absorber mirfors (SESAMs) have been
demonstrated as useful devices for .solid-state lasers [44-47]. Compared with
Cr'":YAG crystals, the saturation" fluence and maximum modulation depths of
SESAMs can be flexibly designed, and they can be adapted to different laser
wavelengths. Additionally, the SESAM has large absorber cross section (in the
range of 10* to 10™"° cm? [48]), and therefore is more suited for Nd:YVO, lasers.
InGaAs/GaAs quantum wells (QWs) have been used as SESAMs for above 1.0-um
solid-state lasers. However, the modulation depth is restricted to the lattice
mismatch resulting in large insertion loss. The quaternary alloy of AlGalnAs can be
grown epitaxially on a transparent InP substrate without lattice mismatch and offer a

superior electron confinement in the 0.84-1.65 um spectral range [49-51].

In this section, we demonstrate a mJ passively Q-switched Nd:YVO, laser with
an AlGalnAs/InP QWs saturable absorber under quasi-continuous-wave (QCW) diode
pumping. Furthermore, we use a coupled resonator configuration to construct a

compact intracavity OPO, consisting of a convex lens.

133



4.5.1 AlGalnAs QWs Saturabe Absorber

The AlGalnAs QW saturable absorber consisted of 50 groups of three QWs,
spaced at half-wavelength intervals by InAlAs barrier layers with a bandgap
wavelength around 805 nm, as depicted in Fig. 4.5.1 (a). The luminescence
wavelength of the saturable absorber was designed to be near 1066 nm. An InP
window layer was deposited on the QWo/barrier structure to avoid surface
recombination and oxidation. The backside of the substrate was mechanically polished
after growth. Each side of the semiconductor saturable absorber was anti-reflection

coated to reduce back reflections and the couple-cavity effects.

Figure 4.5.1 (b) shows the measured result for the low-intensity transmittance
spectrum of the QW saturable absorber. The initial transmission of the absorber at
the wavelength of 1066 nm was“found to be approximately 26%. The operation
bandwidth of the absorber is approximately 8 nm:. The saturation transmission of the
AlGalnAs saturable absorberwas.measured with a nanosecond Nd:YAG Q-switched
laser as the pump source, as shown in Fig: 45.2. The transmission of Cr*":YAG
crystal was displayed for comparison. * The Cr*:YAG crystal was highly doped with
a small signal transmission of 28% and was coated for antireflection at 1064 nm
(R<0.2%) on each side. The 95% final transmission of AlGalnAs QWs indicated the
low nonsaturable loss induced by the facet reflection and absorption by the substrate.
The Cr*":YAG crystal with a small final transmission of 85% was attributed to the
excited-state absorption (ESA) [52]. The modulation depths (A) of AlGalnAs QWs
and Cr*":YAG crystal were 68% and 57%, respectively. ~ The pulse energy fluence
of AlGalnAs QWs was two orders of magnitude smaller than that of Cr*":YAG crystal.
It reveals that a much larger absorption cross section of AlGalnAs QWs than that of
Cr'":YAG crystal. Furthermore, the relaxation time of the AlGalnAs QWs the
Cr*":YAG crystal were estimated to be on the order of 100 ns and 3 ps, respectively.
Consequently, AlGalnAs QWs is an attractive choice as a passive Q-switch for

Nd:YVO4q lasers.
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Fig. 45.1. (a) Structure of the present AlGalnAs material; (b) transmittance spectrum at
room temperature for the AR-coated AlGalnAs/InP saturable absorber.
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4.5.2 Cavity Design and Setup

The pump source was a QCW high-power diode stack (Coherent G-stack
package, Santa Clara, Calif.,, USA) which consisted of six 10-mm-long diode bars
with a maximum output power of 120 W per bar at the central wavelength of 808 nm.
The diode stack was constructed with 400 pm spacing between the diode bars so the
whole emission area was approximately 10 mm (slow axis) x 2.4 mm (fast axis).
The full divergence angles in the fast and slow axes are approximately 35° and 10°,
respectively. A lens duct was utilized to efficiently couple the pump radiation from
the diode stack into the laser crystal. In this experiment, a lens duct was
manufactured with » = 10 mm, L = 29 mm, H;= 12 mm, H>= 3.8 mm, and H;= 3.8
mm. Note that a lens duct with a large output dimension of H, X H; was used to
enhance the laser mode volume in this'plane-parallel cavity. The coupling efficiency

of the lens duct was experimentally measured to.be approximately 80%.

Figure 4.5.3 depicts the experimental configuration of a QCW diode-pumped
passively Q-switched Nd:YVO, laser with“AlGalnAs QWs as a saturable absorber.
The active medium was an a=cut 0.5 at.% Nd3+, 7-mm-long Nd:YVOy, crystal. The
entrance surface of the laser crystal was coated with highly reflective at 1064 and
1573 nm (R> 99.8%) and highly transmittance at the pump wavelength of 808 nm (T
>90%). The other side of the laser crystal was coated to be antireflective at 1064 and
1573 nm (R < 0.2%). The laser crystal was wrapped with indium foil and mounted
in a copper block. The reflectivity of the flat output coupler is 50% at 1064 nm. In
this experiments, the pump duration of QCW laser diode stack was 100 ps to match
the upper-level lifetime of Nd:YV Oy laser crystal.

On the other hand, we design a linear three-element cavity to achieve a high
conversion efficiency intracavity OPO by an internal convex lens. The three-element
cavity is shown in Fig. 4.5.4 (a), where L, is the distance between the front mirror and
the convex lens, L, is the distance between the convex lens and the output coupler, and
£ 1s the focal length of the convex lens. Due to the nonlinear crystal phase-match
acceptance angle, tight focusing limits the nonlinear conversion efficiency. The focal

length of the convex lens was chosen to be 10 cm.  With a pump area of 3.8x3.8 mm?,
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the mode size on the KTP crystal is aimed to be 1.9x1.9 mm’ to achieve a high

conversion efficiency intracavity OPO. Thus, the appropriate values of L; and L, can
be found to approximately 351 mm and 124 mm, respectively. Fig. 4.5.4 (b) shows
the experimental setup of the intracavity OPO pumped by a passively Q-switched
Nd:YVO4; laser in a coupled cavity configuration. The OPO cavity was formed by
two flat mirrors. The first mirror had a dichroic coating with highly reflective at
1573 nm (R> 99.8%) and highly transmittance at 1064 nm (T>95%). The output
coupler had a dichroic coating that was highly reflective at 1064 nm (R > 99.8%) and
partially reflective at 1573 nm. Several output couplers with different reflectivities
(34% < Rs < 90%) at 1573 nm were used in the experiment to study the output
optimization. A KTP crystal was used to be the nonlinear crystal of the OPO. The
KTP crystal, 5x5x30 mm’, was employed in a type II noncritical phase-matching

configuration along the x axis (6=_90%and ¢= 0°) to have both a maximum

effective nonlinear coefficient and no walk off between the pump, signal, and idler
beams. The longer of KTPuerystal is :used to.increéase the interaction length to

achieve higher conversion efficiency.

The overall Nd :YVO4 laser cavity length was approximately 1.5 cm and the
intracavity OPO cavity length was about 47.5 em.+ A LeCroy digital oscilloscope
(Wavepro 7100; 10 G samples/sec; ‘1 |GHz bandwidth) with the fast InGaAs
photodiodes was used to record the pulse temporal behavior at 1064 nm and 1572 nm.
The spectral information was monitored by an optical spectrum analyzer (Advantest
Q8381A) that employs a diffraction grating monochromator to for measure high-speed

light pulses with the resolution of 0.1 nm.
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Fig. 45.3. Experimental schematic of the passively Q-switched Nd:YVO, laser with
AlGalnAs QWs as a saturable absorber.
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with AlGalnAs QWs as a saturable absorber in a coupled-cavity configuration.
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4.5.3 Results and Discussion

First of all, the quasi-cw free-running operation without saturable absorber was
performed to confirm the pumping efficiency of the lens duct and the quality of the
laser crystal. A flat output coupler with 90% reflectivity at 1064 nm was utilized to
substitute the above-mentioned PQS output coupler. Figure 4.5.5 shows the
experimental results of the output pulse energy with respect to the pump energy in the
free-running operation. At 59 mlJ of pump energy, the output energy at 1064 nm is

found to be approximately 33 mJ.

We estimated the performance of the passively Q-switched Nd:YVO, laser with
the AlGalnAs QWs before the intracavity OPO experiment. The optimum
Q-switched performance at 1064 nm provides the baseline for evaluating the
conversion efficiency of the intracavity OPO. — The optimum reflectivity of the output
coupler was found to be approximately; 50%. « The threshold of the Q-switched laser
operation was found to be approximately 34 mJ. A output pulse energy of 3.5 mJ
was generated with an optical-to-optical efficiency of 10.3% with respect to incident
pump energy. In order to dccurately investigate the stability of the Q-switched
Nd:YVO, laser with the AlGalnAs QWs, the 1064-nm output pulse energy was
recorded at a repetition rate of 200 Hz, depicted in Figure 4.5.6 (a). It can be found
that the fluctuation of the output pulse energy was smaller than 2%. Figure 4.5.6 (b)
shows the temporal shape of the laser pulse. The pulse width was less than 5 ns.
By the numerical integration for the measured temporal pulse profile to fit the
experimental pulse energy, the peak power was deduced to be about 1.03 MW. The
excellent performances reveal that the AlGalnAs QW with a low nonsaturable loss
and a large modulation depth is a promising material for an efficient Q-switched
operation. To our best our knowledge, these are the largest pulse energy and the

highest peak power obtained in diode-pumped Nd:YV Oy lasers at 1.06 um [38-42,53].

With a convex lens and an OPO output coupler, the intracavity OPO experiment
was performed. The threshold of the intracavity OPO was found to be nearly the

same as that of the passively Q-switched laser. Figure 4.5.7 shows the output pulse
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energy at 1573 nm as a function of the OPO output reflectivity. It can be seen that
the optimum output coupler for the maximum OPO pulse energy is found to be
approximately Ry = 80%. With the optimum output coupler of Ry = 80%, the OPO
pulse energy was measured to be 1.53 mJ. The effective conversion efficiency with
respect to the optimized pulse energy from the passively Q-switched laser is up to
44%. With the optimum output coupler of R=80%, the stability of the Nd:YVO,
intracavity OPO was also recorded. At a repetition rate greater than 50 Hz, the OPO
output pulse energy dropped rapidly due to the damage of an AlGalnAs material.
The possible reason is ascribed to the severer thermal lensing at a higher repetition
rate, resulting in smaller spot size on the AlGalnAs material, and the intense 1064-nm
energy within the OPO cavity. Therefore, compared with the stability of 1064-nm
PQS performance at 200 Hz, the OPO output pulse energy was maintained at a lower
repetition rate of 50 Hz. The OPO output pulse energy was recorded at a repetition
rate of 50 Hz, as shown in Figure 4.5.8. It can be found that the fluctuation of the
OPO output pulse energy was.smaller,than 4%. With actively cooling system for
laser diode stack, active medium, and the AlGalnAs saturable absorber, the stability of

the output pulse energy will be improved.

Typical oscilloscope trace.of a train of the laser'and OPO pulses with R&=80% is
shown in Fig. 4.5.9 (a). The pulse-to-pulse” amplitude was within £10%. Fig.
4.5.9 (b) shows the temporal shapes of 1064 nm and 1573 nm pulses with R=80%.
By the numerical integration, the OPO peak power was calculated and found to be
approximately 60 kW. For the first time to our knowledge, a passively Q-switched

Nd:YVO4 intracavity OPO with semiconductor saturable absorber is achieved.
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4.6 Conclusions

First, we have theoretically and experimentally explored the output performance
of an intracavity OPO in a shared cavity configuration. The threshold of an
intracavity OPO pumped by a passively Q-switched Nd:YAG laser has been verified
to be utterly controlled by the bleach of the saturable absorber not by the signal output
reflectivity. Based on thorough experimental studies, we found that an efficient
subnanosecond eye-safe laser with 3.3 mJ pulse energy and 1.5 MW peak power could

be achieved with a signal output reflectivity of 15% at a diode pump energy of 65 mJ.

Moreover, the use of output mirrors with partial reflection at fundamental laser
instead of a highly reflective mirror is not only to generate a dual-wavelength
(fundamental laser/ OPO signal) laser but also to reduce the risk of optical damage.
An analytical model for designing the simultaneous emission of fundamental laser and
OPO signal with a passively ‘Q-switched IOPO: has been developed. An efficient
dual-wavelength 1.06 pm/1:57. pum laser in.-a compact IOPO with a type-1I
non-critically phase-matched x-cut KTP.Crystal pumped by a passively Q-switched
Nd:YAG laser was performed and systematically investigated to demonstrate the
utilization of the present model. "+ With the reflectivity of 99.8%, 98%, 94%, and 90%,
the output pulse energies at 1064 nm are found to be 0.1, 1.9, 5.3, and 8.9 mlJ,
respectively; the corresponding pulse energies at 1572 nm are 10.8, 9.1, 7.7, and 6.6
mJ, respectively. Experimental results show that the output energies of the
dual-wavelength laser agree very well with the results obtained with the analytic

model.

An AlGalnAs material with a periodic QW/barrier structure grown on a Fe-doped
InP structure has developed to be a saturable absorber in a QCW diode-pumped
Nd:YVOysintracavity OPO. At first, the excellent PQS performances reveal that the
AlGalnAs QW material with a low nonsaturable loss and a large modulation depth.
Stable Q-switched pulse energy of 3.5 mJ at a repetition rate of 200 Hz, with a peak
power greater than 1 MW, was generated at a pump energy of 34 mJ. To our best our

knowledge, these are the largest pulse energy and the highest peak power obtained in
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diode-pumped Nd:YVO, lasers at 1.06 um. A convex lens was used in the
intracavity OPO cavity. The threshold of the intracavity OPO was found to be nearly
the same as that of the passively Q-switched laser. With the optimum output coupler
of Ry = 80%, the OPO pulse energy was measured to be 1.53 mJ with a peak power of
60 kW. The effective conversion efficiency with respect to the optimized pulse
energy from the passively Q-switched laser is up to 44%. To our knowledge, a
passively Q-switched Nd:YVO, intracavity OPO with semiconductor saturable

absorber is achieved for the first time.
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Chapter 5

Beam-Quality Improvement of Millijoule
Q-Switched Lasers with an Unstable Cavity

Stabilized by Thermal-Lensing Effect

5.1 Unstable Cavity Design

Many lidar applications require laser radiation with high pulse energy, a short
pulse duration, and low beam divergence. ' Plano-parallel resonators are the most
commonly used cavities with simple configuration and excellent efficiency. Such a
resonator can extract high energy but leads to a large beam divergence and poor beam
quality. Practical resonator designs are typically a compromise between energy
extraction and beam quality. A stable convex-concave resonator geometry has been
proposed to achieve a large TEMy, mode volume [1,2]. Kogan et al. [1] reported a
cw 1-J frequency-doubled Nd:YAG laser. Chesler et al. [2] reported a cw Nd:YAG
laser and mentioned that resonators designed for use with laser rods as large as 0.2-0.7
cm in diameter represent a compromise between large mode radius, insensitivity to
perturbations, and compact resonator length. However, such stable convex-concave
resonator requires either a long cavity length (>17 cm) or an optical resonator
operating near the limit of stability. Therefore, the resonator becomes very sensitive

to a misalignment of the mirrors. Thermal lensing in the laser crystal greatly
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changes the size of the laser mode, which affects the overlap integrals, diffraction
losses, pump threshold, laser slope efficiency, and TEMgy, mode output power [3].

Therefore, thermal lensing is not beneficial for stable resonators.

Recently, unstable resonators have been proposed to have not only large mode
volumes but also the spatial mode selection [4,5], and experimentally demonstrated
improved beam quality over that obtained with plano-parallel resonators [6,7].
Unstable resonators provide many advantages such as large mode volume,
automatically collimated output beams, efficient power extraction, and good far-field
beam patterns [8]. In this part, we design an unstable convex-concave resonator
stabilized by thermal-lensing effect to generate a large fundamental mode volume in a
passively Q-switched Nd:YAG/ Cr*":YAG laser. By this unstable convex-concave
resonator, a high-pulse-energy, high-peak-power, passively Q-switched laser with low

beam divergence was achieved.

Fig.5.1.1 (a) shows the unstable resonator consisting of a plano-convex mirror
and a meniscus mirror to be.the front mirror.and the. output coupler, respectively.
Note that the meniscus mirror provides a-Collimated output. The parameters of Ry,
R, and L are the radii of curvature of cavity mirtors and cavity length, respectively.
An optical resonator with an internal thermal lens (lens resonator) is shown in Fig.
5.1.1 (b), where d; and d, the distances between the cavity mirrors and the principal
planes of the laser crystal, and f is the focal length of the thermal lens. Note that the
principal planes of the thermal lens can be approximated to be located inside the laser
crystal at a distance h = 1/2n [9]. Such lens resonator exhibits the same Gaussian
beam radii on the mirrors as the equivalent empty resonator with the equivalent

g-parameters g; and the equivalent resonator length L” with [9]:

g =g —ﬁ 1—i Lj=1,2;0# (1)
i i f Ri ’ 9 &y
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_(d1+d2)

g =1 2)

L' =d,+d, - dlfdz | 3)

The mode beam radii @, on the front mirror and @, on the output coupler can be given

w? = ' Lj=L2i=] . (4)

Moreover, for a passively Q-switched laser assshown in Fig.5.1.1 (c), the length of a
saturable absorber has to ~be_considered: - Therefore the optical length d,'=
dy+ls(1/ns-1) is used, where ng is the refractive index of the saturable absorber, and l;is

the length of the saturable abserber.
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Fig.5.1.1. Schematic of (a) an unstable resonator configuration; (b) an unstable resonator
with an internal lenslike laser rod; (c) an unstable resonator for a passively Q-switched laser

with an internal lenslike laser rod and a Cr*":YAG crystal.
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With Egs. (1)-(4), the dependence of the mode size @ on the thermal focal length
f for the present cavity configuration was calculated and shown in Fig. 5.1.2. In
order to have a large mode volume in a compact cavity configuration, the cavity
parameters are chosen to be R} =—-500 mm, R;= 600 mm, and L =90 mm. The other
parameters used in the calculation are as follows: d;= 35 mm, d,= 55 mm, n&= 1.82,

and I=2 mm. It can be seen that the mode size @ is insensitive to the thermal-lens

focal length in the range of 3 m to 16 m. The parameters of 9,-9, for the present

unstable cavity configuration are 9,-9,>1 and 9,-9,<1 without and with a

thermal lens, respectively. In other words, the empty unstable cavity was transferred
to a stable cavity by the thermal lensing effect. Using the ABCD-matrix method, the
laser spot radius @(z) propagating along the z-axis can be analyzed. The calculated
results for the present unstable cavity configuration are shown in Fig. 5.1.3. The
laser spot radius within laser cavity,varies slightingly in any case of the thermal focal
length. Note that the thermal-lens foeal Jength of+ quasi-cw diode pumped laser
system is estimated to be about 10 m, ‘corresponding to mode radius of 0.8 mm

approximately.

On the other hand, the radius of curvature (p3) of the output surface of the
meniscus output coupler is designed to collimate the output laser beam. In order to
avoid confusion, we redefined the symbols of the radii of curvature of cavity mirrors
as p. Based on the intracavity laser spot size on output coupler and a transformation
rule, the extracavity laser spot size can be analyzed. The transformation rule is
called the ABCD law of Gaussian optics. The ABCD law relates the complex beam
parameters, ¢, of a Gaussian beam at plane 2 to the value (; at plane 1 by using the

ABCD ray matrix, which is given by

q _Ag,+B
> Cq+D. (5)

The complex beam parameter q is expressed as
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L !
a2 R(@ (1) (6)

where R(z) represents the radius of curvature of the phase front and @(z) is the beam

radius.

If a light beam passes from air with index of refractive n; to a spherical interface
with index of refractive n, and the radius of curvature p, the ray transfer matrix for

refraction at a spherical interface is given by

1 0
M(p)=| n-n, n | (7)
Lo N

Note that the radius of curvature p is positive for a convex mirror surface and negative
for a concave mirror surface... The schematic, of" the backward laser beam
transformation is show in Fig. 5.1.4 (a).” Thercfore, the ray transfer matrix for the
light beam Q, passes two corcave surfaces (0 and p3) of this meniscus mirror and

propagates a distance of 2, is

| 5 1 0 1 0
M(zz):[0 fj n-n n|n-nn (8)

gy n np, n

Substituting n1= 1, n,= 1.5, po= —600 mm, and p; = —160 mm into Eq. (8) and with
Egs. (5)-(6), the dependence of extracavity backward laser beam (3 on position z, for
several thermal focal lengths is shown in Fig. 5.1.4 (b). The extracavity laser beams
are collimated at different distances of z, for different thermal focal lengths f. The
external beam waist position z, gets farther while larger thermal focal length f is given.
However, the external beam is focused but not collimated when the thermal focal
length is as large as 15 m. In conclusion, the radius of curvature of p; can be

designed to fit in with the desired collimation conditions (collimated spot size and
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position) in any cavity configuration case. This design concept, the output concave

surface of an output coupler, is fairly significant for many practical applications.
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By the similar analytical method, the external forward laser beam (o can be also
calculated. The schematic of the forward laser beam transformation is show in Fig.
5.1.5 (a). The ray transfer matrix for the light beam (; passes a convex surface (o)

of the front mirror and propagates a distance of z; is

1 0 1 0
n, |In-n_n 9)
n no N

1 2

Substituting n;=1, n,=1.5, and p; = +500 mm into Eq. (9) and with Egs. (5)—(6), the
dependence of extracavity forward laser beam (o on position z; for several thermal
focal lengths is shown in Fig. 5.1.5 (b). It can be seen that the beam waist exists the
front of the front mirror but not within the laser cavity for the present cavity
configuration. This analyzed result'is consistent with the beam propagation within

the cavity.

In summary, we analyze an-unstable cavity with-a lens-like gain medium, in
which carries a large mode ‘volume. ~Additionally, a collimated laser beam can be

accomplished by the output concave surface of an output coupler.
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5.2 Experimental Setup

Figure 5.2.1 (a)-(c) show the experimental setups for a free-running Nd:YAG
laser and a passively Q-switched Nd:YAG/Cr*":YAG laser, respectively. The
Nd:YAG crystal side-pumped by a quasi-cw high-power diode stack (Coherent
G-stack package, Santa Clara, Calif., USA) which consisted of six 10-mm-long diode
bars with a maximum output power of 120 W per bar at the central wavelength of 808
nm. The diode stack was constructed with 400 um spacing between the diode bars
so the whole emission area was approximately 10 mm (slow axis) x 2.4 mm (fast axis).
The full divergence angles in the fast and slow axes are approximately 35° and 10°,
respectively. The diode stack was close to the lateral surface of the Nd:YAG crystal

to have good pump efficiency.

The Nd:YAG crystal dimensions are 4x4x25/mm’ with Nd*" concentration of 1

at. %. Both end faces of the laser crystal were antireflection coated at 1064 nm
(R<0.2%) and wedged 2° to avoid interference effects. The lateral surface of the
laser crystal was polished and coated to-be antireflective at 808 nm (R<0.2%). The
Cr*":YAG crystal with a thickness of 2 mm. - Both surfaces of the Cr*":YAG crystal
were coated for antireflection at 1064 nm. The front mirror is a convex mirror with
high-reflection coating at 1064 nm (R>99.8%), and the radius of curvature of S; is
—500 mm. The output coupler is a meniscus mirror with radii of curvature of 600

mm and 160 mm for surfaces S, and S, respectively.

Various Cr*":YAG crystals with different initial transmission (30% < Ty < 60%)
and various output couplers with different reflectivity (50% < R < 70%) were used to
optimize the output performance. The total cavity length was approximately 9 cm.
The pulse temporal behavior at 1064 nm was recorded by a LeCroy digital
oscilloscope (Wavepro 7100; 10 G samples/sec; 1 GHz bandwidth) with a fast InGaAs
photodiode.
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Fig. 5.2.1. Experimental setups of (a) the diode-side-pumped Nd:YAG laser in free-running
operation; (b) the diode-side-pumped passively Q-switched Nd:YAG laser with a Cr*":YAG
crystal placed near the output coupler and (c) with a Cr'":YAG crystal placed near the front

mirror.
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5.3 Results and Discussion

First of all, the quasi-cw free-running operation without saturable absorber was
performed to confirm the quality of the laser crystal. For this investigation an output
coupler with partial reflection at 1064 nm was used, and the diode stack was derived
to emit optical pulses 250 us long at a repetition rate of 20 Hz. Figure 5.3.1 plots
the experimental results of the free-running operation for the output energy as a
function of the diode pump energy. The optimum reflectivity of the output coupler
was found to be approximately 50%. The output energy of 48 mJ was achieved at an
incident pump energy of 153 mJ. The overall slope efficiency was calculated to be

as high as 44%. The fairly good efficiency affirms the pump scheme to be practical.

Employing a Cr'":YAG crystal to_approach the output coupler, the passively
Q-switched Nd:YAG/Cr*":YAG JJaser was investigated. An output couplers with
partial reflection at 1064 nm and a Cr' :YAG ecrystal*with initial transmission were
used, and the diode stack was derived to emit opticalpulses 350 ps long at a repetition
rate of 10 Hz. In order to generate high“pulse-energy Q-switched laser, a Cr':YAG
crystal with low initial transmission:(30% < T¢<40%).was used. In this experiment,
more output pulse energy was generated when the pump region was altered in the
position of larger cavity mode size. The pump threshold energy increased with
decreasing the initial transmission of a Cr*":YAG crystal. The laser threshold for the
Cr*":YAG crystal with initial transmission of 30% was greater than the maximum

pump energy that was approximately 280 mJ from the diode stack.

Using a Cr*:YAG crystal with initial transmission of 40% and an output coupler
reflectivity of 55%, the optimized passively Q-switched laser was achieved. The
threshold of the Q-switched laser operation was found to be approximately 180 mJ.
The output pulse energy at 1064 nm was measured to be 18.5 mJ with an
optical-to-optical efficiency of 10.5% with respect to incident pump energy. As
presented in Fig. 5.3.2 (a), the Q-switched pulse was found to display the
mode-locking phenomenon, and the pulse envelope has temporal duration of

approximately 7 ns. The repetition rate of the mode-locked pulses inside the
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Q-switched pulses is approximately to be 1.36 GHz, with a pulse width of 340 ps as
depicted in Fig. 5.3.2 (b). The mode-locking phenomenon results in its maximum

peak power up to 3.32 MW.
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Two types of passively Q-switched operations with the same Cr*":YAG crystal
(To = 30%) and output coupler (R = 70%), were used to demonstrate the influence of
the position of a Cr*:YAG crystal as depicted in Fig. 5.2.1 (b) and (c).
Experimental process revealed the laser threshold increased; for the reason, two diode
stacks were used. Experimental result reveals that the output pulse energy was
enhanced from 22 mJ to 34 mJ by changing the position of the Cr*":YAG crystal near
the output coupler to be adjacent to the high-reflection front mirror.  The
optical-to-optical efficiency was also enhanced from 6.3% to 7.5%. According the
numerical result in Fig. 5.1.3, it can be found that the mode size is slightly decreased
while varying the intracavity position from the output coupler to the front mirror.
Therefore, it can be deduced that the enhanced output pulse energy is not caused by

the mode size variation.

On the other hand, in a passively’ Q-switched laser, the initial population
inversion density in the gain medium can be determined from the condition that the
roundtrip gain is exactly equal to the roundtrip losses just before the Q-switch opens,

1.€.

; (10)

where T, is the initial transmission of the saturable absorber, L is the round-trip
fundamental wave intensity loss in the cavity, and R is the reflectivity of the output
mirror. Physically, the output pulse energy is proportional to the initial population
inversion density in the gain medium n; that is an increasing function of the factor

1n(1/T02)+1n(1/ R)+L. Therefore, the reasonable explanation of the experimentally
enhanced output pulse energy is that the initial transmission factor of 21n(1/TD ) is

different between two types of experimental setups. In other words, the effective

initial transmission of the Cr*":YAG crystal is altered by the adjacent cavity mirror.

Various Cr*:YAG crystals with different initial transmission and various output

couplers with different reflectivity were used in the experimental setup shown in Fig.
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5.2.1 (c) to study the output performance. Experimental results are shown in Tab.
5.3.1. Using a Cr*":YAG crystal with initial transmission of 30%, the optimum
reflectivity of the output coupler was found to be 70%. Lowering the reflectivity at
1064 nm is found to lead to a decrease in the output pulse energy and a relative
increase in the peak power. The Q-switched pulse with an output coupler reflectivity
of 70% is presented in Fig. 5.3.3 (a), and the pulse envelope has temporal duration of
approximately 6 ns. For this experimental setup, the effective performance was
achieved with a Cr*":YAG crystal of initial transmission 40%. The output pulse
energy of greater than 30 mJ was generated. Temporal characteristic of the
Q-switched pulse with an output coupler reflectivity of 60% is shown in Fig. 5.3.3 (b).
The pulse envelope has temporal duration of approximately 4.5 ns, with the peak
power of approximately 8 MW. Finally, the beam divergence (full angle) was

measured and found to be less than 1.0 mrad.

176



Initial Output Pump Output Optical-to-optical

transmission coupler thresheld pulse Pulsewidth  Peak power efficiency
Ty reflectivity R (md) e{';{f;y (ns) (MW (fgg"l’:"n:)’
50% 50% 268 17~20 5 4~4.3 7T5%
40% 680% 370 27~32 4~4.5 7.6~8.2 8.6%
70% 454 30~34 6~7 6.8~7.6 7.5%
30% 65% 480 28~33 4.5~5 6.7~7.7 6.9%
55% 506 28~32 5 7-7.8 6.3%

Tab. 5.3.1. Experimental results of passively Q-switched operations with a Cr*":YAG

crystal posited to be adjacent to the high-reflection front mirror.
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(To, R) = (40%, 60%).
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5.4 Conclusions

We have analyzed an unstable cavity, which is stabilized by thermal lensing and
provides a large-mode-volume. A meniscus output mirror is designed to collimate
the laser beam. A side-pumped passively Q-switched Nd:YAG/Cr*":YAG laser with
high energy and low beam divergence was experimentally demonstrated. From
experimental results we deduced that the effective initial transmission of the
Cr*":YAG crystal is altered by the adjacent cavity mirror. The Cr*":YAG crystal
posited adjacent to the high-reflection cavity mirror leads to higher pulse energy
output. Greater than 30 mJ of output pulse energy was generated with a Cr*":YAG
crystal of initial transmission 30%. The peak power was higher than 7 MW. The
remarkable performance confirms the prospect of using this good beam quality and mJ
Q-switched laser in nonlinear frequency. conversions such as second harmonic

generation, optical parametric os¢illator, and Raman laser.
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Chapter 6

Summary and Future Work

6.1 Summary

In this thesis we have realized. the several fundamental emissions from standard
Nd-doped lasers including the wavelengths. of 0.94, 1.06, 1.44 um. Based on
nonlinear wavelength conversions, the intracavity frequency-doubled blue laser at 473
nm and an eye-safe optical parametric oscillator (OPO) at 1.57um have been achieved.
Two pump source, including CW' fiber-coupled laser diode and QCW two

dimensional laser diode stacks, were used in our experiments.

First, diode-pumped quasi-three-level Nd:YAG lasers at 946 nm, blue light
generation at 473 nm, and 946-nm passive Q-switching operation are performed in
chapter 2. In order to reduce the reabsorption losses, short Nd:YAG crystals with a
length of 2 mm are used. Under cw fiber-coupled laser diode pumping, the
maximum output power at 946 nm is up to 3 W at an incident power of 19.6 W.
Utilizing a BiBO nonlinear crystal, the blue laser with an average output power of
0.75 W is generated under a pump power of 13 W. For 946-nm passive Q-switching,
a low-loss saturable absorber of InGaAs QWs has been developed. An average
output power of 1.1 W is obtained at an incident pump power of 9.2 W. The
maximum peak power is found to be up to 0.53 kW and the overall Q-switching
efficiency is generally greater than 90%. The high-peak-power QCW diode stack is
used as the pump source to achieve high-power Nd:YAG lasers. A lens duct with a

smaller output aperture of 1.2x1.2 mm” is used to deliver the pump radiation to the
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laser crystal. At an on-time average pump power of 392 W, the maximum on-time
average output powers at 946 nm and 473 nm are 34 W and 9 W, respectively.
Furthermore, we experimentally demonstrate that the InGaAs QWs is superior to the
Cr*":YAG crystal because of the low nonsaturable losses. A QCW diode-pumped
passively Q-switched Nd:YAG laser at 946 nm generates pulse energy of 330 uJ and
peak power greater than 11 kW.

In chapter 3, the eye-safe laser at 1.44 um is successfully realized by suppressing
the higher gain transitions at 1.06 and 1.32 um. We have developed an AlGalnAs
material as a promising intracavity selective absorber (ISA) for an efficient
high-power Nd:YAG laser at 1.44 um. With the ISA to suppress operation at 1.06
um, the output coupler at 1.44 um can be straightforwardly designed and optimized.
Experimental results confirm that the developed ISA can still fully suppress the 1.06
um oscillation even if the cavity mitrors have ashigh-reflection coating at 1.06 pm.
At a pump power of 16W, an output power-of 2.5 W at 1.44 um, with a slope

efficiency of 23%, is achieved:

In chapter 4, eye-safe lasers at 1:57 um with intracavity OPOs pumped by
passively Q-switched Nd-doped lasers. are.performed. . First, in Section 4.3 we have
theoretically and experimentally verified that the threshold of an intracavity OPO in a
shared cavity is controlled by the bleach of the saturable absorber not by the signal
output reflectivity. A series of output couplers are used to optimize the OPO output
performance. With a signal output reflectivity of 15%, an efficient subnanosecond
eye-safe laser with 3.3 mJ pulse energy and 1.5 MW peak power is achieved at a
pump energy of 65 mJ. Furthermore, in Section 4.4 we have developed an analytical
model for designing the simultaneous emission of fundamental laser and OPO signal
with a passively Q-switched IOPO. By means of a nonlinear regression fit to the
numerical calculations, the output pulse energies of fundamental laser and converted
OPO signal are expressed as analytical functions of the initial transmission of the
saturable absorber and the reflectivity at fundamental laser wavelength. To verify the
utilization of the present model, a passively Q-switched IOPO including both the
fundamental laser at 1.06 um and the OPO signal at 1.57 pm is systematically
performed. With the reflectivity of 99.8%, 98%, 94%, and 90%, the output pulse
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energies at 1064 nm are found to be 0.1, 1.9, 5.3, and 8.9 mJ, respectively; the
corresponding pulse energies at 1572 nm are 10.8, 9.1, 7.7, and 6.6 mJ, respectively.
Experimental results are found to be in good agreement with the results calculated
from the analytic model. In section 4.5, an efficient diode-pumped passively
Q-switched Nd:YVOq laser with the AlGalnAs QW material as a saturable absorber
has been demonstrated to produce the 3.5 mJ pulse with a peak power of 1 MW at a
repetition rate of 200 Hz. The excellent passively Q-switched Nd:YVOy laser is used
as the intracavity OPO pump laser. An internal convex lens is used to achieve high
conversion efficiency. With the optimum output coupler of Ry = 80%, the OPO pulse
energy is measured to be 1.53 mJ with a peak power of 60 kW. The effective
conversion efficiency with respect to the optimized pulse energy from the passively

-switched laser is up to 44%.
Q p

In chapter 5, we have designed an unstable cavity to not only carry a large mode
volume but also improve the laser beam quality and beam divergence. Thermal
lensing effect is useful in the unstable cavity... The qualitative analysis of cavity mode
size with respect to the focal length of the thermal lensing is presented in section 5.1.
A side-pumped passively Q-switched Nd:YAG/Cr*":YAG laser with an unstable cavity
has been experimentally demonstrated.  From experimental results we deduce that
the effective initial transmission of the-Cr*:YAG" crystal is altered by the adjacent
cavity mirror. The Cr*":YAG crystal posited adjacent to the high-reflection cavity
mirror leads to higher pulse energy output. With a Cr*":YAG crystal of initial
transmission 30%, greater than 30 mJ of output pulse energy and higher than 7 MW of
peak power is generated. Experimental result reveals the excellent PQS performance

with high energy and low beam divergence.
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6.2 Future Work

The achievement of fundamental emissions from standard Nd-doped lasers can
be applied to the further study, as follows. The remarkable performance of the
passively Q-switched 946-nm laser in chapter 2 indicates the possibility of using
InGaAs QWs structure to generate the high-peak-power blue laser at 473 nm with
intracavity second harmonic generation. The excellent Q-switched laser with mJ
pulse energy, good beam quality and low beam divergence in chapter 5 can be used in
nonlinear frequency conversions such as eye-safe optical parametric oscillators,
stimulated Raman lasers with extracavity KTP or YVO, crystals, and extracavity

harmonic generations for 532-nm green laser and 355-nm UV laser in the future.

Neodymium (Nd)-doped vanadate crystals, including Nd:YVO, [1-3],
Nd:GdVO, [4-8], and Nd:LuVOQz [9,10], have been proved to be excellent laser
materials and found many applications, due to their broad absorption bands, larger
absorption and emission crosssections, and.polarized emission. With Gd ions
replacing a fraction of Y ions in Nd:YVO4crystal, the material parameters of which
will be altered and different from the ‘ordered ones. Nd-doped mixed Gd,Y;-,VO4
series crystals have proven to be-advantageous over:their corresponding ordered ones
showing significant improvement in passively Q-switched laser performance [11,12].
As similar mixed crystals, Nd:Lu,Gd; VO, crystals should also have excellent laser
properties just like that of Nd:Gd,Y;-,VO4. Recently, Nd:Lu,Gd; VO, crystals have
been grown and their laser performances were studied at 1.06 m and 1.34 m

[13,14].

Besides the common transition lines at 1.06 m and 1.34 m, we are interested
in other special transition lines such as 1.08-1.09 pm in Nd:Lu,Gd;, VO, series
crystals. The measured fluorescence spectrum of Nd:LuGdVOs, is shown in Fig.
6.2.1. It could be found that there are interesting transition lines at 1.08-1.09 um of
a-cut and c-cut Nd:LuGdVO,, which have a broaden bandwidth and different peaks of
the oand zpolarizations.  Therefore, we look forward that a simultaneous

dual-wavelength laser is realized with the a-cut Nd:LuVO, laser in the future.
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