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SUMMARY

Diode-pumped solid-state lasers are under continuous development following the
practical demand for compact, high power, as well as pulsed laser sources. In this thesis,
general lasing characteristics of two newly developed solid-state gain media, Nd:GdVO,
and Nd:GdYVO, have been studied. The investigation covers the operation of the lasers
in the continuous-wave, passive Q-switching and mode-locking modes, respectively.

Trivalent neodymium doped gadolinium orthovanadate (Nd:GdVO,) crystal is a
new gain medium developed after the two commercial Nd3* crystals, Nd:YAG and
Nd:YVO,. Nd:GdVO, has been studied intensively because of its good optical and
thermal qualities for high power laser operation. High thermal conductivity, large
absorption and emission cross section, respectively at 808 nm and 1063 nm are some
characteristics of Nd:GdVO, which make it suitable for the advances of laser. Its
isomophic mixed laser crystal Nd:GdyesY.36VOs, possesses the same general features as
well. This trivalent neodymium doped mixed-yttrium-gadolinium orthovanadate has only
recently been developed, and shows better optical and thermal characteristics than the
pure gadolinium orthovanadate. In the present thesis work, the absorption and fluorescent
spectra of both laser materials were experimentally characterized. Nd:GdYVO, was
found to have higher absorption coefficient but lower emission cross section than that of
Nd:GdVO, crystal.

Prior to the investigation of the high power laser performance, the thermal effect
of both Nd:GdVO, and Nd:GdYVO, were explicitly determined. Thermal induced

focusing lens is a detrimental factor affecting the cavity stability and mode matching in
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the end-pumped laser operation. In this thesis, the thermal focal length of each crystal has
been measured to assess its influence in cavity design.

Nd:GdVO, lasers with different doping concentration were intensively
investigated for either the CW or the passively Q-switched operation. Due to its
simplicity and compactness, two-mirror cavity was employed for these studies. CW laser
was initially constructed with a conventional a-cut Nd:GdV O, under the proper selection
of cavity length. The resonator of the lightly and mildly doped (0.5 at.% and 1.14 at.%)
Nd:GdVO, crystal was kept at about 60 mm in length, while due to the stronger thermal
influence, the cavity was shortened to 30 mm for the heavily doped (1.61 at.%) crystal.
Experimental results show that Nd:GdVO, is excellent in CW laser in high power

operation. It is particularly efficient for the lightly doped Nd:GdV O, crystal. A 6.27 W
TEMy, output power with M2of about 1.5was obtained at the full pump power of 14 W

in the laser, giving the average slope efficiency of 62.6%. CW laser performance of the
0.5 at.% doped mixed laser crystal Nd:GdYV O, has also been confirmed similarly in a 60
mm cavity. Due to smaller emission cross section, the Nd:GdY VO, laser efficiency laser
is poorer than the pure Nd:GdVO,. A 5.2 W output power with M2= 1.53 was achieved
in the laser under the pump power of 12.8 W, at a slope efficiency of about 56.4%.

Under the same cavity configuration, potential of the laser materials in passive Q-
switching has been further exploited by using Cr*:YAG saturable absorber. Nd:GdVQO,
laser with the large emission cross section on one hand is good for the CW laser. On the
other hand, it could limit the energy storage of a laser during the passive Q-switching
process if this is not appropriately designed. To this end, a comprehensive study on the

Nd:GdVO, passive Q-switching with Cr**:YAG has been conducted. This includes the

Vi
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influence of laser parameters, such as laser doping concentration, saturable absorption
strength, cavity reflectivity, and crystal anisotropy on the passively Q-switched laser
performance. The effect of Nd:GdVO, crystal doping concentration was firstly
investigated. It was found that contrary to the CW laser, higher doping concentration of
gain medium and saturable absorber is preferable to generate intense Q-switched pulses.
By using a Cr**:YAG of T, = 60%, passively Q-switched pulses with the highest pulse
energy of 158.2 pJ at arepetition rate of 6.3 kHz were achieved in a 1.61 at.% heavily
doped Nd:GdVO, laser, under the cavity coupling transmission of 40%. The maximum
peak power of the Q-switched pulses is 26.4 kW with a pulse width of 6 ns.

Through the natural birefringence of an a-cut Nd:GdVO, crystal, laser
performance was experimentally investigated under different light polarizations. It was
then further compared with that of an unpolarized c-cut Nd:GdVO, laser by using the
same experimental parameters. It was found that, though the c-cut Nd:GdV O, laser could
have a good passively Q-switched performance in the low pump power region, the laser
performance is influenced by the nonlinear absorptions at the upper energy level, and the
thermal induced cavity losses at the high pump power region. Therefore, contrary to the
common belief that laser gain media with lower emission cross-section is good for
passive Q-switching, the best passively Q-switched Nd:GdVO, performance has been
achieved on an a-cut c-polarized Nd:GdVO, laser. Stable Q-switched pulses with pulse
width of 5.4 ns, single pulse energy of 106 uJ and peak power of 20 kW were achieved in
the laser under the cavity transmissionof T =40%, and saturable absorption of T,= 60%.
It is experimentally confirmed that once the Q-switched second threshold is fulfilled,

proper combination of the coupling transmission and saturation strength is crucial for

vii
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achieving good laser performance. A comparative study of passive Q-switching
performance between the lightly doped Nd:GdYVO, and the pure Nd:GdYVQO, was also
conducted. Nd:GdYVO, passively Q-switched laser successfully showed the highest
pulse energy of 111 pJ, and peak power of 14.6 kW with pulse duration of 7 nsunder the
pump power of 12.8 W. The output is about five times higher than that obtained in the
conventional Nd:GdV O, laser.

High power lasers with bulk crystal commonly have a long cavity length, which
limits the generation of narrow Q-switched pulse. In the project, a technique of using the
coated GaAs wafer as an output coupler was employed to narrow the passively Q-
switched pulses. Based on this simple approach, Q-switched pulses with about three

times narrower pulse width were successfully obtained. In such condition, the narrowest

Q-switched pulse achieved in the passively Q-switched Nd:GdYVO,-Cr**:YAG laser is
about 2.2 ns, with the maximum single pulse energy of 57.85 uJ and peak power of 26.3
KW. A study on the mechanism of the pulse narrowing showed that the pulse narrowing
was not caused by the direct nonlinear absorptions of the GaAs wafer, but could be
attributed to the cavity loss variation induced by the free-carrier index grating. The
existence of two-photon-absorption (TPA) in the GaAs also introduces a peak limiting
effect on the Q-switched pulses, which further stabilized the pulse peak power.

In experiment, it was frequently observed that accompanying the main passively
Q-switched pulse, there is a secondary pulse in the Nd:GdVO, lasers. To find out the
forming mechanism of satellite pulse, Q-switching dynamics of the laser was
theoretically and experimentally studied. It was firstly revealed that the satellite pulse is

caused by the finite relaxation lifetime of the lower laser energy level. By further taking

viil
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into account the effective pump rate, and the thermally induced change of the cavity
mode size ratio between gain medium and saturable absorber, passively Q-switched pulse
properties and the secondary pulse were well reproduced. Based on the good agreement
of the simulated result and the experimental observation, the lower energy level lifetime
of Nd:GdVQ, is estimated to be about 20 ns.

It is a well-known fact that passively Q-switched lasers normally exhibit strong
pulse energy and repetition rate jitters. However, the physical mechanism of the
phenomenon has so far been unclear. In this thesis, the dynamics of the CW pumped
passively Q-switched Nd-ion doped lasers have also been investigated. Clear period-
doubling cascade and route to chaos, as well as an odd number of periodic windows are
observed in the Nd-doped lasers, including the passively Q-switched Nd:GdVQO,,
Nd:GdYVO,, Nd:YAG and Nd:YVO;, lasers. These experimental results suggest that the
time jitters of the Q-switched pulses are an intrinsic property of the lasers, which is
caused by the laser dynamics. Experimental studies have revealed that a strong pump
could saturate the ion population in the laser ground state. It could cause the chaotic laser
dynamics, when combined with the effect of the slow emptying lower laser energy level.
Therefore, with an extended rate equations model, which takes into account of these two
effects, the observed Q-switching dynamics of the Nd:GdV O, laser have been simulated.

Compared with the Nd:YAG, Nd:YVO, and Nd:GdVQO,, the Nd:GdYVO, laser
which has broader gain bandwidth, was further exploited for the generation of narrow
mode-locked pulses. Experiments on the passive mode-locking of Nd:GdYVOQO, laser
were conducted either with the Cr**:YAG or the GaAs as saturable absorber in a Z-fold

cavity configuration. Through proper designing the laser cavity, both Q-switched and
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continuous-wave mode-locking were successfully achieved in the lasers. A continuous-
wave mode-locking was firstly realized in Nd:GdYVQO, laser with the Cr**:YAG crystal
as saturable absorber, generating the mode-locked pulses of about 2.96 ps in duration and
repetition rate of 161.3 MHz. A period-doubling cascade was also observed in the Q-
switched mode-locking of the laser. However, it was found that the nonlinear dynamics
feature did not affect the mode-locking process. This further confirms that the
deterministic chaos is an intrinsic feature of the diode-pumped passively Q-switched Nd-
doped lasers. Under the same cavity configuration, Nd:GdYVO, was also passively
mode-locked by GaAs wafer. Continuous-wave mode-locking could be easily achieved
by using the GaAs wafer as an output coupler. However, the mode-locked pulses have

longer pulse duration which is about 8.8 ps at a repetition rate of about 161.3 MHz.
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[Chapter 1

Introduction

1.1 Motivation

Nowadays, the laser has found widespread applications from data storage (barcode
scanner, CD/DVD players and CD-ROM drivers), industrial microprocessing (scribing,
cutting, marking, etching and drilling), medical and cosmetic surgery (LASIK eye
surgery, dental treatment, scar and hair removal, wrinkle treatment), to laser light shows,
telecommunication and scientific researches. Each of the lasers operates on the same
principle of the stimulated emission, which was introduced by Einstein in year 1916 in
his proof of Planck’s law [1], and experimentally proved by Wefer using microwave
transition after almost forty years [2]. Maiman successfully demonstrated the first laser in
1960 [3].

Basically a laser system should consist of three elements: a gain medium for light
amplification, an optical pump source to produce the population inversion in the gain
medium for stimulated emission, and a cavity to confine light and provide the optical
feedback. There are typically four types of laser gain media: gas, liquid, solid-state and
semiconductor, with different characteristics for specific applications. Of all of these,
solid-state laser materials are doped crystal hosts, which are stable and durable in use
compared with the gas and dye materials.

Generally, active ions in the solid-state laser materials determine the lasing

wavelengths, while the host materials decide primarily the optical and thermal properties
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of the gain medium. The active ions are commonly selected from the transition métal ions
and rare earth ions group, which have an incomplete electron shell for optical transition.
Rare carth ions with pure narrow electronic transitions and hence less stringent to the
temperature are particularly favorable for diode pumping in most of the operations. Of all
of these, triply ionized neodymium ion (Nd**) has received specific attention because of
its appropriate four-energy level structure for a creditable lasing performance and the
ease of doping. The main Nd-doped lasers emission is in the near-infrared region, in
which the sharp fluorescent spectrum and less temperature impact on the lasing action are
crucial for many applications. The fixed near-infrared Nd lasers may also be exploited in
either visible or mid-infrared wavelength through the nonlinear frequency conversion.

In the early stage, arc lamp and flash lamp are the common pump source of solid-
state lasers. The inert gas filled lamps not only has to be replaced after the usage of 500
to 2,000 hours, the major difficulty of these power consuming systems, which require
high driving voltage, is the need to remove the waste heat from cavity. Circulating water
is thus needed with a separate chiller unit for cooling. Due to the broad emission spectra,
bulky physical size and poor beam quality of the light sources, the laser systems
generally operate with low efficiency. The solid-state laser progresses greatly with the
maturity of laser diode technology. Compared to the flash lamp sources, diode laser has a
clearly improved lifetime with operating duration of 30,000 hours up to 500,000 hours in
the recent technology. The mass produced high power laser diodes is considerably low
cost, and with a continuously falling pricing (with approximately 1 W bare laser diode in
US$ 10 range) following the steady development of the semiconductor fabrication

technology.
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In contrast to the lamp pumped system, the well match spectra between diode
emission and solid-state laser absorption band enables a compact fiber coupled laser
configuration with high optical transfer efficiency of exceeding 50%. This helps to
reduce thermal effects in the gain medium and improve the laser for a stable output and a
nearly perfect emission beam. Due to the low heat dissipation, air-cooling is thus possible
to further reduce the size and simplify the system maintenance. Besides, to be beneficial
with the low electrical power consumption, an efficient laser with diode pumping is also
able to operate with just a single phase DC (direct current) power supply. The great
enhancement is found in Nd>* doped lasers, whose absorption bands are well matched
with the GaAlAs diode emission wavelength at 700 nm - 900 nm. In conjunction with the
laser efficiency, beam quality and the marketable running cost, laser diode pumping
hence becomes interesting as a replacement for the flashlamp in constructing the compact
diode-pumped Nd** solid-state lasers.

Despite that the diode-pumped solid-state (DPSS) laser operation relies on optical
pump source instead of direct current injection, and its cost is also not as cheap as the
‘matchbox’ size diode arrays, DPSS is apparently exempted from some optical inferiors
found in the semiconductor laser. The most advantageous characteristic of solid-state
lasers is its coherent and narrow-linewidth emission which is irreplaceable by electrical
pumped semiconductor lasers. Compared to semiconductor lasers, the prominent features
of the solid-state lasers in giving intense fluorescence and high energy storage capability
are essential to develop the laser techniques for pulse generation. High peak power,
ultrashort pulses, which are generated through Q-switching or mode-locking technique

from the compact lasers are more favorable for applications. The Q-switching method is
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widely used to generate the intense pulses with kilowatt to megawatt peak power.
Operating on the basis of the simple cavity gain and loss modulation, the Q-switched
lasers become interesting light sources in ranging finder application, laser marking and
also in the clinical practice of dermatology. The Q-switched laser pulse is normally
limited by resonator length to the nanosecond duration. To achieve even short pulses in
picosecond to femtosecond regime, mode-locking technique is commonly applied. By
phase locking all the longitudinal modes in the cavity, a very short pulse traveling back
and forth in the cavity can be generated. The mode-locked pulses are applied in those
applications which require the short time resolution or ultrahigh peak power, namely in
bioscience, photochemistry and material reaction process studies. It can also be used for
material fine processing, surgery, high-speed communication systems and ultrafast data
processing.

It is expected that the fields of laser applications will increase in the near future
with every breakthrough in understanding. Research on the diode-pumped lasers, which
combine the compactness, efficiency, and high optical intensity and energy are crucial to
meet a growing number of scientific, medical, and industrial practices. In the present
thesis, the diode-pumped laser performance at different operating modes of two newly
developed solid-state laser materials, namely the neodymium gadolinium vanadate
(Nd:GdVOQy) and the neodymium mixed-gadolinium-yttrium vanadate
(Nd:Gdg¢4Y036VOs) will be investigated intensively. The thesis is hence entitled

“Investigation of diode-pumped Nd:GdVO4 and Nd:GdY VO, solid-state lasers”.
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1.2 Objectives

The dissertation is directed toward the design and development of the diode-pumped high
-power solid-state lasers using the newly developed Nd:GdVO,4 and Nd:GdY VOy solid-
state laser materials. The research contents are categorized into three portions, which are
investigation for continuous-wave, passive Q-switching, and mode-locking operations.
Corresponding to the relatively large emission cross section of the crystals, high
efficiency, and low threshold continuous-wave laser output is expected to be obtained in
the lasers. The fundamental consideration in achieving the high power laser operation is
in the thermal influence in cavity design. Theoretical and experimental investigation on
the thermal lensing will be carried out prior to the laser studies. This is on the objective to
avoid the thermal induced cavity instability, and to obtain a good cavity mode-matching
in gain medium for higher efficiency of the laser output. In order to construct a compact
laser cavity, passive Q-switching technique by using Cr**:YAG as saturable absorber will
be selected. Considering the poor passively Q-switched performance of Nd:GdVO, laser
has so far been attributed to the large emission cross section of the laser, attempts to
achieve the high peak power pulses in passively Q-switched Nd:GdVO, laser are
expected to be a challenge in the project. Therefore, effects of the laser parameters such
as laser doping concentrations, cavity transmission, saturable absorption strength, and
crystal anisotropy will be investigated explicitly for the optimum Q-switched output.
Since Nd:GdYVOy is understood to have a slightly smaller emission cross section than
the Nd:GdVOy, a comparative study of passive Q-switching is planned between these two
lasers. Actually the high power lasers with bulk crystal commonly have a long cavity

length, which is expected to limit the generation of narrow Q-switched pulse. In
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considering this feature of high power lasers, Q-switched pulse narrowing method is
going to be studied to shorten the laser pulse duration and enhance the Q-switched peak
power. This study will involve a semi-insulating GaAs semiconductor, which has been
widely reported as having strong photorefractive effect and nonlinearities. To understand
the diode-pumped passively Q-switched laser behavior, experimental investigation and
numerical simulation are planned specifically on the dynamics of passive Q-switching,
which has so far not been clearly addressed. For the purpose of ensuring the general
dynamical property in the continuously diode-pumped passively Q-switched lasers,
besides Nd:GdVO, and Nd:GdYVO,, dynamic studies will be carried out by using other
major Nd** lasers such as Nd:YAG and Nd:YVO,. Since Nd:GdYVO, possesses a broad
gain bandwidth, which is favourable for generating ultrashort pulses, the excellent feature
of the Nd:GdY VO, laser is planned to be exploited in the passive mode-locking process.
This investigation will be carried out by using Cr*":YAG crystal and GaAs wafer,
respectively in a Z-fold cavity configuration. Through the investigation of the Nd:GdVO,
and Nd:GdY VO, characteristics in high power laser operations for the continuous-wave,
intense and ultrashort pulse generation, their potential as a compact solid-state laser

source will be of great interest for wide range of applications in the future.

1.3 Major contributions of the thesis

The optical properties and thermal effect of Nd:GdVO4 and Nd:GdpesY0.36VOs were
determined experimentally prior to the investigation of laser performance. The thermal
induced focal lens was measured explicitly for each crystal in order to provide a proper

cavity design. Thermal effect incurred in the neodymium mixed-gadolinium-yttrium
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vanadate was experimentally found to be weaker than that in the neodymium gadolinium
vanadate crystal. Based on the experimental measurement and theoretical calculation, the
temperature-dependent refractive index change (dn/dT) of the Nd:GdYVOy, crystal is

deduced to be 3.5 x 10° K.

Based on the measured thermal focal lens, a high efficient CW Nd:GdVOy laser
operating at 1063 nm has been designed and developed. The laser was constructed by a
lightly doped a-cut Nd:GdVOy crystal as gain medium, and was found efficient at high
power operation, giving an average slope efficiency of 62.6%. At the full pump power of
14 W, a maximum output power of 6.27 W with M* of about 1.5 was obtained in the
laser. Comparatively, CW laser performance of the lightly doped Nd:GdYVOy; laser is
slightly poorer because of its smaller emission cross section. A 5.2 W output power with
M? = 1.53 low-order transverse mode was achieved in the laser under the pump power of
12.8 W, at a slope efficiency of about 56.4%.

Under optimized cavity configuration, passively Q-switched Nd:GdVO; laser
with Cr**:YAG saturable absorber was experimentally characterized. In contrast to the
CW operation, Nd:GdVOy, laser with high doping concentration was found to be more
favourable in achieving high peak power of Q-switched pulses. By using a 1.61 at.%
heavily doped Nd:GdVO; crystal, maximum Q-switched peak power of 26.4 kW with
pulse width of 6 ns was successfully achieved in the laser, which is known as the best
result in the passively Q-switched Nd:GdVO, laser. Through the study of the crystal
anisotropic effect on the passive Q-switching, the a-cut Nd:GdVOQy, which has a large
emission cross section, was found to be efficient in generating the intense Q-switched

pulses. This shows that the common belief that lower emission cross-section is good for
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passive Q-switching is not absolute to each laser in every condition. According to the
demonstration, proper combination of laser parameters was found to be most crucial to
generate high peak-power Q-switched pulses in such a large gain cross section laser.

A comparative study of passive Q-switching performance between the lightly
doped Nd:GdYVO, and Nd:GdVO4 was also conducted. Nd:GdYVOy passively Q-
switched laser successfully showed the highest pulse energy of 111 uJ, and peak power
of 14.6 kW with pulse duration of 7 ns under the pump power of 12.8 W. The output is
about five times higher than that obtained in the conventional Nd:GdVOy laser. In the
same cavity configuration, a technique of using the coated GaAs wafer as an output
coupler was employed to narrow the passively Q-switched pulses. Based on this simple
approach, Q-switched pulses with about three times narrower pulse width were
successfully obtained. The narrowest Q-switched pulse achieved in the passively Q-
switched Nd:GdYVO4Cr*":YAG laser is about 2.2 ns, with maximum single pulse
energy of 57.85 pJ and peak power of 26.3 kW. A study of the pulse narrowing
mechanism showed that the Q-switched pulse narrowing was not caused by the direct
nonlinear absorptions of the GaAs wafer, but could be attributed to the cavity loss
variation induced by the free-carrier index grating. The existence of two-photon-
absorption (TPA) in the GaAs also introduces a peak limiting effect on the Q-switched
pulses, which further stabilized the pulse peak power.

Generally, a secondary pulse has been observed in the passively Q-switched pulse
profile under certain conditions. The formation mechanism of satellite pulse in the
passively Q-switched Nd:GdVO, laser was firstly investigated in the numerical

simulation. The finite relaxation lifetime of the lower laser energy level is found to be
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detrimental to delaying the laser extraction from the upper energy level. This results in
two stages of relaxation to fully release the stored energy at the upper energy level, and
forms a satellite pulse subsequent to the main Q-switched pulse. Based on the good
agreement between the calculated and the experimentally measured pulse properties,
relaxation time of the lower energy level in Nd:GdVOy is determined to be about 20 ns.

Dynamics of the CW pumped passively Q-switched Nd-ion doped lasers has been
investigated to understand the physical mechanism of the Q-switched pulse energy and
repetition rate jitters, which are so far unclear. Clear period-doubling route to chaos, as
well as odd number of periodic windows are observed in the Nd-doped lasers, including
the passively Q-switched Nd:GdVO,, Nd:GdYVO,, Nd:YAG and Nd:YVOy lasers. By
using an extended rate equations model, which takes into account the saturation of
ground state population, and the slow emptying lower laser energy level, the observed Q-
switching dynamics of the Nd:GdVOy, laser have been simulated. These experimental
results suggest that the time jitters of the Q-switched pulses are an intrinsic property of
the lasers, which is caused by the laser dynamics.

The passively mode-locked Nd:GdY VO, operation has been firstly demonstrated.
Cr*:YAG crystal and GaAs wafer were respectively used as saturable absorber for the
mode-locking. Both Q-switched and continuous-wave mode-locking were successfully
achieved. In particular, the first continuous-wave mode-locking was demonstrated by
using the Cr*":YAG crystal. The mode-locked Nd:Gdo g4 Y036 VOs-Cr*: YAG laser has a
pulse width of about 2.96 ps at a repetition rate of 161.3 MHz. While using the GaAs
output coupler, mode-locked pulses of 8.8 ps were obtained in the laser under the same

cavity configuration.
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1.4 Organization of the thesis

This thesis describes the experimental and theoretical investigation on the diode-pumped
Nd:GdVO, and Nd:GdY VO, lasers. The properties of the Nd:GdVO, and Nd:GdY VO,
laser materials are firstly discussed in Chapter 2. In addition, fundamentals of the passive
Q-switching and passive mode-locking are reviewed, including the basic principles of the
Cr*":YAG and GaAs saturable absorber. Chapter 3 contains the investigation of the CW
operation of the diode-pumped Nd:GdVO; and Nd:GdYVOy lasers. These include the
thermal effect on the laser, cavity design, and the experimental characteristics of the
lasers performance. Detailed experimental studies on the diode-pumped passively Q-
switched lasers are given in Chapter 4. The chapter begins with the investigation on
determining the factors for the optimized Nd:GdVO4 Q-switched laser output. It is
followed by the comparative study of the Nd:GdYVOj laser in passive Q-switching, and
the proposed pulse enhancing method, which is employed to further improve the
generated Q-switched pulse peak power. The investigation of the passively Q-switched
pulse profile of Nd:GdVOy laser under different laser parameters is explicitly shown in
the last portion of the Chapter 4. Chapter 5 deals with the numerical simulation on the Q-
switched satellite pulse generation in Nd:GdVO, lasers which is observed in the
experiments. Both the experimental observation and the numerical simulation on the
chaotic dynamics in various Nd-doped passively Q-switched lasers are presented in
Chapter 6. Experimental studies on the passive mode-locking of the diode-pumped
Nd:GdY VO, are discussed in Chapter 7. Chapter 8 presents the conclusion of the work in
the thesis. Included in this chapter are suggestions for future work that needs to be

undertaken for further development.
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CHAPTER

Fundamentals of laser materials and operations

Solid-state laser materials are understood to be a solid-state host doped with a small
quantity of active ions, which provide the optical transition within the free-ion electronic
states. Rare earth ions, particularly the Nd®* doped solid-state laser materials, with an
intense luminescence and a relatively long fluorescent lifetime, are of great interest for
laser operation. Laser gain medium is the basic component that affects output efficiency
and performance of a laser under certain operating conditions. For instance, a gain
medium with a large stimulated emission cross section is preferred for the continuous-
wave laser, but might not be prominent for the Q-switched laser operation if the laser is
not appropriately designed. The effect of the optical property is more apparent in
condition where the laser performance is solely dependent on the interaction between
radiation and matter. Therefore, background studies of the gain medium, and the
understanding on the laser mechanisms are essential to this thesis.

This chapter begins with a review on the characteristics of Nd** solid-state laser
materials to bring out the optical and thermal features of the newly developed Nd:GdVO,
and Nd:Gdge4Y036VOys crystals. The fundamentals of passive Q-switching and mode-
locking are discussed. The relevant experimental parameters and criteria for the effective
pulsed laser operations are derived. This provides important guidelines for laser design
and optimization. Consequently, properties of the Cr*:YAG and GaAs saturable

absorbers that are used for pulse generation will be described.

11
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2.1 Properties of trivalent neodymium ion

Trivalent neodymium ion is the most successful and commonly used rare earth ions in
solid-state laser materials. The 780nm and 810nm absorption bands of the Nd ions are
particularly suitable for the AlGaAs laser diode pumping to excite the Nd** ions in the
ground state to either ‘Fup (~ 760 — 780 nm) or *Fsp (~ 795 — 815 nm) energy levels. The
rapid non-radiative decay brings the excited ions to the metastable *F3, level before
further relaxing down to the lower terminating levels. This metastable lifetime is
typically in the microsecond range, and varies according to host material and ions doping
concentration. There are two main photon decays from the metastable level are the ‘Fip
—)41”/2 transition, which produce near infrared radiation at 1.06 pm, and the 4F3/2
-4 1302 transition for the radiation at about 1.34 um. Without the significant population
in the lower lasing level that results in reabsorption, both of these optical transitions are
four level systems, giving an efficient laser operation at 300K and above. Another two
possible transitions take part between ‘F 30— 419/2 and ‘F 30 - 152 for the fluorescent at
0.94 um and 1.82 um, respectively. After the fluorescent relaxation, there is then a fast
phonon decay to complete the ion transition cycle from the terminating level back to the
ground state.

For crystalline materials the fluorescence efficiency from the metastable state is
typically greater than 99.5% [4]. This indicates that the excited state absorption is less
significant in the Nd-doped lasers. Intense emission lines of Nd** jons generally yield a
relatively large stimulated emission cross section in the order of 1 — 10 X 10" cm? for
efficient lasing. In the transitions, 1064 nm fluorescent transition is the most used

wavelength. The highest branching ratio from the metastable level and the four-level

12
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nature energy level make it the standard wavelength for many high power laser systems.
Since interaction between the crystal field and the active ions is a significant factor to
alter the Nd-doped laser characteristics, there is a continuous interest in developing new
crystalline host with higher quality for the prominent lasing action.

Up to now, Nd** ion has been successfully used to lase in many kinds of laser
hosts. Among them, Nd:YAG is the famous Nd-doped laser. The isotropic YAG host has
a good thermal conductivity of 11.1 W/meter K, which can be used for either the high
power CW or pulsed operation. With an effective emission cross section of 2.8 x 107"
cm? [5], Nd:YAG is advantageous to produce the intense Q-switched pulse. The small
emission gain, on the other hand, is the cause of the high lasing threshold in laser
operations.

Ever since the 70’s when the neodymium yttrium vanadate crystal (Nd:YVQ,)
was invented, it was found to have some better optical features over Nd:YAG.
Spectroscopic studies showed that the emission cross-sections of Nd:YVO, at 1064 nm
and 1342 nm are much larger than those of the Nd:YAG [6, 7]. Benefiting from the larger
stimulated emission cross-section at the lasing wavelength, Nd:YVOQy, laser is able to
maintain strong single line emission at lower lasing threshold. With broader absorption
bandwidth [8], Nd:YVO, can be efficiently pumped, without the influence of the
temperature induced wavelength shift in laser diode. Since the a-cut vanadate crystal is
uniaxial, polarized laser output can be obtained. Following the development of reliable
high power laser diodes, the first demonstration of an efficient, end-pumped Nd:YVO,
laser was achieved in the 1980’s [9]. Strong absorption coefficient and high emission

gain of Nd:YVO4 shows higher output power than Nd:YAG laser in the low pumping

13
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regime. However, the poor thermal quality of Nd:YVOy limits its application in high
power laser operation. This shows the need for the development of a higher quality new
crystal host with similar excellent optical properties as provided by Nd:YVOj.

In year 1992, the first Nd:GdVOy crystal was developed using the Czochralski
method [10]. Results showed that this new crystal possesses good optical and thermal
properties indicating that Nd:GdVO4 has good potential to replace the commercial
Nd:YAG and Nd:YVO, for many applications [11 - 13]. The development of Nd:GdVO4
was obstructed by difficulties in growing high quality crystal due to the interface
instability and scattering problem [14]. In the recent several years, the Nd:GdVOy, crystal
quality has been improved intensively. A liquid synthesis approach was reported to
replace the conventional solid-phase reaction method in growing Nd:GdV O, through the
Czochralski pulling method [15]. This liquid phase synthesis could effectively purify the
polycrystalline materials and minimize the solid impurities for a large dimension of
crystal growth. Nd:GdV O, has hence attracted great attention for high power lasers.

Based on the close similar melting point of Nd:YVO4 and Nd:GdVOQy at about 20
OC, very recently, the excellent potential of Nd:GdVO, has been further improved
through the mixture of Gd®* and Y’' ions in vanadate crystals by using the same liquid-
phase synthesis Czochralski method. Initial studies revealed that the Nd:Gd,Y;,VOy4
crystals have higher potential in high power laser applications compared to the pure
Nd:GdVO, crystal. Because of the flexible vary of the Gd/Y mixing concentration, this
Gd/Y ratio becomes crucial in determining the thermal and laser properties of the crystals
[16, 17], such as absorption and emission cross section, fluorescent lifetime and gain

bandwidth. In particular, Nd:Gd,Y;xVOs with x = 0.64, has been experimentally
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characterized. It possesses a relatively lower emission cross section, larger laser emission
bandwidth and slightly longer fluorescent lifetime compared with the pure neodymium
gadolinium vanadate crystal [18], therefore, it is more attractive for pulsed laser

operation.

2.2 Development of Nd:GdVO, and Nd:GdY VO, mixed crystals

Based on above considerations, this thesis concentrates mainly on the development of
diode-pumped solid-state lasers of the newly developed vanadate crystals, Nd:GdVO,
and the mixed Nd:GdYVQ,. Each of these hosts modifies the characteristics of the
doped Nd** ions according to the crystal field. The properties of these laser materials
compared with their isomorphous Nd:YVO, and the versatile Nd:YAG are discussed,
after a brief historical overview of the development of each of the hosts. The absorption
and fluorescent spectra of Nd:GdVO, and Nd:Gdye4Y036VOs samples have also been

checked in the experiment

2.2.1 Crystal structure and orientation

Vanadate crystals like yttrium, gadolinium or the mixed-godolinium-yttrium vanadate
compounds are in the same oxide group crystallizing in a zirconium silicate (ZrSiO,)
structure [19 - 21] as shown in Fig. 2.1. They all belong to tetragonal space group of
14;/amd. As for a pure GdVOy crystal host, the Zr** and Si** in lattice respectively
represent the Gd** and V°* ions. Each vanadium ion V** is coordinated by four oxygen
ions O% to become vanadate. While Gd** ion is surrounded by eight O% in the crystal

host. For better understanding, the simplified structure is schematically shown in Fig. 2.2.
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Chapter 2 Fundamentals of laser materials and operations

Fig. 2.1: The typical zircon (zirconium silicate) structure.

Fig. 2.2: Schematic diagram of the Nd:GdV O, or Nd:GdY VO, crystal structure.

When the pure YVO, or GdVO, crystal host is doped by the rare earth Nd** ions, Nd*~

jons will substitute some of the Y** or Gd** in the lattice following its doping percentage.
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Typically, 1.0 at.% of Nd®>* doping level yields population density of about 1.38 x 10%
ion/cm®. Since both GdVO, and YVO, compounds have the same structure and with a
melting point difference of 20 0C, the formation of GdxY1.xVOs is expected over a wide

range of 0 < x < 1 between the two terminal pure vanadate compounds. The same

mechanism of Nd** substitution is possible also in the case of a mixed Nd:GdY VO,
crystal, where the crystal lattice consisted of Gd®" and Y** simultaneously. The
segregation of Nd*" in YVO,, GdVO, and GdysYosVOy is respectively as 0.63, 0.78, and
0.80 [22]. In preparation, the raw materials are synthesized in the liquid form, the ions
reaction can be described through the reaction equation as follows.

Wd> +(1-y)M* +VO; +20H" = Nd M, VO, {+H,0 | (2.1)
where M = Y, Gd for pure vanadate crystals, or M = Gd,Y., for the mixed vanadate
crystals. The value of x is a ratio of the mixture between Gd and Y ions in the material,
whereas, 7 is the doping percentage.

Based on the tetragonal structure of GdVOQy, a- and b-axis perpendicular to ¢ axis
are indistinguishable. From the physical viewpoint, Gd** has a slightly larger ionic radii
than Y>* ion (Rgg = 1.05 A > Ry = 1.02 A [23]), where the Nd:GdVO, crystal lattice
constants a = b = 0.72126 nm, ¢ = 0.63483 nm [24] are larger than that of Nd:YVO, (a =
b=0.7119 nm, ¢ = 0.6290 nm [25]). Therefore, the mixture of different ionic radii of Y
and Gd>" ions in the lattice will cause the mixed crystals lattice parameters in an
intermediate range between the Nd:GdVO, and Nd:YVO,. The lattice p:clrameters will
become larger with the increase of Gd/Y ratio in the mixed crystal. It has been reported
that for the mixed crystal with concentration of Gd = 0.18, Y = 0.82, its lattice constants

at a- and c-axis are respectively about 0.71401 nm, 0.63028 nm, whereas, the
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Nd:Gdg 4 Y036VO4 has a slightly longer lattice constants of a = 0.71801 nm, ¢ = 0.63290
nm [16]. By taking advantage of the tetragonal structure, natural crystal facets will be
formed as if the growth direction were along the crystallographic axis. For instance, two
[100] planes will be easily developed to be the crystal surface if crystal growth direction
is perpendicular to the c-direction, whereas, no intrinsic facets are expected, and large
diameter of crystal rod will be obtained if the growth direction is [110] [26]. Similarly,
Nd:YVO,, Nd:GdVO, and the mixed crystals can be a uniaxial crystals depending on the
crystal growth direction. Corresponding to the natural birefringent characteristics the
physical and laser properties differ depending on the light traveling direction along a- and
c-axis.

For a better understanding, the light propagation in relation to one crystal lattice is
illustrated in a simple diagram, with lattice axis denoted as a, b, and c-axis, respectively
(Fig. 2.3). Commonly for the light propagation direction, which is in parallel with the a-
axis, the crystal is denoted as an a-cut crystal. This is so to name a c-cut crystal following
light propagation direction along the c-axis. As in Fig. 2.3a, for the a-cut crystal, light
will experience the anisotropy of the crystal because of the different lattice constants
along the b- and c-axis. Specifically, the polarization of light along the c-axis will have a
larger refractive index than that of light polarized along the a-axis (for instant, Nd:GdVOy:
ne = 2.19 > n, = 1.97 [27] at 1.06 um) . The absorption cross-section and stimulatcd
emission cross section for the c-polarized light is also larger than the a-polarized light
[28]. When the crystal is put in a laser resonator, the light polarized parallel to the c-axis
(optical axis) survives, giving a linearly polarized e-ray, and the weak o-ray is suppressed

due to the gain competition. While for the c-cut crystal, light propagating along the c-axis
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cannot experience any difference between the symmetrical a- and b-axis (Fig. 2.3b).

Hence, c-cut crystal laser output is unpolarized, which is similar to the case of the

Nd:YAG laser.

(a) aj:

(b)

Fig. 2.3: Schematic illustration of the light propagation in the a-cut and c-cut tetragonal
Nd-doped vanadate crystal, respectively. (a) a-cut case, (b) c-cut case. The solid shape in

the crystal represents the wavefront of the light in the unit crystal cell.

2.2.2 Material characteristics

2.2.2.1 Absorption and fluorescence properties

19



ATTENTION: The Singapc

gt Act applies to e hap e PFimdimentals of laser materials and'operations

Due to the anisotropic crystal field, the absorption and emission coefficient of the
uniaxial Nd:GdVO,; and Nd:GdYVOQ, crystals differ from each other at the two
perpendicular axes. Typically for a 1.2 at.% Nd:GdVOy4 crystal, the peak absorption
coefficient for ¢ (m)-polarized light at 808.4 nm is 78 cm™, deducing an effective
absorption cross section of 5.2 X 10" cm? as reported by Jensen et al. [29], whereas, the
absorption coefficient of the a (0)- polarized direction is about 17 cm™!, which is about
4.6 times lower than that of its perpendicular absorption, giving an absorption cross
section of 1.1 x 10" cm?® The Nd:GdVOy, laser is more susceptible to the wavelength
variation of the diode pump source following the homogeneously broadened absorption
linewidth at 808 nm of 1.6 nm. The a- and c-polarized absorption spectra of a 1.2 at.%

doped Nd:GdVO, sample are shown in Fig. 2.4 [29]. One can clearly see that the

absorption peak of c-polarization is several times greater than that of the a-polarization.

LIRS

i)

Absorption coefficient (cm™)

Wavelength (nm)

Fig. 2.4: The polarized direction scanned of absorption spectra for Nd:GdVO; crystal.

Absorption spectrum of Nd:YAG is given as a reference.
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The absorption spectrum of an a-cut, 0.5 at.% doped Nd:Gdp64Y0.36VO4 sample
was experimentally compared with a Nd:GdVOy crystal of the same doping level. The
spectra measured by using a UV spectrophotometer (HP 8453) show the same absorption
peaks in both Nd:GdVO, and Nd:GdYVOq. It is shown in Fig. 2.5 that Nd:Gdg 64 Y0.36VO4

mixed crystal with thickness of 5 mm has a slightly (about 6%) higher absorption peak.

1.5

=== NdIGd0.54Y()'36VO4
— Nd:GdVO,

e
(=]
1

0.5

Absorption (arb. unit)

o
o
1

790 800 810 820 830 840
Wavelength (nm)
Fig. 2.5: Absorption spectra of Nd:Gdg¢4Y036VO4 and Nd:GdVO4 measured with UV

spectrophotometer.

Similar to the higher absorption coefficient along the c-direction, the c-polarized
fluorescence emission coefficient of Nd:GdVOQy is also higher than its a-polarized light.
The difference between the a-polarized and c-polarized emission peak intensity at 1063
nm gives a good measure of their stimulated emission cross section ratio. Following the
analysis of Jensen et al. on the Nd:GdV O, polarized fluorescence spectra as given in Fig.
2.6 [29], the c-polarized fluorescence peak is about 2.3 times higher than the a-polarized

emission peak. From this relation, the a-polarized emission would have a cross section of
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3 x 107" cm?, while the c-polarized emission cross section is 7.6 X 10" cm?®. The same

parameter was reported by Zagumennyi et al. [30].
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Fig. 2.6: The ¢- and a-polarized fluorescence spectra of Nd:GdV Oy crystal.

The polarization-dependent fluorescence spectra of a Nd:GdVO, and a
Nd:Gdo64Y0.36VO4 crystal with 0.5 at.% Nd** doping concentration were analyzed with
an optical spectrum analyzer (Ando, MS9710A). As shown in Fig. 2.7, in the range of
900 nm to 1400 nm, there are three emission peaks at 1063 nm, 1342 nm, and 913 nm,
corresponding to the Stark energy transition between 4F3/2 with 4111/2, 4113/2, and 419/2.
Referring to the enlarged spectra for the dominant emission at 1063 nm (Fig. 2.8), 1065
nm, 1070 nm, 1082 nm, and 1086 nm transition lines are found mainly caused by the

total Stark splitting of the “I;;,; energy level corresponding to the multiplets at 1987 cm’,

2035 cm'l, 2137 cm’, and 2165 cm’
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Fig. 2.7: Experimental measured fluorescence spectra of Nd:GdgesVo.36VOs and

Nd:GdVOq crystals.
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Fig. 2.8: Enlarged of the measured dominant emission spectra of Nd:Gdo.64V0.36VO4 and

Nd:GdVOy crystals in near infrared regime.

According to the spectra shown in Fig. 2.8, the emission peak ratio between the
Nd:GdVO, and Nd:Gdg 64 Y036 VOys is about 1.57. Stimulated emission cross section of the

mixed crystal is thus calculated to be about 4.8 X 10" cm? if 7.6 x 107"° cm? is taken as
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the emission cross section of Nd:GdVOy. The estimated emission cross section of mixed
crystal agrees well with the reported measurement [31]. From the figure, the fluorescence
linewidth of Nd:GdVOy is about 1.3 nm, whereas the mixed crystal Nd:Gdg64Y36VO4
has a broader spectrum of about 3.5 nm. These values are the same as those measured by

other researchers [31, 32].

2.2.2.2 Visible fluorescence

Besides the dominant atomic transition between *F 22 - I 112 and ‘F 30 - M 130, 1t has also
been reported that luminescence is possible in Nd:GdVOQOy laser. The visible fluorescence
is most probably associated with excited-state absorption (ESA) and energy transfer
upconversion (ETU) in the metastable ‘F 32 level. The processes were even found to have
effect at the low pump power levels [33], as which the yellow fluorescence was detected
under 500 mW of 808 nm excitation [29]. According to Fornasiero et al., the ESA cross
section at Nd:GdVOy upper energy level is about few 102 cm? [34]. Whereas the ETU
rate is 1.2 x 107 cm3s'1, which is about one order magnitude higher than that in other
Nd** crystals such as Nd:YAG and Nd:YLF [35]. Therefore it is expected that such
nonlinear interactions will become significant when the stored population inversion is
high in Nd:GdVO, laser. This condition could be fulfilled when the laser is operating in

Q-switched regime.
2.2.2.3 Thermal properties

The thermal quality of laser crystals is critical for a laser to achieve good laser beam

quality and output performance, particularly for high power lasers. Heating on the laser
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material is normally due to the thermalized terminal laser levels, absorption pump
photons by the laser medium, optical quenching, and quantum defects. Gain medium may
be physically distorted or damaged in the laser operation with the existence of thermal
loading. The low thermal conductivity will cause thermal focal lensing, stress induced
birefringence, and further degrading of the laser beam quality and output. In principle,
there are two independent thermal parameters in relation to the anisotrpic characteristic of
Nd:GdVO, and Nd:GdYVO,. Table 2.1 gives the available thermal parameters of
Nd:GdVO, and Nd:Gd,Y;,VO, crystals. As a reference, the related parameters of

Nd:YAG and Nd:YVOy, are shown together in the table.

Table 2.1: Thermal parameters of Nd:YAG, Nd:YVOy, Nd:GdVO, and Nd:Gd,Y4VOs

crystals.
Thermal expansion Thermal conductivity Specific
Crystal coefficient (x 10° K™ (Wm'K™) heat
a-axis C-axis 4-axis c-axis d g'lK'l)
Nd:YAG [36] 7.8 <111> 11.1 <111> 0.59
Nd:YVO4[37, 38] 2.2 8.4 5.1 5.23 0.5022°
Nd:GdVO, [39,24] | 1.5 7.3 10.7 11.4 0.5016
Nd:Gdy Y1« VO4 [16]
[x]=0.12 148 7.94 - - 0.73
=0.42 1.32 7.72 - - 0.63
= 0.50 [22] - - - 12.5 -
=0.64 1.32 7.72 - - 1055
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The specific heat data marked with asterisk (") are converted from that in unit of cal./(mol
K) in [24] for the purpose of comparison. From the table, the mixed laser crystals
generally have a large thermal conductivity and specific heat as compared with Nd:YAG,
while Nd:GdVOy4 has also a relatively good thermal conductivity, indicating that both
laser materials are excellent for the high power lasers or for pulsed applications.

For clearer comparison and understanding on the material characteristics in lasing
action, basic spectroscopic parameters of the Nd:GdVO,4, Nd:GdYVO, and two other

major hosts of Nd-ion doped lasers are summarized in Table 2.2 as a reference.

Table 2.2: Summary of the spectroscopic parameters of the pure and the mixed

gadolinium vanadate from the literatures.

Stimulated
Absorption o
. emission cross
Cross section . Emission | Fluorescen
@ ~808 nm (x section @ ' . e
Crystal . ~1064 nm (x linewidth, | t lifetime ||
107" cm”) 10" em?) E| c(mm) |c(us)
a-axis | c-axis | a-axis | c-axis
Nd:YAG (1 at.%) [40,41] | 0.7 2.8 0.45 230
Nd:YVO4 (1 at.%) [42] 0.91 3.1 2.95 14.4 0.8 96
Nd:GdVOy (1.2 at.%) [29,
1.1 5.2 3 7.6 1.3 90
43]
NdZGd0‘36Y()_64VO4 (05
- 5.5% - 4.8 3.5 138
at. %) [31]

* Experimental estimate.
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Optical properties differ significantly for different laser hosts, with pros and cons
to offer for different laser operating condition. Nd:YAG with its relatively long
fluorescent lifetime and small emission cross section is beneficial for Q-switching.
Narrow emission linewidth allows Nd:YAG laser to be used in longer cavity before the
free spectral range is comparable to the gain bandwidth. However, it is unfavourable to
mode-locking for ultrashort pulse generation. In addition, weak absorption places
limitations on Nd:YAG in diode pumping. In contrast, Nd: Y VOy4is more suitable for CW
laser action with the large emission cross section. Its strong and broad absorption band
provides case of diode pumping. In contrast, the relatively short upper state lifetime
associated with the large emission cross-section seriously limits the applications of
Nd:YVOq in passively Q-switched lasers.

Compared between these two commercial laser crystals, Nd:GdVOy has a much
larger absorption cross-section, which reflects its suitability to the diode pumping. With
an average emission cross section in between that of the Nd:YAG and Nd:YVO,, and a
fluorescent lifetime which is comparable with Nd:YVOy, there is potential to apply
Nd:GdVOy in both high power CW and Q-switched operations, whereas, as checked in
experiment, the newly developed mixed crystal Nd:GdoesYo36VOs has even higher
absorption than Nd:GdVO,. The relatively smaller emission cross section as well as the
longer upper state lifetime, might make it attractive in the diode-pumped passively Q-
switched operation. Because of the random distribution of Gd* and Y* in crystal lattice,
Nd:Gdo64Y036VO4 has a non-homogeneously broadened emission linewidth, which is

preferable to generate narrow mode-locked pulses. All these potential features are the
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drive in choosing Nd:GdVO, and Nd:Gdg 64 Y036V O3 as gain media for laser development

and studies in this thesis.

2.3 Laser operation modes

Besides operating in continuous wave (CW), a laser can also operate in pulsed mode.
From a practical viewpoint, optical pulses are required in many applications. High peak
powers are advantageous for scientific studies, medical, industry and as a pump source
for nonlinear wavelength conversion [44 - 46]. Generally, intensity modulation
techniques arise from the introduction of time-varying loss into a cavity. Q-switching is a
technique widely used in laser engineering to generate high peak power pulses by altering
cavity Q factor, where Q value is defined as the ratio of energy stored to energy
dissipated in the cavity. The higher quality factor implies the lower losses. Basically
cavity length of the high power Q-switched laser using the bulk laser crystal is the
limitation that restricts the pulse duration in the order of nanoseconds. Mode-locking is
the common technique for generating picoseconds or subpicoseconds pulses in solid-state
lasers. The cavity longitudinal modes are coupled in phase and are emitted from the
cavity in each cavity round trip. Laser gain bandwidth determines the locking number of
axial modes, and therefore the individual mode-locked pulse duration is inversely related
to the bandwidth of laser emission.

Q-switching and mode-locking are categorized into active and passive. In the first
approach the radiation in the laser cavity is controlled by a signal derived externally, such
as acousto-optics (AO) or electro-optics (EO). While in the passive mode, the laser

radiation itself generates a modulation through the mechanism of a non-linear device in
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the laser cavity. Commonly, a saturable absorber is employed in the passive approach for
both Q-switching and mode-locking incorporated with the laser diode pump source to
construct a compact and simple pulsed laser system, which is suitable for many

applications.

2.3.1 Mechanism of passive Q-switching
Passive Q-switching is the simplest approach in practice, which requires no external
circuitry. This process is controlled purely by the interaction of light with the gain
medium and the saturable absorber. Formation of Q-switched pulses can be explained as
the interplay between gain and saturable loss in the laser. When the laser gain exceeds the
cavity loss and the saturable absorber losses, the photon density starts to build up and
saturate the saturable absorber. In other words, laser cavity is kept from oscillating during
pumping by the saturable absorption loss in order to build up larger population inversion.
When the inversion strikes its peak to saturate the saturable absorber, cavity Q is restored
abruptly to its usual high value and dumps the accumulated population inversion in a
single short laser pulse. The peak power in the Q-switched pulse can be three to four
times higher than the CW oscillation level that would be created in the same laser using
the same pumping rate. The repetitive change of the resonator loss yields series of pulses
following the cavity switching time.

An analytical model describing the passive Q-switching was derived even in the
early period of laser development. The first theoretical study on laser Q-switching was
published in year 1963 by Wagner and Lengyel [47]. After two years, Szabo et al. first

derived the relevant rate equations for the passively Q-switched lasers [48]. Since then,
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extensive studies regarding the Q-switched laser parameters have been carried out for
further comprehensive description and optimization [49 - 52]. A good reference for the
simple analytical description for passive Q-switching is in the well known “laser bible”
by Siegman [53], which has been employed intensively by Kuo et al. and coworkers in
theoretical studies of passive Q-switching of various solid-state lasers [54 - 56]. In the
passively Q-switched laser, the process of transferring the potentially stored energy to the
kinetic photon energy is nonlinear by involving the loss intensity dependence of saturable
absorber. Ideal laser operation is the basic assumption for the qualitative analysis, as
which the lower laser state in a four-energy-level system is simplified because of the
rapid relaxation to the laser ground state. The analytical solutions are useful to determine
the governing experimental parameters for the appropriate considerations in designing an
effective passive Q-switching. The rate equations describing the ideal Q-switched laser

mechanism are given as below [53, 54],

dr;(tt) =& N, () - KN, (t) - BK,(N,, — N,) = ¥, @) @.1)
WO _p e n o y

dt S MgV lIn T, (2.2)
_4%2 =7 [N =Ny ]- KN, (0n(0) (2.3)

where n(t) is the cavity photon number, N,(¢) and N,(t) are population difference in gain
medium and in saturable absorbing medium. Coupling coefficient for laser gain and
saturable absorber are denoted as K, and K| respectively. K, = 20,/t;A; and K, = 20/1,A,
whereas, #, is the cavity round trip time. ¥, and ) mean the population recovery rates for

the gain and the saturable absorber. ¥ here indicates the ground state recovery rate in the
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saturable absorber which is effective for changing the cavity Q factor. 7 is the laser
fluorescent lifetime, and . is the cavity photon decay rate. Ny is the unsaturated
population density at the equilibrium state. yis the population reduction factor (y = 1 for
the four-level laser, but 2 for the three-level laser). As focusing on the laser pulse
evolution process in which the time scale is in the nanosecond range, pumping term and
the spontaneous decay are ignored in the population inversion. Eq. (2.2) is then to be

dN , (1)
dt

=—yK N, (O)n(t) 24

N, represents the initial laser inversion at the onset of the pulse evolution. The growth
rate of N, is denoted as J,0. Following the increase of photon numbers, the growth of
cavity gain is determined by the saturation sequence of either gain medium or saturable
absorber, which is defined as the second threshold condition. Just as, if the gain
saturation occurs earlier than the saturable absorber, the intracavity photon number will
decrease after a certain period, so the obtained laser pulse will be degraded. In other
words, the effective Q-switched pulse can only be achieved if the saturable absorber can
be saturated before the gain medium. This critical criterion is crucial in particular for the

slow saturable absorber to generate a good quality of Q-switched pulse. The condition is

expressed analytically in the equation below.

KN
3 50 > L

) (2.5)
KjNgO YgO

The ratio between the saturable absorber decay rate and the initial laser growth rate is
essentially similar to the ratio of the unsaturated loss factor in saturable absorber (2 ¢l,)

to the initial gain factor in laser medium (2 ogol,).
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K,N,, 2a,l,

Since K = co, where o is the cross section, and

Therefore, the condition for good passive Q-switching, which is also denoted as the

second threshold condition, can be expressed as follow.

}’gO o _Iq_gx zasolg

— XX

v, 0, A 2a,l,

i)

>1. (2.6)

This case makes sense with the assumption that the gain is depleted by the cumulative
effect when photon flux passes through the gain medium, whereas the saturable absorber
is saturated instantaneously. So the ideal passive Q-switching is to let laser intensity
grow rapidly at the early stages and saturate the saturable absorber before the laser
inversion is burnt up. The ratio of initial gain to unsaturated loss factor is usually close to
unity; hence, when the cavity mode size is unity, the basic physical term to be considered
for selecting a saturable absorber is to ensure that the absorption cross section is greater
than the laser emission cross section. Nevertheless, with the occurrence of thermal focal
lens in the laser crystal, the effective mode size in the gain medium and the absorber will
directly determine the Q-switched laser performance. It is essential to consider Ay/A; in
designing the laser cavity configuration. Wisely utilizing the thermal lens effect to
increase the Ag/A, ratio will effectively enhance the Q-switched output properties.

Besides the basic Q-switched criteria and enhancement, further analysis on the
dynamic change of cavity photon number with respect to the population inversion is

required to characterize the Q-switched pulse properties. Turning to the laser dynamical
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change on the evolution of a single Q-switched pulse; analysis is separated into three
stages: before, at the maximum and after the Q-switched pulse evolution for the estimate
of the Q-switching threshold, pulse peak power, single pulse energy, and pulse duration.
For the considerations in designing an optimum passive Q-switching, the dominant laser
parameters are expressed in terms of the photon number, laser inversion and saturation
loss.

At the accumulation of population inversion before the opening of passive Q-
switch, intracavity light intensity is low dn/dt = 0, where all the population of the
saturable absorber can be assumed are in the equilibrium ground state N; = Ny. With this
term substituted into Eq. (2.1), the initial population inversion for the Q—switching action

is written as

XN ln(—Tl—z) + ln(%j + L

N tY 0

N =330 ‘¢ ) 2.7
§0 K 201 @.7)

g 88

As pointed out by the physical terms in Eq. (2.7), laser with larger emission cross section
o, would have a lower storage of energy due to the smaller initial population inversion,
whereas, higher saturation strength of the absorber (lower Tp) and lower reflectivity R of
the cavity mirror are conducive to enhancing the initial population inversion for higher
energy storage. L in Eq. (2.7) is the dissipative cavity loss; [; is the laser crystal length.
Using the same Eq. (2.1), when the ground state population of the saturable absorber is
strongly excited, the population inversion threshold for building up a Q-switched pulse
can be estimated, where N, = 0 is for the depleted absorber.

KN,y +7,
N, ~PENo 1 e L (2.8)

8
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The cavity photon flux at the moment is assumed by substitute Eq (2.7) and Eq. (2.8) into
Eq. (2.1).

d
Zfltl ~K,(N, ~Ny)n. 2.9)

Dividing Eq. (2.9) by Eq. (2.4), yields

dn__ Ly Ny
dN 14 N

g

). (2.10)

g

The integration of Eq. (2.10) against Ny to N, gives n as a function of the N.

1| % "ean,
n(N,)~—|— [1-N,, | =%,
) V[ N{n Njg N,

1 NgO
AN )= Nyy =N, =Ny In . @.11)

g
Eq. (2.11) visualizes the dynamic changes of the photon flux in relation to the population
inversion as illustrated in Fig. 2.9. Tt is useful to generate analytically the dependence of
Q-switched pulse properties on the experimental parameters.
n(Ny)

Neo

Ny,

/ N\ Ny

Fig. 2.9: Dynamic changes of the population inversion during a single Q-switched pulse

evolution.
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As can be seen in Fig. 2.9, photon number n is at its maximum when the saturable

absorber is bleached at the point when N, = Ny,. Therefore the peak photon number is

1 Ngo
npeak (NTh) ::;/_ Ngo _NTh, _N’l‘h ln 3 (212)

Th

- -
Neo -1—ln( N”]
N, N N
R peak (Ny,) = o = L

N

g0
L NTh |
N, NoTr—1-
Define £ =r npeak(NTh)z - |:r 1 lnr:l.
N I4 r

Therefore r is the ratio of the initial inversion to the threshold inversion that
proportionally determines the Q-switched laser output. As the initial population follows
the pump inversion, the ratio value depends directly on the pumping rate. At the start of

the pulse build-up moment, dN/dt = 0, Eq. (2.2) is thus to be

N,,
R, = /KN, (On(0) =~ =0,
!

R
— P
NgO - 1
Kn+—
Ty
From this R, and Ny relationship, it is found that at the low cavity photon number, before
the emission of the Q-switched pulse, initial population inversion grows linearly with the

pumping rate.

Ny =R,1, =7N,,. (2.13)

g0 r
In order words, the r-value is proportional to Rp. Because of the practical limitation on

the average pump power in CW pumping condition, » in the continuous pumped passive
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Q-switching is much more modest than the pulsed pumping. This results in a lower Q-
switched laser output. Nevertheless, following the CW pumping characteristics, CW
pumped passively Q-switched laser is advantageous with the good transverse and axial
mode stability, which maintain the average output power without the perturbation of the
strong pump laser fluctuations.

The laser pump rate that determines the excited volumic ions is a ratio of the
absorbed pump power and the volumic pump energy in the laser crystal. By considering
the pump mode has a uniform distribution throughout the gain medium, Rpis estimated to

be

_ P, (d-exp(-al,)
i hv,V,

, (2.14)
where P, is the input pump power, ¥, is the pump frequency, and Vp is the pump
focusing volume. & = OuNy is the absorption coefficient of the laser crystal, which
equals to the product of crystal absorption cross section and the total dopant. This implies
that laser with higher doping concentration is preferable for higher pump rate.

After the release of the Q-switched laser pulse, population inversion decreases to
the value Ny for starting another cycle of the pulse build-up mechanism. The photon

number at this moment becomes n = 0 again. In order to obtain the relation of the

population inversion after the pulse relaxation, let N, = Nyin Eq. (2.12)

n(N )~1 N —-N,-N 1n—Ng° 0

E o =V TN =Y,
y| ¢ N,
N N

- N Moy (2.15)
NgO g0 f
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Eq. (2.15) is a transcendental equation, which can only be solved numerically for the
value of Ny The population inversion before and after the evolution of the Q-switched
pulse is necessary to determine the single pulse properties, such as energy, peak power

and the pulse width.

Nw= Ny hn,
y

Q-switched pulse energy, E_,, =

pulse

N, —N
=Ly, In—.
4 R

y= 1 in the Nd** laser (four-level system), so pulse energy is written as

E —r—Nf hvn InL ' (2.16)
N ¢ R’ '

Th

where 7. is the output coupling efficiency and 7, is the laser coupling efficiency
involving the effective beam area in the gain medium. In practice, R should be low, so
that the higher coupling transmission is able to extract more pulse energy and prevent it
from being dissipated by the internal cavity loss. Normally, R is about 50% to 60%
depending on the lasing threshold of the system. Clearly, Q-switched output energy is
higher with a larger inversion ratio, r as mentioned above.

By defining total cavity losses, ¢4 = coupling loss + dissipative cavity loss, the

cavity decay time, 7. = t,/ ¢y, = cavity round trip time/total cavity losses,

. :z{ii‘"g_“%}

ca,

where d is the cavity length, n, is the refractive index of the gain medium and c is the

light speed. The pulse peak power at the npe4 can be written as
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Mk hv
peak TC c
hv 1 N
= —n,In—| N, - N, - N, In—== (2.17)
T(r R N Th

As we have seen, the fast cavity decay time will generate a higher peak-power pulse.
Besides increasing the pumping rate for larger initial population inversion Ny, stronger
saturable absorber is also possible to achieve the same effect. On the other hand, passive
improvements to the cavity condition by reducing cavity length and increasing coupling
loss within an allowable range are also effective to achieve higher peak power.
Q-switched pulse width is ratio of the output energy to the peak power, so from

the derived pulse energy and peak power, the Q-switched pulse width is

¢ = Epulse
pulse P ’
peak
N, ,—N,
=7, £ - (2.18)
0
N =Ny =Ny, In Ng

Th
At a given pulse energy, narrower pulse width will have higher level of the Q-switched

peak power.

2.3.2 Mechanism of passive mode-locking

Passive mode-locking is the desirable method to generate ultrashort pulses. For solid-
state lasers with longer upper state lifetime (in the range of microseconds to milliseconds)
than the cavity round trip period (typically in the nanosecond regime), passive mode-locking

with fast recovering saturable absorber is the simple approach. The saturable absorber
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provides a periodical change to the laser radiation at the cavity round trip time by varying
loss. Cavity energy can be transferred between the adjacent modes when the modulation
period is equal to the cavity period. Hence the modes become coupled together and
oscillate in the same phase.

Similar with passive Q-switching, passive mode-locking with fast saturable
absorber works without external control, but utilizes the nonlinearity of absorber to create
the amplitude instability and provides the gain an intense initial peak to background noise
ratio. The fast absorption recovery time in picoseconds is preferentially used in solid-
state lasers to compress the fluctuation of the CW laser following the pulse intensity
profile until its duration is of the order of the absorption recovery time, or to the gain
bandwidth limit. Depending on the laser gain emission linewidth, mode-locked pulse
duration can go down to picoseconds or femtoseconds. If the pulses were frozen in space,
the mode-locked pulse would be in micrometer lengths, which is much shorter than the
Q-switched pulse. This implies that detection resolution in space has about 1000 times
difference between both cases.

Considering the temporal characteristic of a passively mode-locked laser,
incorporation of saturable absorber has a tendency to drive the laser into Q-switched
mode-locking regime, instead of the continuous-wave mode-locking pulse train. Such a
laser consists of mode-locked pulses underneath a Q-switched envelope. This laser is
interesting for the applications that require high peak power, e.g. nonlinear frequency
conversion, micromachining, microsurgery. However, for those that need constant pulse

energy, continuous-wave mode-locking is the alternative.
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The analytical treatment of Q-switched mode-locking in solid-state laser was first
undertaken by Kirtner et al. [57] and further extended by Honninger et al. for soliton
mode-locked femtosecond lasers [58]. The derivation for the criterion of stability against
Q-switched mode-locking is also from the coupled rate equations involving cavity photon
number, gain and saturable absorption as shown in Eq. (2.1) — Eq. 2.3. Based on the
assumption that saturable absorber has excited state absorption, and is fully recovered
before the next pulse in the round trip hits it, mode-locked laser at the cavity full trip
period is hence only described by the cavity photon number and laser gain. Since the
cavity photon number equates to the intracavity pulse energy, Eq. (2.1) and (2.2) can be

rewritten in term of the pulse energy.

L0 kv, 0-kN.0-7. 0
dN (1) N
Tl SR -KN, (t)n(r) - —+

dt

Ty

By taking (K,N,) X t, = g/t,as gain coefficient per round trip; (KN,) X t; = g/t, as
saturable absorption coefficient per round trip; y./t, = L as cavity linear loss, R, = go/7;,
and saturation fluence of gain Eg, 1 = hv/20,, the equations above are further simplified

to describe mode-locked laser.

dE,(t) lg—-q-LIE, (0

_ 2.19

dt t, &19)

ds) _8.78 & p (2.20)
dt Tf sm‘,Ltr

Based on Eq. (2.19) and (2.20), the conditions to achieve mode-locking without

Q-switched instability are derived to be
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The left side of Eq. (2.21) indicates the bleaching of saturable absorber per round
trip. The intracavity pulse energy increases following the loss reduction. The saturation of
the absorber results in the raise of pulse energy for saturating the gain. The right side of
the equation determines the strength of gain saturation per round trip. The mode-locked
laser is only stable against self-Q-swiching if the gain saturation is sufficient to stop the
increase of pulse energy and keep the intracavity fluence as a constant. From the physical
terms in Eq. (2.21), Q-switching instability in mode-locked laser can be more easily
suppressed by using a saturable absorber with large saturation intensity, a gain medium
with short upper state lifetime and with a long cavity length. Laser operation at high
pump parameter is certainly preferable to easily fulfill this physical interpretation.
However, when the laser operates far above the threshold, saturation of the gain medium
becomes the governing factor to laser instability. Therefore, a laser material with larger
stimulated emission cross section or with a non-homogeneously broadened gain would

tend to reduce the gain saturation fluence for achieving the continous-wave mode-locking

[58, 59].

2.4 Saturable absorbers

There is a continued interest in finding the novel optical materials with saturable
absorption properties to efficiently Q-switch or mode-lock the solid-state lasers. The
basic requirement of using the saturable is to match the absorption transition frequency

with the laser radiation frequency. Several materials have been used as saturable
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absorbers for the lasers operating in the near infrared spectral region. In early stage,
bleachable dye cells are commonly employed in the passive Q-switching and mode-
locking studies [60]. Due to its poor durability and complex in handling, dye cells have
been gradually replaced by the bulk materials such as GaAs semiconductor [61, 62], cr
doped crystals like Ct**:YAG [63 - 66], Cr*:YSGG [67, 68], Cr*":LuAG [69] and the
multiple quantum well materials [70 - 73]. Among them the epitaxially grown quantum
well semiconductor saturable absorber mirrors (SESAMs) [72] and saturable Bragg
reflectors (SBRs) [73] represent those that are most popular nowadays. Such structures
can be engineered with appropriate absorption saturation fluences and recovery times, as
well as sufficiently broad bandwidth characteristics to cover the spectral range of lasers
in ultrashort pulse operation. Specific designs on the material characteristics enable them
to be incorporated into different critical resonator configurations. However, the
prominent molecular beam epitaxial grown materials are relatively expensive in
fabrication since specific lattice matching conditions have to be satisfied.

In contrast, bulky materials are cheaper for a reliable and robust pulsed laser
output. Compared to the critical grown quantum well semiconductors, mechanism of the
bulk saturable absorbers in optical pulse generation is restricted by their own material
characteristics. Laser systems become passively dependent on the saturable material.
Proper consideration is therefore required in design for the output optimization. Two
common and low cost saturable absorbers, Cr*:YAG crystal and GaAs semiconductor

wafer are selected for the studies in this project.
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2.4.1 Cr*":YAG crystal

Cr*:YAG crystals are used in the pulse pumped [74, 75] and continuously pumped [63 -
65] Q-switched lasers. For certain applications, Cr*" ions are even codoped with
amplifying ions in a monolithic structure for self-Q-switching lasers [76]. Besides the
renowned Q-switching ability, Cr**:YAG has been reported for passive mode-locking
[77]. Indeed, since the first Q-switched mode-locking was realized with the Cr*":YAG in
a flashlamp-pumped Nd:YAG laser [78], passive mode-locking with the crystal has also
been obtained in the Nd:YVO, and Nd:GdVOy lasers [79, 80]. Affected by the ground
state absorption to the cavity Q-factor, passively Q-switched mode-locking (QML) has so
far been demonstrated in a laser with Cr*":YAG saturable absorber. Picoseconds mode-
locked pulses within a Q-switched envelope are the laser output feature.

Cr*":YAG crystal is grown with the Czochralski pulling method. The Cr*'
concentration in the melt usually ranges between 0.1 at.% and 0.25 at.% to substitute the
Al atoms in tetrahedral sites of YAG (60% of Al atoms). Charges compensating
impurities such as Mg®" or Ca®* is added to induce the Cr’* from its normal valence to
Cr* in an oxidizing atmosphere [81]. Cr*":YAG have several broad absorption bands
centered at 410, 480, 640 and 1050 nm. The high absorption cross section in near infrared
region enables it to Q-switch the Nd** ion-doped lasers. The saturable absorption strength
of the Cr*":YAG is easily determined through the doping concentration of Cr** jons.
Usually it is controlled by the thickness of the crystal.

The energy level of Cr*':YAG saturable absorber can be represented by a simple
four-energy level system as shown in Fig 2.10a. It has appreciably large ground-state A,

absorption cross section 0y, and a long enough first excited-state 'E lifetime (4.1 ps) for a
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considerable depletion of the ground-state TA; upon illumination. As a comparison, the
excited-state absorption cross section o, is about 4 times smaller than &, with its short
second excited state 1A1 lifetime of about 0.1 — 0.5 ns. According to literature, gy, ranges
from 8 x 107 - 7.8 x 10" cm?, associated with the o, value of 2 x 10%-23x 10"
cm’ [82 - 84].

The Cr*" ions transition within the energy levels can provide physical insight into
the Q-switching and mode-locking laser dynamics. According to the energy level, the rate

equations describing the Cr*" ions populations are

dN

dl:\l = _C¢TLo-gstl + yngxZ . (222)
dN,

d;Z = _C¢TL (O-gstl - O-esNSZ )— ]/gstZ + YestS (223)
dNH = C¢TLO-est2 - yesNSS (224)

The total absorption in Cr*":YAG saturable absorber is
Ceypg =0 Ny +0, N,

Nii (i = 12,3 respectively represents the Cr** ions population in the ground state IA,, first
excited state ]E, and second excited state ‘A 1. Ogs and oy, are the absorption cross section
of the ground state and excited state, while the corresponding relaxation rate are J,, and
Yes, respectively. ¢ is the light speed. Cavity mode size is a main factor to alter the
saturation characteristics. Consideration of thermal lensing effect of laser gain medium is
to be taken into account for the light interaction with the absorber. The effective incident

photon density ¢ = & az)g/a)s)2 on the saturable absorber after taking into account the
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cavity beam cross section is crucial to the saturation of Cr . YAG crystal, in which w,, @

are the effective beam size in gain medium and saturable absorber.

IA 1 (b) @ 1 AI

(a)

Fig. 2.10: Schematic diagram of the Cr** ions transition with the interaction of light. (a)
The energy levels involved in the absorption in Cr'YAG crystal. (b) ESA is surmised to

be dominant in a ground state depopulated Cr*": YAG crystal.

The coupled rate equations also determine the influence of cavity photon density
to the ion kinetics in each level. When intracavity light intensity is low, Cr** ions are
basically at the equilibrium in the ground state “A,. Following the increase of photon
density, ions are excited and mainly populated in the ground state and the first excited
state 'E. This intensity dependent transition between these two levels contributes to the
Q-switching effect to a laser, whereas, the slight influence of the excited state absorption
that might occur at the first excited state is considered as additional loss to the passive Q-
switching. When the cavity fluence is above the Cr**:YAG ground state saturation
fluence, all the Cr** ions in the ground state are excited up to the first excited state (Fig.

2.10b). In other words, the Cr*":YAG saturable absorber is bleached at the ground state,
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and the transition between the excited state and the higher lying Ilevels A; become
dominant to control the laser dynamics in cavity. The rapid ions transition provide the
property for passive mode locking in a laser.

Besides the appropriate optical parameters of Cr*":YAG, photochemical and
thermal stability are the other features that render this material as a long life durable

saturable absorber.

2.4.2 GaAs semiconductor wafer

Semi-insulating GaAs is a compound III-V semiconductor. It is a material with good
photochemical and thermal stability, as well as high damage threshold. The fundamental
feature of this material is its photorefractive effect, which involves both electrons and
holes participation in the charge transport process [85]. The dominant defect in an
undoped GaAs is the deep donor level EL2/EL2" within the band gap. This intrinsic
defect, which is located 0.82 eV below the conduction band is believed as a cause of
photorefractive effect. Because of the intrinsic defect caused by the contamination during
the wafer fabrication, GaAs is able to have saturable interaction with the light emission of

about 1 um wavelength.
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Fig. 2.11: Energy-level diagram for the absorption process in an undoped semi-insulating
GaAs semiconductor. & is electron, O is hole, @ is neutral EL2 level and €@ is ionized

EL2 level.

As in Fig. 2.11, the light-material mechanism is slightly complicated in GaAs
compared to the ion transition in the crystalline saturable absorber. Single photon
absorption (SPA) mainly takes part under weak illumination. It is simply the transition
from EL2 donor to conduction band to produce free electrons (N,), and the transition
from valence to EL2* to create free holes (V) and neutral EL2. The absorption
coeffiecient through this process is saturable with the increase in the laser irradiance [86].
The electron-hole recombination time is the absorption recovery time. The exact
recombination lifetime may be distinct in each GaAs wafer depending on the fabrication

process, but it is commonly estimated within 0.5 to 1 ns in a semi-insulating GaAs
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semiconductor [87]. Following the stronger light fluence, nonlinear two-photon
absorption (TPA), and TPA-generated free carriers absorption (FCA) become significant
to increase the absorption in GaAs. FCA excites electrons higher into the conduction
band, and holes deeper into the valence band. These intensity dependent processes are
dominant to affect the absorption mechanism in GaAs.

As it is realized that the impurities density in GaAs is the key of the absorption
processes, this means the defect density of a sample rigidly determine the absorption
coefficient in the semi-insulating GaAs. Basically, a semi-insulating GaAs has total EL2
density of about 1.2 x 10'° cm’3, and EL2 absorption cross section of 1 x 10 cm? [88].
Hence, linear absorption of GaAs should be about 1.2 cm’!. In other word, GaAs is weak
to provide the linear absorption, and GaAs saturable absorber would become trivial for
laser energy storage in passive Q-switching. This can be confirmed through the
commonly reported weak pulse energy from lasers, which are passively Q-switched by
the GaAs wafer [89, 90]. The strong pulse jitters could also be understood by the inability
of GaAs to Q-switch the laser. Even so, following the saturation of linear absorption at
the pulse fluence of about 1.6 mJ/cm® [86], nonlinearity taking place in GaAs is
detrimental to the laser dynamics. FCA, which always occurs for the energetic
nanoseconds long pulses, has been found possible to increase the loss to Q-switched
pulse decay edge for narrow pulses [91, 92], whereas, the limiting action from TPA in
GaAs has been reported playing a role for laser pulse train stabilization [93]. Normally
GaAs wafer is employed as a simultaneous saturable absorber and cavity output coupler
to shorten the cavity length and reduce the pulse build up time. The ability of GaAs in

passive mode-locking was firstly realized by Zhang et al. [94]. TPA process is believed

48



ATTENTION: The Si

Act applies to th€ hapréflEs Fandapréntuly/of daser muteiia

to be the key to generating the narrow mode-locked pulses. In the studies, the nonlinear
TPA of the GaAs wafer was exploited to extend the Q-switched laser pulse width for the
realization of continuous-wave mode-locking [95].

The energy transfer and absorption process in GaAs can be illustrated with rate
equations as given by Smirl et al. [86], which describe the change of density for
electrons, holes and ionized EL2 impurity, respectively. Corresponding to the absorption
processes, the electron-hole recombination process in the undoped GaAs is categorized
into hole-donor (hole-EL2), electron-trap (electron-EL2) process and bimolecular
electron-hole (direct electron-hole) recombination. The model represents the absorption

process in GaAs is as below.

% = cp,,0,(EL2® — EL2* }+ Begl, /12—y, N ,EL2" -y, NN, (2.25)
N, _ EL2" + Beg? 112 —y,,N, (EL2° - EL2" )-
: o0, +Beoy, / Via N \EL2" ~ EL YV N, (2.26)
.
dECZZ = coylo (EL2° - EL2 )- 0, ELY |-y N EL2" +7,,N, (EL2° - EL2*)  (2.27)

The total absorption in GaAs is hence
oo, = 0,(EL2° ~ EL2" )+ 0,EL2 + 5N, + BY, 12 (2.28)
The first two terms in Eq. (2.28) are from SPA, last third term is from FCA
process, while TPA contributes to the last term. In the coupled equations above, ¢ is the
thermal lens affected incident photon density on GaAs and ¢, is the photon density in
laser gain medium. B = Bhve(w/w;) is the coupling coefficient of TPA, with £ is the
TPA absorption coefficient. o,, 03, Oy are respectively the absorption cross section of

EL2, EL2" and FCA, while N,, N, and EL2" are the density of free electrons, free holes
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and positively charged EL2 defect. Y4, % Yer are the recombination coefficients of hole-
EL2, electron-EL2 and direct electron-hole, respectively. The material parameters from
the literature, which are related with the light interactive processes in GaAs, are

summarized in Table 2.3.

Table 2.3: Parameters for light intensity dependent processes and absorption in GaAs.

Material parameters Values
B TPA absorption coefficient 26 x 107 cmW™"  [85]
o, EL2 absorption cross section 1x 10" cm? [85]
o, EL2" absorption cross section 2.3 % 10'17 cm®  [96]
o FCA absorption cross section 6x 10" cm® [85]
v Hole-EL2 recombination coetficient 3.4x 10" em’s! [85]
% Electron-EL2 recombination coefficient 1.9x10°% ecm’s™ [85]
¥.n Direct electron-hole recombination coefficient 2x107"% cm’s’! [85]
EL2% Total EL2 density 12%x10%cm®  [85]
EL2" Tnitial ionized EL2 density 14x 10" cm®  [85]

2.5 Summary

This chapter has reviewed the fundamentals of lasers from gain media to saturable
absorbers materials characteristics. The optical pulse generating in passive Q-switch and
mode-locked processes was analyzed. Understanding on the basic properties of each

optical element in the lasers is essential for the development of laser systems.
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Continuous-wave lasers performance

Laser performance is closely related to the pump source, thermal or lasing quality of gain
medium and the cavity design. For high power lasers, thermal lens influence is
detrimental to laser stability and output efficiency. The really crucial parameter in this
regard is thermal conductivity of laser material, and certainly the effective pump power
that generates the heat for thermal lens, which is dependent on the focusing pump power
and pump power absorption coefficient in the gain material. As revicwed in previous
chapter, Nd:GdVO, and Nd:GdYVOy are categorized as a laser material of high thermal
conductivity, and large absorption cross section. The absorption feature of these
birefringent crystals is strongly affected by the polarization of pump source and varied
with the dopant level of the sample. The thermal lens effect is different for each gain
medium under different pump condition. Therefore, thermally induced laser focal length
must be identified for proper design of an efficient laser.

This chapter begins with a brief introduction and performance of a commercial
laser diode pump source, and then moves to the absorption coefficient measurement of
different crystal samples of Nd:GdVO,; and Nd:GdYVO;, that are employed in the
studies. Experimental identification of thermal focal lengths based on the concept of
cavity stability is compared with theoretical modeling. It is followed by the calculation on
cavity design using the experimental measured thermal focal lengths. In the following
section, CW laser performance is studied from the perspective of different doping

concentrations and emission cross sections in Nd:GdVO, laser. Under the same
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experimental parameters, mixed crystal Nd:GdgesY035VOs laser performance is also

identified and compared to the pure Nd:GdVO4 whose has the same doping level.

3.1 Diode laser pump source

A 15W fiber bundle coupled CW dioded-array (OPC-BO15-FCPS) was used in the course
of this research. The laser pumping system is an integrated package consisting of the
drive electronics, thermal electric cooling apparatus and diode source. The fiber bundle
end of the pump laser is 1.16 mm in diameter with a numerical aperture of 0.22. The
radiation from the fiber tip was collimated and focused by an optical reimaging unit
(OPC-ORU-03) to a spot size of approximately 400 pm in diameter. Thé center emission
wavelength of the diode is 807 nm * 3 nm depending on each degree Celsius of
temperature tuning. In order to ensure the wavelength stability associated with the
varying of pump power, diode emission spectra were checked at different pumping level.
Fig. 3.1 (a) and (b) are the experimental records for the relation of wavelength and pump
power, respectively at the fixed diode temperature of 23.5 °C and 24.5 °C. These graphs
were obtained with optical spectrum analyzer (Ando, MS9710A). The wavelength

resolution was set at 0.1 nm with the variation bandwidth of 1 kHz.
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Fig. 3.1: The experimental determined pump and wavelength relationship at diode

operating temperature of (a) 23.5 9C and (b) 24.5 °C. The spectrum from low to high is

respectively for the pump power of 4.06 W, 6.56 W, 8.96 W, and 12.81 W.
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At the diode temperature of 23.4 °C and 24.5 °C, peak wavelength of full pump
power was respectively 805.48 nm and 805.5 nm. There is about 0.02 nm change in the
wavelength with the increase of 0.5 °C of the laser diode. For the increase of the pump
power from 4.06 W to 12.81 W, diode wavelength was found to have a thermal induced
increment of 0.1 nm. The drift reflects that diode wavelength is sensitive to temperature
change. Basically the emission spectra are similar at different values of diode
temperature. However, at higher operating temperature of 24.5 °C, emission peak at
maximum pump power is comparatively lower (Fig. 3.1b). The fact is more significant
while attempting to shift the pump wavelength towards the emission peak of 807 nm. A
rapid decline on diode output power was observed. This is understood as that induced
heat in the diode array at high temperature is the main factor, which degrades the
performance of the laser diode. Taking the advantage of the wide absorption band in
neodymium gadolinium or mixed-gadolinium-yttrium vanadate crystal, diode
temperature was set at 23.5 °C in all the experiments in order to have a better diode laser
performance and a consistent experimental condition. Despite the fact that the
wavelength at the given temperature was not exactly at the absorption peak of Nd:GdVO4
and Nd:GdYVOy lasers, lasers output were found to be optimized in term of power
stability.

After the diode pump source has been used intensively for a long term, periodic
checking on the diode pump power revealed that power emission tending to fall. The
measurement was obtained with a CW power meter head (Melles Griot, 30-Watt
broadband power/energy meter), which was located slightly away from the tight focusing

area in order to avoid the damage on the sensor head. Fig. 3.2 shows a current-to-power
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(P/1) curve for the pump laser at the initial of the project (year 2001). About 9% of
decrease was found at the maximum of output pump power after a year of usage. The P/I
conversion efficiency dropped from 92% to 80%. The limitation of the operating lifetime
of diode array is inevitable after long-term use. Therefore the diode output power was

recorded frequently as a reference to estimate the laser efficiency in the relevant CW, Q-

switched and mode-locked experiments.
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Fig. 3.2: Current-to-power curve of the laser diode array showing the laser performance

at different period.

3.2 Crystal features for cavity design

The absorption coefficient and thermal focal lens of the gain medium, which could be
affected by the pump source, are required to be well characterized for cavity design. In

addition, these parameters are crucial to the laser numerical simulation in the coming

chapter.
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3.2.1 Pump absorption coefficient

The use of the unpolarized pump beam and the offset of wavelength from the laser peak
absorption band might result in lower absorption in the birefringent vanadate crystals. It
is necessary to carry out the measurement before starting the laser operation. The basic
relation between incident intensity (Iy) and transmitted intensity (I) for an absorbing

medium with uniform pump profile is expressed as
I=TLlexpl-a,t )| 3.1)
Based on the assumption that there have no other losses (such as scattering loss) during

the transmitting of light through the crystal, the absorbed light is written as
1 abs = I 0o I.
Absorption coefficient o, can then be determined from the slope efficiency of the linear

plot between I, versus Iy

% =1-exp(-a,l,)

(3.2)

The saturation absorption was demonstrated by measuring the transmission of the pump
radiation through the crystal with a power meter. Fig. 3.3 shows the simple arrangement
for measuring the transmitted pump light after an anti-reflection coated laser crystal. The
input mirror is for coupling the pump beam into the crystal. Considering the mirror loss,

the incident pump light was measured after the input mirror.
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Power

LD meter

AR coated
laser crystal

Fig. 3.3: Experimental setup for determining absorption coefficient in laser crystals. L:

coupling lens, LD: laser diode.

Pump saturation absorption differs according to the crystal doping concentration.
Fig. 3.4 shows the absorbed power against the incident power on the crystals through an
input mirror for different doping levels (0.5 at.%, 1 at.% and 1.61 at.%) of a-cut
Nd:GdVOq crystals (hereby onward, the unstated crystal cutting is a-cut). Thickness of
the samples is 6 mm, 4 mm, and 3 mm, respectively from the light doping to the heavy
doping concentration. The incident power was reduced with the measured input mirror
loss of about 10%. From the linear portion of the curve, absorption coefficient is
experimentally found for each crystal. They are respectively 2.53 cm’, 4.06 cm™, and

9.36 cm’ for the doping level of 0.5 at.%, 1 at.% and 1.61 at.%.

57



ATTENTION: The

g 121 oosat%
‘q-, 104 D1at%
H A1.61 at%
o 8 -
o
€ 6
[«
s
2 4
T
2 o
2
<
o

Incident Pump Power(W)

Fig. 3.4: Absorbed power curve for different doping levels of Nd:GdVO, crystals.

Similar measurement was carried out on the 0.5 at.% Nd:GdyesY0.36VO4 crystal. It was
found that the mixed crystal possessing a slightly higher absorption coefficient of 3.46
cm™ compared to the Nd:GdVO, crystal at the same doping concentration. This effect
had also been observed in the absorption spectra between these two laser crystals as in
Fig. 2.5. From that, better absorption characteristic of the mixed laser crystal has been
further confirmed. Doping concentration level is definitely still the governing factor in

increasing the pump light absorption in the crystal.

3.2.2 Thermal focal lens

In the diode end-pumping configuration, gain medium is heated by the focused pump
beam at the center of the crystal and cooled by the circulating chilled water along its
periphery. Heat flows from the hotter pumped region to the cooler edges of the crystals,
resulting in a temperature gradient. This temperature gradient in turn induces a refractive

index and thermal expansion profile. Generally, the combination of these effects makes
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the crystal act like a lens. Increasing of refractive index provides a net increase in the
optical path length with increasing temperature. The presence of the thermal lens is
equivalent to a concave mirror at one end of the cavity. How strong a laser being affected
by the heat is strongly related with the material parameters, pumping geometry and the
cooling system. For the longitudinal CW diode pumping, the effective thermal focal lens
is given as [97]:

nkew?
fT = 5 —a, N ? (34)
P, (dn/dT)(1—-exp )

where k is the thermal conductivity of the gain medium, @), is the 1/e* Gaussian radius of
the pump beam, P,, is the pump power converted to heat, and « is the absorption
coefficient.
Thermal lensing is particularly important in designing the cavity configuration.
Laser resonator will operate in the optically stable regime if it satisfies the condition:
0<g,8,<I,
where gy, g2 are the cavity parameters, which can be described in terms of cavity length L

and radii curvature of the two end mirrors R; and R,

0<(1—~L~11—£j<1. (3.5)
Rl RZ

Based on Eq. (3.5), one could also determine the thermal lens of a longitudinally
pumped laser based on the stability of a plane-plano-cavity laser [98]. When the
thermally induced focal length is longer than the cavity length, the cavity becomes
unstable and results in a decline in the power emission. Therefore, by adjusting the

distance of cavity output mirror and observing the dip of output power, one can predict
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the effective thermal focusing lens formed in the laser crystal. In practice this method can
also be used by fixing the cavity length and increasing pump power to avoid the cavity
misalignment from shifting the output coupler. Fig. 3.5 shows the setup scheme for the
thermal lens measurement. For the cavity where input mirror is needed, laser crystal
should be positioned closely to the mirror to enhance the accuracy of estimating the

thermal focal length.

Thirmal lens

Fiber
bundle

E Power
meter

Hybrid lasgg crystal or Output coupler on
closely positioned flat input  a sliding tray
mirror with laser crystal

Fig. 3.5: Setup of measuring the thermal focal lens in the crystal.

Practically, the pump power was increased at a given resonator length and it was
recorded at the full decrease of the output emission. All the measured thermal focal
lengths for three different doping of laser crystals are plotted in Fig. 3.6 with respect to
the theoretical calculation. The data are in agreement with Eq. (3.4) in which the

calculation is shown by the solid line. The graph was produced by employing k = 11.4 X

107 Wem 'K, @, = 0.2 mm, P,;, = 1-(808/1064) = 0.24, dn/dT = 4.7 x 10 K™ [24].
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Fig. 3.6: Experimental measured (data points) and calculated (line) thermal focal length
for Nd:GdVOs crystal with doping concentration of 0.5 at.% (triangle), 1 at.% (square),

and 1.61 at.% (circle).

The laser crystals showed a distinguishable thermal lens effect between each
doping level. Heavily Nd*" doped crystal (1.61 at.%) is expected giving the strongest
thermal induced lens, while the remaing two (1 at.% and the 0.5 at.% crystals) have a
close similar thermal effect with respect to certain pumping level. The influence of
doping level on the thermal characteristics that observed in Nd:GdV Oy is similar to that
observed in the mixed gadolinium vanadate crystal, Nd:GdYVQ,. The main concern with
this newly developed mixed crystal, Nd:GdYVOQy is its thermal lens effect, compared to

the pure Nd:GdVOy crystal. As the mixed crystal has random distribution of Y>* and
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Gd>* ions, which could disorder the crystal lattice and strengthen the thermal effect.
However, results show that Nd:GdgssY036VO4 exhibits a weaker thermal lensing effect
than that of the pure Nd:GdVOy crystal. This result is compatible with the fact that the
thermal conductivity of Nd:GdYVOy (k = 12.5 x 107 Wem'K™) is higher than that of
Nd:GdVOQ,. The measured data are further fitted with the theoretical curve, and are

plotted in Fig. 3.7.
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Fig. 3.7: Comparison of thermal focal length between Nd:GdVO4 (square) and
Nd:Gdg64Y035VOs (asterisk) at the same doping level of 0.5 at.%. Solid line is the fitting

curve through calculation.

From the fitted result, the temperature-induced refractive index change of

Nd:Gdg4 Y036 VO, crystal is about 3.5 X 10° K. Tt is worth pointing out that from the
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fitting curve of all laser crystals, the measured thermal focusing data are markedly
stronger than the calculation at high pumping regime. Thermal conductivity of crystals
reduces with the increase of temperature. It is to note that the proposed model used for
the fitting did not consider the effects of thermally induced expansion and mechanical
deformation. The crystal surface would be distorted as a result of the high power
absorption. The stress and strain effect would also increase refractive index in material
and further reduce the thermal focal length. An appropriate description of the thermooptic
coefficient y in a crystal should contain not only the term of thermal induced refractive
index change (dn/dT), but also the axial expansion and stress-induced change of

refractive index [99].

x= % +(n-1(1+v), +n’a,C,

where v is the Poisson’s ratio, ar is the thermal expansion coefficient, and C, is the
photoelastic coefficient. The thermo-mechanical sensitivity due to the photoelastic effect
in the last term is negligible in lots of materials because it is normally about ten times
smaller compared with other terms. At high pumping level, the striking feature of the fast
decrease thermal focal length in both Nd:GdVO, and Nd:GdYVOs crystals which
occurred in a relatively short resonator is believed yielding from the impact of different

thermal properties in anisotropic crystals. The thermooptic coefficient of each

nd,C

T +(n,, —DA+v)a, for a-

polarization in the vanadate is considered to be y, . =

polarization and c-polarization respectively, where jy, should be greater than . because
the thermal expansion and temperature dependent refractive index are higher along a-

axis, and this hence leads to stronger thermal lensing in a-polarization. During the
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determination of thermal lens, cavity length was gradually shortened to measure the
thermal focal length at higher pump power. Thermal property of the a-polarization could
start to affect and increase the thermally induced diffraction loss when the resonator
length was reduced to its stability zone. This would further cause a drastic change of the
measured thermal lens and seriously affect the stability of laser output, particularly for
those lasers operating close to the edge of the optical stable region. In this model, pump
beam is assumed to be constant. Nevertheless, pump beam variation in relation with
different drive current could also affect the measurement. Limited by the incertitude
material parameters, the thermal lensing of the crystals cannot be further quantified. Even
so, this simple model has well satisfied the measurement at most of the power levels
within the studied range though there is about few to ten percent of deviation in the
calculation at pump power of more than 11 W. Therefore, detailed investigation on the

crystal thermal effect is necessary for higher power scaling in future.

3.3 Two-mirror laser cavity design

Attainment of cavity stability criterion requires calculation of the beam parameters inside
the cavity. Once the criterion is satisfied, the propagating ray has a minimum spread
when it is bounced back and forth between the cavity mirrors. The consideration upon the
resonator sensitivity to the optical perturbation is of utmost importance to a cavity that
contains a pump-dependent thermal lens in gain medium. The thermal lens perturbs the
mode and leads to the change of mode size and beam diffraction. An estimate of the
stable laser operating range and the relative cavity mode will be useful as a guideline to

design the optimum cavity configuration. This can be done by Gaussian beam ABCD law,
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which is able to determine the beam propagation through a set of optical elements.
Through ABCD law, one is allowed to calculate numerically the beam parameters at
every position in laser cavity.

The complex beam parameter for a Gaussian beam after passing through an

optical system is transformed to

Ag,+B
g, = =D "2 (3.6)
Cq,+D
1 . 4 I .1 . . .
where g, =——] —=——j— R is the radius of curvature of the wave front, w is
R mw R 2

the radius of the beam. A is the propagation beam wavelength and » is the index of
refraction. The real part represents the divergence of the surface with constant phase,
while the imaginary part is as a degree of power concentration in the beam axial region,
zo is Rayleigh range, as the distance where the beam remains collimated expanding in
radius by less than a factor of 1.41. A, B, C and D are the characterizing elements for the
optical system [100]. One can calculate the mode size and the position of the next
collimated beam systematically by multiplying together the ABCD ray transfer matrices
for the elements in the cavity. Actually the cavity stability parameter of Eq. (3.5) can also
be written in terms of the characterizing elements from the transformation matrix for the

system.

14D

5 3.7

The Rayleigh range of the beam after travelling one complete round trip in cavity is given

by
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where (A+D)/2 should fulfil Eq. (3.7) for a stable laser operation. According to Eq. (3.6),
it should be noted that zj is dependent on the transformation matrix. Therefore from the

determined zo, beam spot radius in the cavity can be calculated through

o= /ﬁ G3.7)
nit

Matlab program is used for the ABCD calculation of the experimental cavity design and
beam spot estimation. By taking into account the measured thermal lens effect in the laser
crystal, three optical elements are included in the calculation for a twé—mirror cavity as
shown in Fig. 3.8. The front mirror is a concave mirror with radius of curvature of 500
mm, whereas the output coupler is a flat mirror. Transformation matrices of each optical
component are also given in the figure. The distance L, between M; and thermal lens is
fixed, while L, is varied to characterize the laser stability and beam spot in the

simulation. . Ly . L,

=y )
TL =
[ 1 0} =1/ f 1 [1 0}

—-2/ROC 1 01

Fig. 3.8: Schematic of a linear laser cavity with intracavity focusing lens. M;: Input

mirror, TL: thermal lens in laser crystal, M: output coupler. ROC: radius of curvature.
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Fig. 3.9 shows the maximum stable cavity length determined from the numerical
calculation at full diode pump power. This estimate is inclusive of the laser crystals of
different doping concentrations, which respectively exhibit different levels of thermal
effect. The thermal induced lens used in the calculation was taken from the experimental
measurement. As expected, the allowable stable cavity length for the higher doped crystal

is shorter, corresponding to the stronger thermal focusing effect in gain medium.

Stability Range (A+D)/2

-1 ) i L l ! l
0 20 40 60 80 100 120 140

Cavity Length (mm)

Fig. 3.9: Acceptable cavity lengths for laser operation within the optical stability range.
Calculation is made of the crystals with doping concentration of 0.5 at.% (triangle), 1

at.% (square), and 1.61 at.% (circle).
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Since the cavity mode size varies with the pump dependent focal length, cavity
spot size at different resonator length differs from each other. Fig. 3.10 shows one
example of the calculated cavity beam waist with respect to the beam spot size at laser
crystal center for three different sets of thermal lens in Nd:GdV Oy laser crystal. Under a
strong focusing lens, spot size in crystal shows a significant change. The abrupt decrease
of mode size following the increasing of pump power crucially affects the laser
performance. For optimal laser output, mode-matching conditions with proper pump to

laser overlapping should be satisfied.
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Fig. 3.10: Estimated beam spot size at laser crystal center, w, (dash line) and cavity beam
waist, wy (solid line) for thermal focal lens fr = 200 mm (circle), 300 mm (triangle) and

400 mm (square).
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3.4 CW laser performance

3.4.1 Nd:GdVOj, lasers

3.4.1.1 Effects of crystal doping concentration
The CW laser operation was initially studied with different doping concentration of
Nd:GdVOy crystals (0.5 at.%, 1.14 at.%, 1.61 at.%). The crystals are anti-reflection

coated on both surfaces at 808 nm and 1.06 pm. Fig. 3.11 shows the experimental plano-

concave cavity configuration.

Fig. 3.11: Experimental setup of CW laser. LD: laser diode, L: coupling lens, M;: input

mirror, My: output coupler.

An Nd:GdVOqcrystal was put closely at about 5 mm away from the concave input mirror
ROC = -500 mm, which is similar to the conditions used in the calculation. Considering
thermal induced effect, the laser gain medium was mounted within a cooper holder and
cooled by circulating water. The water chiller was ensured to be maintained at a
temperature of about 18 °C during the experiment. The periphery of the crystal was
wrapped with indium foil in order to have better heat dissipation from crystal to metal
holder. The collimated diode laser was focused into Nd:GdVOQOy4 through a dichroic coated

input mirror. The mirror surface facing to the diode laser is high transmission (HT)
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coated at 808 nm and highly reflective (HR) at 1064 nm, whereas the other side of the
mirror is anti reflection coated at 1064 nm. The laser resonator was completed by using a
partially transmission plane mirror as coupler.

A proper cavity length selection was selected to obtain the optimal mode
matching in the laser for linear increase of the highest average output power within the
available pumping regime. Fig. 3.12 depicts the laser output power at different cavity
lengths for a given pump power of 13.5 W. The coupling transmission used in the

measurement is 30%.

55 T

--0O-=-114 at.%
—¥—05at.%
5 4
S
g
g 45
n . | I.
= °.....
g S,
= '\
(@] N
4 1 “‘e
3-5 T T T T T T J

40 50 60 70 80 90 100
Cavity length (cm)

Fig. 3.12: The recorded laser output power at different cavity lengths for the crystals with

doping of 0.5 at.% (cross) and 1.14 at.% (circle).

It was found experimentally that the optimal cavity length for the 0.5 at.% and 1.14 at.%
Nd:GdVOy, lasers are 50 mm and 60 mm, respectively. Due to the thermal focusing, at
longer cavity length, laser output power was prone to drop down from its linear relation

with the increasing of pump power.
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Sensitivity of the laser output power to the thermal effect is clear following the
increase of cavity length. This fact is reflected from the dip of the power, which is
significant in the 1.14 at.% doped laser, which has stronger thermal focal lens. As has
been pointed out in Fig. 3.10 that at shorter resonator, cavity mode radius at the crystal
center would be far below the pump beam size (= 0.2 mm). This deduces that the low
output from a shorter cavity would be from the inefficient mode matching between the
pump beam and cavity mode. On the other hand, stronger thermal lens in the heavily
doped 1.61 at.% laser crystal was prone causing a drastic change on cavity mode size,
resulting in sudden decline of laser output power especially in the longer cavity length. It
was found in experiment that the cavity could only be shortened to 30 mm for the linear
increasing of optimum output power. Fig. 3.13 shows the output power with respect to
the pump power for these three different doping level of Nd:GdVO,4 with the output
coupler of 70% reflectivity. For better comparison, both 0.5 at.% and 1.14 at.% doped
lasers were kept at the same cavity length of 60 mm, while the heavily doped laser was

operating at 30 mm cavity length.
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Fig. 3.13: Output power versus incident pump power for three different doping levels of

Nd:GdVOy lasers.

The 0.5 at.% Nd:GdVOy crystal showed the optimal CW laser performance at the high
pumping regime. The average slope efficiency from each linear power curve at pump
power range of over 9 W was determined to be 62.6%, 56% and 53.4%, respectively for
the lightly doped to the heavily doped laser crystals. Note that the total incident pump
power was used in estimating the laser efficiency instead of the absorbed pump power.
From the increase tendency of the laser output, it is believed that higher output power
will be attainable in the laser.

After investigated the influence of output coupling to the CW laser performance
in the 0.5 at.% Nd:GdVO, laser, output coupler with transmission of 20% was
experimentally determined to be the optimum for the laser system. Fig. 3.14 shows the
CW output versus pump power for each cavity output coupling. Limited by the pump

power of 12.8 W, CW laser emission of 6.27 W was achieved at the slope efficiency of
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63%, giving the optical conversion efficiency of about 50%. Based on the slightly curve
up laser slope efficiency at high pumping regime, it is expected that higher conversion

efficiency could be obtained if higher pump power is available.
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Fig. 3.14: Laser efficiency of the 0.5 at.% Nd:GdVO, laser at different coupling

transmission.

Laser output beam quality from the optimized 0.5 at.% Nd:GdVOy laser was
further characterized through M? measurement. The M’ factor is determined through the

ratio of the far-field diameter to the diffraction-limited beam diameter.

_ g
ZpA

M2

?

where zp is the distance of one Rayleigh range from the focal spot, wy is the focal beam
waist radius and A is the laser wavelength. Using the moving knife-edge method [101],
the laser beam quality factor could be estimated. Laser beam spot diameter is measured

through the knife edge moving distance for which the beam intensity is respectively cut

off 10% and 90%.
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where w is the beam spot radius, Xope, 0% is the knife edge scanning position where the

beam intensity is cut off 90% or 10%.

M M,

Moving knife edge on
a translation stage

Fig. 3.15: Experimental setup for the laser beam quality measurement. PM: power meter.

Fig. 3.15 shows the simple setup for determining the laser M parameter. Laser output
was propagated through a focusing lens (f1), placed at 135 mm from the output coupler.
The lens acts like an expander to diverge the beam into larger beam spot and reduce the
knife-edge beam cutting error. For proper power collection, the diverged beam spot was
focused with a large diameter lens (f,, with 4 inches in diameter) into a power meter.
From the experimental determined focal beam waist radius and Rayleigh range, laser
beam quality parameter under the full pump power was calculated to be about M =15.
Based on this result, the laser beam spot size near the coupler, before the focusing lens
was calculated to be about 145.6 um. By removing the beam expander, transverse laser
beam spot is further characterized. Fig. 3.16 depicts the spatial intensity distribution of a
far-field output beam spot, measured by knife-edge scanning at 0.1 m from the output

coupler.
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Fig. 3.16: Spatial transverse intensity profile for the laser operation at 11.3 W. Dot:

experimental measured data. Line: Gaussian function fitting.

From the Gaussian beam profile, the spot radius was found as about 0.387 mm, which is
close to the theoretical estimated beam radius of 0.37 mm at that position. Scanning along
the vertical beam spot diameter showed a similar result. These experimental results hence

confirm the laser operation was in the low-order transverse-mode.

3.4.1.2 Effects of crystal anisotropy

As has been discussed in Chapter 2, Nd:GdVOy, crystal is a uniaxial crystal. Due to the
influence of the crystal birefringence, its absorption and stimulated emission cross-
sections are actually dependent on the polarization of light. In order to achieve the
optimum laser output in a given operating condition, a comprehensive study on the
crystal anisotropy to laser performance is required. By using the natural birefringence of

a-cut Nd:GdVOy crystal, CW Nd:GdVO, laser has been experimentally operated either in
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the ordinary wave (a-polarized) emission or the extraordinary wave (c-polarized)
emission state. Comparison was made between their CW performance and with that of an
unpolarized c-cut Nd:Gd VO, laser using the same laser parameters.

The extraction of birefringent a- and c-polarization from an a-cut Nd:GdV Oy laser
is on a basis to angularly separate the e-ray and the o-ray from the crystal. In the
experiment, this is realized by intentionally created a wedged surface on one of the
crystal facets. Light passing through the crystal will deviate from normal axis following
their respective refractive index, as e-ray with larger refractive index in Nd:GdVO, will
show a larger deviation than the o-ray. Therefore, by changing the resonator longitudinal
axis according to the deviated angle of each polarization, it is easy to experimentally
select the laser polarization state (Fig. 3.17). As it is understood that the lateral separation
between these two polarizations is dependent on the wedge surface ([n. — n,] X wedged
degree), the wedge angle should be within the allowable range of cavity misalignment in

order to achieve the laser operation for both emissions.

a-cut Nd:GdVO,

Fig. 3.17: Schematic illustration of the experimentally selective polarization states in a

wedged a-cut Nd:GdVOy laser.
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In this case, an a-cut Nd:GdVO, crystal in dimensions of 3.5 x 3.5 x 4 mm°> was
doped at 1.0 at. % Nd**. The end of the crystal facing to the pump source has a flat
surface, while the other end has a wedged surface with an angle of 3 degrees. The e-ray
(c-polarized) and o-ray (a-polarized) from the a-cut Nd:GdVO, crystal is thereby
separated with an angle of about 0.66° or 11.52 mrad. With a cavity length of 40 mm, the
lateral separation between the two rays at the output mirror is about 0.46 mm. The flat
surface of the crystal is high reflection coated at the fundamental wavelength of 1064 nm
and anti-reflection coated at the pump wavelength of 808 nm, whereas the wedged
surface is AR coated at 1064 nm. The c-cut crystal was also doped at 1.0 at. % Nd** ions
and cut into dimensions of 3.5 X 3.5 x 4 mm’. Both ends of the crystal are flat surfaces
and are coated in the same way as those of the a-cut crystal. In experiment, each laser
was operated in a normal plane-parallel cavity with the hybrid coated of input mirror on
the crystal facet. The plane cavity was stabilized with the existence of thermal focal lens
in the laser crystal. In order to efficiently dissipate the generated heat, the crystals were
wrapped in a thin layer of indium foil and mounted within a water-cooled copper holder.
The water temperature was maintained at about 12 °c during the experiment to avoid the
crystal fracture. Although the Nd:GdVO, crystal has a better thermal conductivity along
the c-axis (11.4 Wm'lK'l) than along the a-axis (10.7 Wm'lK‘l), the cooling temperature
for both lasers was fixed at the same value to keep the experimental conditions the same.
The laser cavities were completed with a flat output mirror of either transmission 7 =
20% or T = 30%. Cavity length of 40 mm was found to be optimum for the a-polarized
laser, whereas 60 mm was optimal for the c-polarized laser. Nonetheless, in order to have

a consistent investigation on the polarization influence to the laser performance, the
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experiment was carried out in the same way as possible in all the lasers. Therefore,
throughout the study, laser cavity length was kept at 40 mm for all polarized a-cut lasers
and the unpolarized c-cut laser. In the experiment of using the wedged a-cut lasers, laser
output mirror was mounted on a precise rotation stage. The polarization state of the laser
emission could be swapped in between by making a small mirror orientation change.
Alternatively, it was found that by fixing the output coupler but tuning the laser crystal
within a small angle could also select the polarization of the laser emission. The output
power obtained with each of the methods was experimentally checked and they were
similar.

The CW performance of the lasers was investigated with an output coupler of 7 =
20%. Fig. 3.18 shows the CW output power via the pump power of the lasers. For the a-

cut Nd:GdVO, laser the output of the a- and c-polarization components were measured

separately.
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Fig. 3.18: CW output power versus the pump power of the unpolarized c-cut laser and the

polarized lasers at each respective direction. The output coupling is at T = 20%.

78



ATTENTION: The Si

apore Copyright Act applies to the use of this @ﬁy@u@ﬂ NEOERAUCEI WG LS BN BEF R MR e

The highest output of the a-polarized emission was 3.34 W at close to the maximum
available incident pump power of 12.39 W. Slope efficiency of the laser is 36.4%.
Whereas, the c-polarized component has a maximum output power of 5.56 W at the
maximum available pump power, giving a slope efficiency of 50%. The c-cut Nd:GdVO4
laser achieved its highest output of 3.5 W at the pump power of 9.83 W with a slope
efficiency of about 49.7%. The laser was saturated with further increase of the pump
power. The pump-induced thermal effects are considered to be one of the causes leading
to the laser output power saturation. As a plane-parallel cavity was used in the
experiment, the thermal lens induced diffractive losses should be strong in the lasers to
cause the decrease of the pump efficiency. Since Nd:GdVOy crystal has a better thermal
conductivity along the c-axis than along the a-axis, the pump induced thermal lens in the
a-cut laser is consequently weaker than that in the c-cut laser. It was seen that under the
same pump power no such pump efficiency decrease appeared in the a-cut laser. The
lasing threshold for the a- and c-polarized emission of the a-cut laser, and the c-cut
Nd:GdVO, was measured to be 3.3 W, 1.5 W and 2.93 W, respectively. Based on the
same cavity losses in the a-cut lasers, lasing threshold difference between the a-polarized
and c-polarized emission gives a good measure of their stimulated emission cross section
ratio. From the experimental result, gain cross section of the c-polarized laser is deduced
as about a factor of two higher than that of the a-polarized emission. This agrees well
with the ratio of the peak emission cross section at c- and a-polarized direction as stated
in Chap. 2.

Although the a-cut Nd:GdVOy crystal has a larger absorption cross-section than

the c-cut crystal, it is seen in Fig. 3.18 that the a-polarized emission of the a-cut crystal
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laser has lower slope efficiency than that of the c-cut laser before the thermally induced
diffraction becomes significant in the c-cut laser. This result can be explained by the
unpolarized c-cut Nd:GdVOy laser being exempted from the polarization losses in it.
Since the comparison between the thresholds of the a-polarized emission in the a-cut
laser and the unpolarized emission in the c-cut laser gives an indication on their cavity
loss difference, this result is also in agreement with the lower lasing threshold of the c-cut
laser than the a-polarized laser. For the CW operation of the lasers the advantage of using
the conventional a-cut crystal is clear, based on the experimental result of the c-polarized
laser. It is expected that with a better mode matching in the crystal and the use of a cavity
with low diffraction loss, higher laser slope efficiency as achieved in the conventional a-
cut Nd:GdV Oy, laser could be obtained.

It is noted that a slightly decrease of output power occurred for the a-polarized
component at the full pump power, while there is no such output power decline observed
on the c-polarized light. This seems rule out the possibility that it is caused by the thermal
induced cavity diffraction losses. The most likely reason could be the excited state
absorption and energy transfer upconversion effects, as will be discussed in the passively
Q-switched laser section. For the a-polarized light with smaller stimulated emission
cross-section than the c-polarized light, the excited state nonlinear effects could be more

plausible to appear under a high pumping strength.

3.4.2 Nd:GdYVO, laser

A similar experiment as used in determining the laser performance in Nd:GdVOy was

conducted on an a-cut 0.5 at.% doped mixed Nd:GdpesYo36VO4 crystal. For a
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comparison made with a lightly doped Nd:GdVOy laser, the mixed crystal was operated
in a 60 mm cavity length as illustrated in the setup in Fig. 3.11. Variation of output
coupling transmission was attempted in the laser for the highest output power. Fig. 3.19
shows the experimentally obtained laser average powers under different cavity
transmission. The output coupler with reflectivity of 80% was found showing the optimal

output with average slope efficiency of 56.4 % in the range that incident pump power is

over 9 W.
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Fig. 3.19: Nd:GdpssY03sVOs CW laser performance obtained from different set of

coupling transmissions.

For comparison on the laser performance between the mixed and the pure
gadolinium vanadate crystals, their CW average power measured at the optimum
coupling transmission of T = 20% is plotted in Fig. 3.20, respectively. Despite the fact
that the cavity loss of the lasers might slightly differ from each other, comparison of their

lasing threshold would reflect the difference of their laser stimulated emission cross
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section. According to the plot, the mixed crystal was found having a lasing threshold of
about 1.3 times higher than that of the Nd:GdVOj laser. This value agrees well with their

emission cross section ratio (= 1.58).
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Fig. 3.20: Optimum CW power of the Nd:GdyetY036VOs and Nd:GdVO, lasers,

respectively measured with the output coupler of 7= 20%.

On the other hand, laser beam quality of Nd:Gdy¢4Y036VO4 was analyzed using
the same moving knife-edge method as stated above. The results further confirm that the
laser operation was in a TEMgq condition. M’ parameter at full pump power was found to
be 1.53 for the Nd:GdY VO, laser. The far field spatial beam at 0.1 m away from the
cavity output coupler was estimated to have a radius of about 0.43 mm. Fig. 3.21

illustrates the experimental and Gaussian fitted spatial beam profile.
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Fig. 3.21: Gaussian fitted (line) and experimental determined (dot) spatial beam spot of

the Nd:Gdg ¢4 Y036VOy laser.

3.5 Summary

In this chapter, diode-pump CW laser performance of Nd:GdVO4 and Nd:GdYVOg4
crystals have been investigated. The overall study began by characterizing the laser diode
pump source performance, and identifying the absorption coefficient and thermal focal
lengths of laser materials for efficient cavity design. Investigation of the influences of
laser properties to CW laser efficiency was further conducted together with the
characterization on laser beam quality. It was found that doping concentration is the
governing factor in increasing the pump absorption coefficient and the laser thermal lens
effect. As a result, the 1.61 at.% doped Nd:GdVO, showed a strong thermal focal length
of less than 150 mm at the full pump power, whereas the 0.5 at.% lightly doped crystal
formed a thermal lens with focal length of about 200 mm at the same pumping level.

Mixed crystal Nd:Gdye4Y036VO4 with its higher thermal conductivity is favorable with
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its weaker thermal effect than the same doping level of the pure Nd:GdVO; crystal. In
identifying the measured thermal lens results of the mixed crystal, temperature-induced
refractive index change of Nd:Gdy¢4Y0.36VOs crystal is estimated to be 3.5 X 10° K in
the experiment.

As has been found, the lasing action was strongly influenced by the thermal
induced effect accordingly with the cavity design. Low doping concentration of laser is
more favorable in producing high efficient CW output power. In the two mirror plano-
concave resonator, a proper cavity length is indeed necessary to achieve a proper mode
matching for the highest laser efficiency. The average CW laser slope efficiency for three
different doping levels of Nd:GdVO, (0.5 at.%, 1.14 at% and 1.61 at.%) was
respectively found to be about 62.6%, 56 and 53.4%. At the optimum cavity transmission
of T = 20%, 50% optical-to-optical conversion efficiency was achieved at the limited
pump power of 12.81 W. The beam quality factor measured at the full pump power was
determined to be M* = 1.5, suggesting the laser was in a low order transverse mode.

Through the comprehensive studies on the Nd:GdVO, laser birefringent and
crystal cutting in CW laser operation, laser performance has been experimentally found
to be dependent on the polarization accordingly with its light dependent absorption and
emission cross section, as well as the thermal property. The c-polarized Nd:GdVOQOy, laser
with its larger gain cross section has shown the highest efficiency of CW laser output
performance. On the other hand, due to the exemption from the polarization loss, the
unpolarized c-cut Nd:GdVOy laser has a lower lasing threshold and higher laser slope

efficiency than the a-polarized component, as both would have the similar emission cross
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section. In the experiment, it is also confirmed that c-polarized emission cross section is
about double of the a-polarized component.

For the Nd:Gdge4Y036VOy4 crystal laser operation, the highest slope efficiency of
56.4% was achieved in the laser with an optimal cavity transmission of 20%. The slightly
lower output power in the mixed crystal laser as compared to the Nd:GdVO, is in good
agreement with its lower emission cross section. From the characterization of the spatial
laser beam propagation, low-order transverse-mode laser output with M? = 1.53 was
obtained at the full pump power. All these results reveal that the combined effects of the
laser properties and the proper cavity design are determinant to achieve the high efficient

CW laser output.
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Experimental study on passively Q-switched operations

Despite the fact that Nd:GdVQ, laser has advantage of large gain cross section, which
allows it to achieve high efficient CW operation, this property, on the other hand, is an
obstacle for obtaining large passively Q-switched pulse energy. The first experimental
study on the passively Q-switched Nd:GdVO, laser reported inferior passively Q-
switched result of pulse energy of merely 20 wJ, and peak power of 625 W, which was
thought to be caused by the too large stimulated emission cross section of the crystal
[102]. In this thesis, intensive research has been conducted on the passive Q-switching of
Nd:GdVO4 and mixed crystal Nd:Gdg 64 Y036 VO4 using Cr**:YAG saturable absorber.
From the derived analytical rate equations for passive Q-switching, it is shown the
selection of laser parameters crucially affects the quality of the passively Q-switched
laser operation, and this includes the gain medium doping level, saturable absorption
strength, emission cross section, and cavity reflectivity. It is important to appropriately
combine the laser parameters to achieve the optimized passively Q-switched laser
performance. Nd:Gdge4Y036VO4 mixed laser crystal which has smaller emission cross
section than Nd:GdVOy crystal, has been shown to have better passively Q-switched
performance than the Nd:GdVOy laser. Apart from the gain medium features, the
property of the saturable absorber also plays a crucial role in the optical pulse energy and
peak power of the passively Q-switched laser. In this chapter, a detailed investigation on
the effects of the above stated laser parameters is carried out to have an overall

understanding in giving optimal passively Q-switched output. A novel approach using the
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nonlinearity of GaAs as a nonlinear output coupler has been conducted to further narrow

the passively Q-switched pulse duration for higher pulse peak power.

4.1 Experimental details

The essential part of the passively Q-switched operation is the insertion of a saturable
absorber in the cavity. The stronger light intensity with a smaller beam spot size on the
passive Q-switch relative to the gain medium is dominated to the Q-switched
performance. Within the stable cavity condition, this criterion can easily be achieved in a
simple concave-plano two-mirror cavity configuration or in a hybrid plane parallel laser
cavity configuration with the occurrence of the thermal lens. The cavity lengths were
selected based on the consideration of cavity stability and the highest achievable CW
output power, in which the mode matching of the laser was found optimum in the studies
in Chapter 3. Due to the concave input mirror and thermal lens in the gain medium, the
position of the smallest cavity mode size for putting the passive Q-switch in the cavity is
therefore near the output coupler.

The Cr*":YAG crystals used in the experimental study are <11l1>-oriented,
respectively with initial transmission 7Ty of 90% (5 x 5 x 0.82 mm®) , 80% (5 x 5 x 1
mm?), and 60% (5 x 5 x 1.74 mm?). The saturable absorbers are anti-reflection coated
both sides to reduce the insertion loss in the cavity. Due to the flexibility of Cr*":YAG
crystal in controlling the saturation strength for optimum Q-switched parameter,
Cr*":YAG passive Q-switch is mainly used in most of the experiments. In the final
section of this chapter, GaAs semiconductor mirror is introduced for advancement on the

passive Q-switching technique. The GaAs wafer was grown along <100>-axis and cut
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with a cross-section of 10 mm X 20 mm and a thickness of 450 um. One side of the GaAs
wafer is optical polished, and its opposite surface was coated with a gradually varying
transmission from 7 = 3% to 60% along the 20mm edge direction. In the Q-switched
operation, cavity output coupling with lower reflectivity R was selected for optimal
cavity energy extraction in the passive Q-switching. Depending on the laser condition,
cavity output mirror with reflectivity of either 70% or 60% at 1.06 um was mainly used
in the experiments. The Q-switched laser output was detected with a high speed InGaAs
photon detector (New Focus 1611-AC). A digital storage oscilloscope (Tektronix TDS
360) and a power meter were used to display and measure the Q-switched pulses and

their average power.

4.2 Passively Q-switched performance of Nd:GdVO, laser

Proper combination of the laser parameters is crucial for achieving the optimized laser Q-
switching performance. As shown in the previous chapter that the Nd-ion doped crystal
with higher doping level has higher pump absorption strength. According to Eq. (2.14)
where stronger laser absorption is proportional to higher pumping rate, a higher doping
concentration could therefore provide larger amount of population inversion for
generating larger single pulse energy in the passively Q-switched operation. Besides,
heavily doped laser crystals may also able to avoid the pump saturation in the continuous
pumping process. On the other hand, lower output coupling reflectivity and higher
saturation strength are also factors in enhancing the passively Q-switched performance.

In practice, there is an optimal parameter for each factor corresponding to their
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interactive influences. Appropriate combination of the laser parameters is the criterion to
be achieved experimentally for the good passively Q-switched laser output.

Three a-cut Nd:GdVOq crystals with doping concentration of 0.5 at.% (3.5 x 3.5 X
6 mm), 1.14 at.% (3.5 X 3.5 x 4 mm), 1.61 at.% (3.5 x 3.5 X 3.5 mm), respectively
represents the lightly, mildly and heavily doped crystal. All the passively Q-switched
lasers were built in the previous determined CW laser concave-plano cavity, with
Cr**:YAG as a passive Q-switch. For Nd:GdVO, crystals with 0.52 at.% and 1.14 at.%, a
cavity length of 60 mm was selected. While for the crystal of high doping concentration
(1.61 at.%) the cavity length was reduced to 30 mm to avoid the thermal lens effect

induced cavity instability. The experimental setup is shown in Fig. 4.1. |

M1 MZ

Fig. 4.1: Schematic of the laser setup. M;: concave mirror, M;: output coupler. L:

coupling lens.

Fig. 4.2a shows a comparison of the average output power of the Nd:GdVOy laser
of different doping concentration when passively Q-switched by the Cr*":YAG crystal of
80% initial transmission. In all the experiments an output coupler of 70% reflectivity was
used. Under the experimental condition the laser with the 1.14 at.% doping concentration
emitted the highest average power. Q-switched output power of 2.4 W was obtained with

the pump power of about 14 W, giving a slope efficiency of 23%. Despite the lightly
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doped crystal having a similar laser threshold and a slope efficiency of almost
comparable with the 1.14 at.% doped laser, its average output power is inferior in the Q-
switched operation. Comparatively, the laser with the 1.61 at.% doping concentration has
a fairly low maximum output power. With a pump power of about 12.5 W the laser
already reached its maximum output of about 1.3 W. Further increasing the pump power
caused a decrease of the laser output. The reduction in the laser output power is attributed
as a consequence of the strong thermal lens induced cavity instability in the high doping

concentration of the laser crystal.
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Fig. 4.2: Average output power of the Q-switched Nd:GdVO, laser under different
doping levels. (a) Output coupler transmission: 30%, Cr*"YAG initial transmission:

80%; (b) Output coupler transmission: 40%, Cr*"YAG initial transmission: 60%.

The passively Q-switched operation was further studied by decreasing the output
coupling reflectivity to 60%, and increasing the Cr*":YAG saturation strength to initial
transmission of 60%. In such a high cavity loss condition Q-switched operation was

failed to achieve in the heavily doped Nd:GdVOy laser. Comparison was made between
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the 0.5 at.% and 1.14 at.% crystals. Fig. 4.2b shows the average output of the lasers with
an output coupling of 40% and a Cr*":YAG crystal of 60% initial transmission. In this
case the highest average output power achieved was 1.37 W for both the laser crystals of
0.52 at.% and 1.14 at.% doping concentrations. The 1.14 at.% laser output initially raised
with a higher slope efficiency, but slightly declined its slope efficiency at 13.28 W. This
phenomenon is also attributed to the onset of the thermal focal lens at the high pump
power. Actually the higher average Q-switched output power does not indicate the
proportion to single pulse energy. The essential judgment on the Q-switched laser
performance is its achievable optical pulse energy and peak power. Based on this
concept, the laser was further investigated to determine the effect of saturable absorption
strength to the Q-switched pulse properties. The studies were carried out on the 1.14 at.%
Nd:GdVOy laser by using Cr**: YAG crystals with either 60% or 80% initial transmission.
The output coupler transmission was kept as low as 40%. Fig. 4.3 shows the Q-switched
pulse width, pulse energy, repetition rate and peak power changes with the pump power.
The results demonstrated that with the Cr**:YAG crystal of 60% initial transmission, a

maximum single pulse energy of 130.1 pJ and pulse width of 7 ns can be achieved,

giving Q-switched pulse peak power of 18.6 kW. Even with the Cr*":YAG crystal of 80%
initial transmission in the cavity, Q-switched pulses with single pulse energy as high as

76 uJ and peak power of 4.8 kW could be obtained. Fig. 4.4 shows a stable Q-switched

pulse train with pulse amplitude jitter less than 2% as observed in the experiment.
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Fig. 4.3: Passively Q-switched 1.14 at% Nd:GdVO, lasers. Pulse ‘properties under
different Cr**:YAG initial transmissions: full circles: Cr*:YAG with 60% initial
transmission; open circles: Cr*":YAG with 80% initial transmission. (a) Pulse energy; (b)

Peak power (c) Pulse width; (d) Repetition rate.
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1.14 at.% , Cr*": YAG initial transmission: 60%, output coupler transmission: 40%.
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It may be noted that in the experiment as the pump power increased beyond a
certain value, Q-switched pulse repetition rate started to decrease. The decrease point
started at the pump power of 13.28 W, which is the same as the variation of average
output power in Fig. 4.3b. This effect is explicable with the cavity diffraction loss
induced from the thermal lens effect. An increased cavity loss also means an increased
effective threshold pump power, and consequently a decreased Q-switched pulse
repetition rate. However, a less significant pulse repetition rate drop was observed when
the Cr**:YAG saturable absorber of 60% initial transmission was used. This could be
understood as being that the cavity loss in this case was very strong before the occurrence
of the thermal induced loss. Therefore, a drastic dropping tendency of the pulse repetition
rate could not be seen. The influence of the thermal lens introduced diffraction loss hence
becomes less significant.

On the other hand, the 0.5 at.% laser under the same passively Q-switched
condition was found not to be able to achieve the result compared with the 1.14 at.%. Fig.
4.5 shows the experimental results of the passively Q-switched lightly doped Nd:GdVO,
lasers. The maximum achievable pulse energy and peak power are merely 24.3 wJ and
1.06 kW, respectively under the operating conditions of T = 40%, Ty = 60%. Amplitude
and repetitive pulse jitters were found to be significant in the 0.5 at.% doped laser,
particularly at high pump power. This poor result is most probably because of the
inability to fulfil the Q-switched second threshold. The reasons may include the low
absorption coefficient in the lightly doped crystal, and low laser net gain with the finite

ions number in ground state. From the cavity design, weaker thermal focal lens in the
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lightly doped crystal could also result a weak intracavity focusing on the saturable

absorber that obstruct the laser to hold the inequality of Eq. (2.6).
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Fig. 4.5: Pulse properties of the passively Q-switched 0.5 at.% Nd:GdVO, lasers. Full

circles: Cr**:YAG with 60% initial transmission; open circles: Cr**:YAG with 80% initial

transmission. (a) Pulse energy; (b) Peak power (c) Pulse width; (d) Repetition rate.

The Q-switched pulse properties of the laser under cavity output coupling
transmission of 20% have also been compared. As expected, due to the low energy
extraction from the cavity, the pulse energy and peak power were inferior compared to
the cavity of 40% transmission. It was found in practice that high average output is from
experimental condition with low round trip losses (saturation strength and coupling

transmission). Since laser gain is unable to store up to higher value, pulse energy is
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consequently low. However, with lower losses, the laser can thus achieve higher average
output power. Therefore, the combination of all the cavity gain and loss in the passively
Q-switched regime is crucial to passively control the laser performance. The higher
doping level of laser crystal is better for high gain, while the best combination of the
cavity output coupling and the saturable absorber initial transmission in the experiments
is the 40% output coupling transmission and 60% saturable absorber initial transmission.
Because of its higher lasing threshold and higher diffraction loss, the suitable
cavity output transmission for the heavily doped 1.61 at.% laser is 30% by passively Q-
switched with the Tp = 60% of Cr**:YAG crystal. In such a short cavity the laser with the
1.61 at.% Nd:GdVOy could achieve the highest single pulse energy of 158.2 uJ with a
repetition rate of 6.3 kHz at the pump power of 12.5 W. Fig. 4.6 shows as example a Q-
switched laser pulse with 6ns pulse width, and peak power of 26.4 kW. When the
Cr**:YAG crystal of 80% initial transmission was used, the achievable maximum pulse
energy and peak power dropped about half to 95.2 uJ and 13.6 kW, respectively. This
demonstration shows that the doping concentration of the Nd:GdVOQy crystal is more
dominant for the larger single Q-switched pulse energy and peak power with the
optimized selections of the cavity output coupling and saturable absorber strength. The
experimental results show that crystals with higher doping concentration are beneficial
for the passive Q-switching, provided that the laser cavity is appropriately designed to
avoid thermal induced cavity instability. Further shortening the cavity length is

obstructed by the bulky laser system.
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Fig. 4.6: Pulse profile of single Q-switched pulse with the pulse width of 6 ns.

For the passive Q-switching was conducted in the optimized cavity configuration
of the CW lasers, laser beam quality with the insertion of the Cr*: YAG was further
checked with the knife-edge method as which applied in the CW laser emission. The Q-
switched beam diameter was found to be slightly smaller compared to the free-running
laser output. The stronger the saturable absorption strength, the more effective the beam
diameter to be apertured. This implies that the saturable absorber acts as an effective
aperture to the laser and cut off the higher order mode. From the measurement, beam
quality number of the passive Q-switching the experiments at the full pump power of

about 14 W is in the range of about 1.3 ~ 1.4.

4.2.1 Effects of crystal anisotropy

The a-cut Nd:GdVO, with large emission cross section is advantageous for the CW
power scaling with low threshold. By contrast for the passively Q-switched operation,
large gain cross section obstructs the energy storage at laser upper energy level and

results in an inefficient passive Q-switching. One alternative to enhance the passive Q-
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switching performance in the crystals of tetragonal group space is to utilize the smaller
laser gain cross section to increase the energy store capacity. Nonetheless, this does not
absolutely imply that the smaller emission cross section is better in the passively Q-
switched operation. There might have other influences more dominant to affect laser
performance. In this section, laser operation under two different light polarizations (gain
cross sections) is investigated. Comparisons of laser performance are made between the
natural resolved birefringence of an a-cut Nd:GdVO, crystal, and also with a c-cut
Nd:GdVO; laser of the same parameters. The advantages and drawbacks of each laser
polarization operation are analyzed experimentally.

A flat-wedged (3 degrees) surface of a-cut Nd:GdVOy laser crystal was used to
separate the two naturally polarized radiations from the crystal. Both a-cut and c-cut laser
crystals are mildly doped at 1.0 at. % with dimensions of 3.5 X 3.5 x 4 mm°. The laser
operations were conducted with simple two-mirror laser cavity with the insertion of a
Cr**:YAG saturable absorber closely to the output coupler as in Fig. 4.7. Passive Q-
switching of the a-polarized laser and the c-cut Nd:GdVO,4 was carried out in the same
cavity conditions. An optimized Q-switched operation of the lasers was obtained with the
laser output coupling transmission T = 30% and initial transmission of the Cr*":YAG
saturable absorber of Ty = 90%. Because of the small stimulated emission cross-section of

the lasers, Cr*:YAG saturable absorbers of lower initial transmission could not be used.
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(a)

(b) L L c-cutNd:GdVO,

LD

Fig. 4.7: Schematic experimental setups. (a) The a-cut Nd:GdVO, laser, where the a- or
c-polarized emission were selected by the orientation change of the output coupler. (b)

The c-cut Nd:GdVOy laser. L: coupling lens; LD: laser diode. M: output coupler.

Fig. 4.8 shows the comparison of the Q-switched performance between the a-cut a-
polarized laser and the c-cut laser. As a reference, passively Q-switched operation of the
a-polarized light under the output coupling of T = 20% is also given in the figure. As
expected, higher cavity loss is better for extracting higher pulse energy from the cavity. It
is clear to see that the c-cut Nd:GdVO, laser had a better performance than the a-cut a-
polarized laser under the same pump power. However, the operation of the c-cut laser
suffered from strong influence of the pump-induced cavity losses and instability. When

the pump power exceeded 11.3 W no stable Q-switched operation could be obtained. The
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stable passively Q-switched operation of the a-cut a-polarized laser could extend to the
maximum incident power of 12.4 W. Similarly, its Q-switched operation was unsteady
and ceased with the further increasing of the pump after 12.4 W. In the experiment, the
Q-switched pulse energy and peak power obtained on the a-cut a-polarized laser and the
c-cut laser are comparable, they are 99.4 puJ and 97.5 uJ, and 9.47 kW and 9.75 kW,
respectively for the a-cut laser at the pump power of 12.4W and the c-cut laser at the

pump power of 11.3 W.
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Fig. 4.8: Comparison between the passively Q-switched operation of the c-cut and the a-

cut a-polarized lasers. (a) Average Q-switched output power, (b) pulse width, (c) pulse
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repetition rate, (d) single pulse energy and (e) peak power. Cr*":YAG initial transmission
Ty = 10%, output coupler transmission 7 = 30%.
A typical Q-switched pulse train for the a-cut a-polarized Nd:GdVOy laser is shown in

Fig. 4.9, where the inset is the single pulse profile measured.
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Fig. 4.9: A stable Q-switched pulse train of the a-cut a-polarized Nd:GdVOy laser. The

inset is a typical Q-switched pulse shape.

Experimental data clearly revealed that Nd:GdV Oy lasers with low emission cross
section were limited at the high pumping regime. Despite the thermal induced cavity,
losses and instability could cause a decline to laser output, based on the fact of the drastic
cease of Q-switched laser operation, and the observed strong visible luminescence in the

crystal in the high pumping region. It is strongly believed that the nonlinear absorptions
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might exist in the a-polarized and c-cut Nd:GdVOy lasers at the high pump power. As
mentioned in Chapter 2, Nd:GdVOy laser tends to have excited state absorption (ESA)
and energy transfer upconversion (ETU). When more ions are populated at the upper
energy level of the laser, the phenomenon becomes more obvious. Therefore, this effect
is believed to be stronger in that passively Q-switched operation of the mildly doped a-
polarized and c-cut Nd:GdVOy lasers, which both have a lower emission cross section.
When the population in the excited state is high, upconversion rate is also higher
than the laser radiative rate and multiphonon decay rate, and directly affects the laser
output. Therefore, the luminescence spectrum was checked in the visible range using a
wide range optical spectrum analyzer (Ando AQ-6315B) for the passively Q-switched
low gain lasers at the pump power of about 10 W. Fig. 4.10 shows the strong
fluorescence centered at the wavelength of 401 nm and another two emission bands
found at 532 nm and 617 nm. This evidence confirms the existence of the ETU in
Nd:GdVOy laser. From this spectrum, the higher lying stark levels of Nd:GdVO, laser
that responsible for the nonlinear absorptions can be identified and correspondingly with

other fluorescent manifolds in the common Nd** lasers (Fig. 4.11).
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Fig. 4.10: Visible luminescence observed during the passively Q-switched c-cut

Nd:GdVO, laser.
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Fig. 4.11: The surmised energy diagram of the Q-switched a-oriented Nd:GdVOy, laser
with low emission cross section. The thick arrow indicates the pump photon energy, and

the nonradiative decays are not depicted in the diagram.

In fact, when the excited ions density is high at metastable ‘F 1 level, besides
ETU process, ESA can take effect through the pump light resonance. Under strong laser
cavity intensity, the accumulated ions through ETU at ‘G level (19000 cm™) will be
further promoted to the higher lying multiplets with Stark energy of about 29000 cm’™.
The radiation decay will hence produce the UV spectrum. The yellow luminescence is
insignificant as observed in the experiment because of the ESA at the 4G7/2 level. The
depopulation of the inversion at the upper laser energy level is considered as a loss

mechanism to the main laser emission at infrared. The nonradiative energy decay from
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the multipletes can also induce heat generation to increase the thermal focal lens. The
drastic drop of the repetition rate observed in the low gain Q-switched lasers at the high
pump power could well explain the starting of this dissipative phenomenon where the
cavity optical loss increased because of the depopulation and additional heating. The
increasing of the pump power after the onset of the obvious depopulation would further
decrease the optical efficiency and enhance the thermal focal lens, and consequently
perturbed and stopped the Q-switching process.

The passively Q-switched performance of the a-cut c-polarized and a-polarized
lasers was further compared. As under the c-polarization the laser has large gain
coefficient, with the Cr* YAG crystal of initial transmission Tp = 90% in cavity, the
absorber was easily saturated. Consequently, the energy stored in the upper energy level
of the Nd:GdVOy crystal was limited. Based on the previous studies on the passively Q-
switched a-cut Nd:GdV Oy laser, laser operation was optimized with the output coupling
of T =40% and the Cr*":YAG saturable absorber initial transmission of To = 60%. Under
such operating condition, stable Q-switched pulses were successfully achieved, giving the

maximum Q-switched pulse energy of 106 uJ, peak power of 20 kW at pulse duration of

5.4 ns. Without the several percentage of the input mirror loss, the pulse peak power is
slightly higher than the previous result which used the same passive Q-switch and output
coupler. Fig. 4.12 shows the comparison between the best Q-switched operations of the a-
cut a-polarized and the c-polarized lasers. Compared with the same pump power, it is
clearly seen that the a-polarized laser is able to store more energy in the upper level, and

therefore the Q-switched pulses have large pulse energy, corresponding to the low Q-
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switched pulse repetition rate. The high gain c-polarized laser has the advantages of
generating narrower pulse width and higher peak power.

A laser with a small stimulated emission cross-section could easily satisfiy the
conditions for good passive Q-switching and produce passively Q-switched pulses with
larger pulse energy. As if simply based on the fundamental laser viewpoint without
considering any other nonlinear absorption influence, small emission cross section is
equivalent to small gain coefficient. This means the Q-switched laser needs a longer
build-up time, and consequently longer Q-switched pulse duration and lower peak power.

Based on the experimental results it can be seen that in order to achieve the best
passive Q-switched operation in the laser, it is very important to select the appropriate
combination of laser parameters such as the saturable absorber strength, and laser output
coupling. These parameters are dominant to affect the passively Q-switched laser
performance once the saturable absorber recovery time and the gain medium upper level
lifetime are fixed in the passive Q-switching. As far as the second laser threshold could
be fulfilled, lasers with large stimulated emission cross-section are preferred for

achieving narrower Q-switched pulse and higher peak power.
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Fig. 4.12: Comparison between the passively Q-switched operation of the a-cut c-
polarized (square) and the a-polarized (circle) Nd:GdVO, lasers. (a) Pulse width and

repetition rate, (b) pulse energy and peak power, versus pump power.

The large emission cross section of the c-polarized laser may avoid the strong
excited state concentration, and thus weakened the ESA and ETU. The c-polarized Q-
switched laser could operate steadily up to the maximum pump power. However, it is
believed that a similar deficiency will occur, if the Q-switched laser is attempted under

even higher pump power.
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4.3 Passively Q-switched performance of Nd:GdY VO, laser

As found experimentally in the previous studies, the c-polarized Nd:GdV Oy laser is more
favorable for the passive Q-switching if the second threshold can be satisfied. The
unpleasant Q-switched results of the lightly doped a-cut Nd:GdVOy laser might be the
result of difficulties in fulfilling the Q-switched criterion. Since the excessively small
gain cross section of the a-polarized light can cause certain limitation to the Q-switched
laser output and pulse properties, improvement on the laser gain medium properties is
more effective.

Nd:GdcY14xVO4 mixed crystal with different Gd/Y composition % has been
reported showing different optical and physical properties than either of the Nd:YVO,
and Nd:GdVOy crystals. As also stated in Chapter 2, Nd:Gdoe4Y036VO4 crystal has a

slightly smaller c-polarized emission cross section (4.8 x 10™° ¢cm?) and longer upper-
level lifetime (138 pus) than Nd:YVO, and Nd:GdV O, lasers. These two characteristics of

Nd:GdY VO, are important to enhance the energy storage capacity with certain extent of

improvement to passive Q-switching.

4.3.1 Comparative study of Nd:GdYVO, and Nd:GdVO, lasers

The performance of the passively Q-switched 0.5 at% Nd:Gdges1Y036VO4 was studied
under the same experimental parameters (cavity length is 60 mm, cavity coupling loss, T
= 40%, and saturable absorption strength, Ty = 60%) as the lightly doped Nd:GdVO,
laser. The cavity design is the same as illustrated in Fig. 4.1. The pump power
dependence of average Q-switched output power and pulse properties is given in Fig.

4.13. Apparently, the mixed crystal gave an improvement in the pulse quality when
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compared to the 0.5 at.% Nd:GdVOy laser. Because of the capability of large energy
storage, the Nd:GdYVOy laser shows a slower Q-switched pulse repetition rate. The
emitted single pulse energy can therefore achieve five times higher energy than the
conventional Nd:GdVOy laser. As a result of the intense pulse energy, peak power of the
passively Q-switched Nd:GdYVOj, laser was consequently enhanced. The laser diode
after long-term use has shown a gradual degradation of the pump power. In running this
experiment, the launching power from the diode has reduced about 9% from 14 W to the
maximum pump power of 12.81 W, Limited by the available pump power, the highest
pulse energy of 111 uJ and peak power of 14.6 kW for a 7 ns Q-switched pulse was

obtained using the neodymium mixed-gadolinium-yttrium vanadate crystal.
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Fig. 4.13: Summary of the passively Q-switched Nd:Gdpe4Y03sVOy results. (a) Q-
switched average output power. (b) Q-switched pulse width and repetition rate. (c) Single

pulse energy and peak power.

According to the linear increase of the Q-switched pulse repetition rate, the

nonlinear absorption-induced effect is not appreciable in the mixed crystal. Despite the

upper energy transfer rate being undetermined so far in the laser, the moderate gain cross
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section, low doping concentration, and the better thermal quality could be responsible for
minimizing the upper state depopulation effect. This result confirms the promising
features of Nd:Gdg ¢4 Y036 VOy4 laser for the passive Q-switching. It shows that contrary to
the common understanding that smaller laser stimulated emission cross section is better
for passive Q-switching of a laser. Through the experimental results, it should be noted
that a comprehensive consideration of all laser parameters is required to achieve the best
performance of the laser operation. Experimental evidence shows that the high laser
doping concentration is favorable for the passive Q-switching. It is predictable that with a
mildly doped Nd:Gdg ¢4Y0.36VO4 crystal which has stronger absorption and the expected
larger inversion, better passively Q-switched laser performance could be achieved in the

Nd:GdY VO, than that in the same doping level of Nd:GdVOy, laser.

4.3.2 Q-switched pulse narrowing with GaAs output coupler

Referring to the theoretical analysis, it should be noted that besides the strength of
saturable absorption, laser cavity length for the bulky crystal system is the main
restriction on the shortest passively Q-switched pulse width attainable. The approach of
further narrowing the pulse duration would be favorable in the current laser system for
higher pulse peak power. Directly increasing the saturation loss is a way of reducing the
pulse build up time, however, the loss might also increase the lasing threshold. In the
previous experimental studies, passive Q-switching with GaAs wafer has demonstrated
narrow Q-switched pulses under suitable experimental conditions [91, 92]. In order to
further enhance the achievable Q-switched peak power from the existing laser system, the

function of GaAs wafer in narrowing the Q-switched pulse duration is investigated.

110



ATTENTION: The

woChdpter 4Experinental stidyon passivély-Qwitched operdtions

The passively Q-switched Nd:GdY VO, experiment is continued by replacing the
normal cavity output coupler with a flat GaAs semi-insulating semiconductor. In this
case, the optimum absorption strength of Cr*":YAG crystal (T = 60%) as proved in the
previous experiments was selected. The GaAs wafer was <100>-cut into the dimensions
of 20 x 10 x 0.450 mm” and was coated with gradually varying transmission at 1.06 um
from about T = 3% to 60% along the 20mm edge direction. The incorporated variation
transmission coatings onto a GaAs wafer, allow ease of optimization on the cavity
coupling parameter. The laser setup is schematically shown in Fig. 4.14. In order to
properly extract the pulse energy from the cavity, GaAs mirror was mounted on a linear
translation stage for free adjustment to the cavity transmission through shifting the wafer
along its 20 mm edge. The GaAs mirror was translated down from its highest
transmission portion to avoid the strong pulse fluence optical damage on the intracavity

element caused by the high coupling reflectivity. Mirror, T = 40%
or GaAs mirror

Nd:GdyesY0.36VO4 r

Laser
Diode

Cr*:YAG, T, = 95%

Cr*"'YAG, T, = 60%
Fig. 4.14: Schematic diagram of experimental setup. L: Coupling lens. The arrangement

of the optical elements is explained in details in text.

Fig. 4.15 shows the relationship of the average laser output power to the pump

power obtained under the optimized GaAs wafer transmission. The Q-switched operation

111



ATTENTION: The Si

of the laser has a pump threshold of 8 W and a slope efficiency of about 20%. For
comparison, the average output power of the Q-switched laser with the flat mirror of 7' =

40% used as the output coupler is also shown in the figure.

pre
]

S
5 A GaAs output coupler
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Fig. 4.15: Average Q-switched output of the lasers. Triangle: GaAs wafer used as output

coupler. Open circle: flat mirror used as output coupler.

Fig. 4.16 compares the Q-switched pulse properties before and after the GaAs wafer was
used as the output coupler. Clearly, under exactly the same other laser operation
conditions, with the GaAs wafer used as the output coupler the Q-switched pulse width is
significantly narrowed, a compression factor of more than three has been achieved.
Experimentally it was observed that when the pump power increased beyond 11.3 W, the
Q-switched pulse width remained at a fixed value of 2.2 ns. Fig. 4.16 also shows that at
the same pump strength the Q-switched pulse repetition rate has become slightly higher.
Correspondingly, the single pulse energy is smaller. However, as the factor of pulse
width narrowing is larger than that of the pulse energy decrease, the peak power of the Q-

switched pulse is still increased. A peak power of 26.3 kW was obtained at the maximum
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pump power of 12.8 W in the experiment. Since no pulse energy saturation was observed,

even higher peak power could be obtained with larger pump power.
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Fig. 4.16: Comparison of the Q-switched pulse properties of the lasers. Triangle: With the

GaAs wafer used as output coupler. Open circle: With the flat mirror used as output

coupler.

Fig. 4.17 compares the Q-switched pulse profiles of the lasers. It can be seen that, with

the GaAs wafer as the output coupler, both the rising and trailing sides of the pulse

become steeper, which consequently results in the pulse width narrowing. It was also
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noticed experimentally that with the GaAs wafer as the output coupler, the overall Q-

switching performance of the laser becomes relatively more stable.
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Fig. 4.17: Comparison of the Q-switched pulse profiles when the laser was with (a) a flat

mirror output coupler; (b) a GaAs wafer as output coupler.
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Fig. 4.18 shows for example a typical Q-switched pulse train obtained. The Q-switched
pulse train is found not only has amplitude-to-amplitude jitters of less than 5 %, but also

such a pulse train remains even as the pump power increases to the maximum.

Intensity (arb. unit)
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2 10 12
Time (ms)
Fig. 4.18: A typical Q-switched pulse train of the laser with the GaAs wafer as output

coupler.

The pulse narrowing mechanism of the passively Q-switched Nd:GdY VO, laser
with GaAs output coupler was further studied. To check whether the observed pulse
width narrowing is caused by the extra linear saturable absorption of the GaAs wafer, the
Q-switched pulse property change of the Nd:Gdo_64Yo,36VO4-Cr4+:YAG laser was
observed by adding another Cr*™:YAG absorber in the cavity. The additional Cr'*:YAG
crystal has similar linear saturable absorption strength (Tp ~ 95%) as the GaAs wafer. As
expected, the Q-switching threshold increased with the double Cr*:YAG crystals in
cavity. Compared to the single Cr*":YAG Q-switching, the shortest Q-switched pulse
width indeed decreased slightly due to the stronger cavity saturation loss. However, the

narrowest pulse width obtained is still larger than 6.5 ns. The intense laser pulse was

115



ATTENTION: The S

itdl StudPorcpassively Qiswitehed operations

gt At appChipler #EgpUrime

obtained just for a short moment after the bleaching of the saturable absorbers, implying
that the laser was insufficient to overcome the total cavity loss continuously. The result of

double Cr**:YAG passive Q-switching is shown in Fig. 4.19.
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Fig. 4.19: Q-switched pulse properties obtained from the double Cr*":YAG saturable

absorbers.

In addition, the passively Q-switched laser performance by using the GaAs wafer
simultaneously as saturable absorber and output coupler was investigated. This was done
by just moving away the Cr*":YAG from the laser cavity. In such a case only the long
and broad, weak Q-switched pulses with few tens to hundreds of ns could be obtained.
This causes a very poor result to the laser, giving the highest pulse energy of several uJ
and peak power of less than 50 W at the maximum pump power (Fig. 4.20). In
particular, the Q-switched pulse from the GaAs absorber exhibited large amplitude and
frequency pulse jitters following the increase of pump power. Fig 4.21 shows one
example for the typical Q-switched pulse train by using the simultaneous GaAs saturable

absorber and cavity output coupler. Therefore, all these experimental results suggested
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that the nonlinear effect of the GaAs wafer is a possible cause of the observed pulse

width narrowing.
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Fig. 4.20: Passively Q-switched Nd:Gdy64Y03s VO, laser outputs by the GaAs saturable

absorber mirror.
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Fig. 4.21: Observed Q-switched pulse trains. Upper trace: at pump power of 6 W. Lower

trace: at pump power of 10 W,
For Nd:GdYVO4—Cr4+:YAG Q-switched laser with the GaAs as output coupler,

the intracavity pulse fluence is estimated as in the range of 84 - 156.4 mJ/cm® from the

threshold to the maximum pump power. The Q-switched pulse formed initially by the
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Cr**:YAG before the compression in GaAs is energetic and in several ns pulse duration.
Both the TPA and the FCA of the GaAs is believed to exist in the laser under the high
intracavity pulse fluence. To determine how strong these nonlinear absorptions affect the
Q-switched pulse width narrowing, the Q-switched laser performance was further studied
by changing the position of the GaAs wafer in the laser cavity. Instead of using the GaAs
wafer as the output coupler, a GaAs wafer of the same thickness and property but with
both its surfaces AR coated at the lasing wavelength was inserted in the cavity at the
position just in front of the Cr**:YAG crystal. Experimentally it was found that no
obvious pulse width narrowing could be observed if GaAs wafer were not used as an
output coupler. In this case the laser just behaved in a similar way as was the case with
the two Cr*":YAG crystals in the cavity described above. This means that in order to
obtain pulse width compression it is critical to use the GaAs wafer as an end-mirror.
Based on this experimental result it is therefore concluded that the observed pulse width
narrowing should not be directly caused by the nonlinear absorptions of the GaAs wafer.
Through carefully analyzing the experimental results, a new intensity dependent
loss mechanism in the GaAs wafer is then proposed. When using the GaAs wafer as the
output coupler, the incident and the reflected light by the outer surface of the wafer
generate strong interference within the wafer. Under existence of strong nonlinear
absorption of the GaAs wafer, this further causes free-carrier index grating and
absorption grating in the GaAs wafer. These grating induced diffraction losses are
believed to introduce a sufficiently strong intensity dependent loss to the laser cavity,
which affect the passive Q-switching process and generates narrow pulse width of Q-

switched pulses. Indeed, previous experimental studies have also shown that the
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influence of the nonlinear absorption of the GaAs on the pulse intensity is far less
significant than those caused by the refractive index changes [103].

This demonstration revealed that the combination of an appropriately coated
GaAs wafer as output coupler and an intracavity Cr*":YAG absorber is efficient to
enhance the passive Q-switching. This simple and low cost technique is suitable to be
applied in all Nd-doped solid-state lasers to generate more reproducible Q-switched

pulses with higher peak power and narrow pulse width.

4.4 Investigation of passively Q-switched Nd:GdVO,lasers pulse profile

In certain experimental conditions, a small secondary pulse was | generally found
subsequent to the main Q-switched pulse in both Nd:GdVO,4 and Nd:GdYVOy4 lasers. The
significance of this satellite pulse varied depending on the laser parameters used, such as
the cavity reflectivity, laser and absorber doping concentration as was investigated in
Nd:GdVO, lasers. Basically the observed Q-switched satellite pulse in nanoseconds
range has no influence to the stability of the pulse train. Nevertheless, it is necessary to
understand and identify the dependence of pulse profile on the experimental conditions.
In this investigation, different doping concentrations of Nd:GdVO, samples were selected
to provide more parameters in comparison. Focusing on the evolution of a single Q-
switched pulse, it is understood that the rising edge of pulse is determined by laser energy
storage, while pulse decay is controlled by the cavity photon decay loss. In other word,
saturable absorption strength plays a role in enhancing the laser gain during the high
cavity Q-factor, and the cavity coupling transmission has the function of controlling the

round trip loss in a given resonator length.
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The observation was initially conducted in the mildly (~ 1 at.%) doped Nd:GdVOy,
laser using a strong Cr**'YAG saturable absorber of Ty = 60%. At a given pump power of
9.83 W, the influence of the coupler reflectivity to the pulse pattern was investigated.
According to the experimental results as in Fig. 4.22, the Q-switched pulses show a
broader pulse width associated with the reduction of cavity transmission loss. This is in
good agreement with the relation of pulse width and cavity decay rate as given in Eq.
(2.18). At the decay tail of each Q-switched pulse, a small pulse envelope was observed
at about few tens ns following the main Q-switched pulse. The significance of this
satellite pulse increased following the decrease of the cavity coupling reflectivity. At the
optimized extraction of cavity energy in generating the narrow pulse duration as such in
the condition of R = 60%, the small Q-switched pulse profile shows the most distinctive

satellite pulse compared to the rest at the pulse trailing edge.

Intensity (arb. unit)

50 0 50 100
Time (ns)

Fig. 4.22: Influence of coupling reflectivity to the pulse shape. From the highest to the
lowest amplitude of Q-switched pulses, cavity reflectivity varied from R = 60% to 70%,

80%, and 90%.
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On the other hand, at a fixed output coupler reflectivity of 60%, the Q-switched
laser pulse shape was studied by varying the Cr**:YAG absorption strength in terms of its
initial transmission. Fig. 4.23 shows the experimental observation on the mildly doped
Nd:GdVOy, laser when it was passively Q-switched by Cr*":YAG crystal with either T, =
80% and 60% at the pump power of 9.83 W. As expected, the weaker saturable
absorption generated a broader pulse without the obvious appearances of the satellite
pulse. Strong Q-switched pulse with clear secondary pulse was obtained using the lower
initial transmission Cr*":YAG crystal. This implies that the Q-switched satellite pulse is

proportional to the energy stored in the upper laser energy level during the Q-switching.

Intensity (arb. unit)

100 50 O 50 100 150 200

Time (ns)
Fig. 4.23: The observed passively Q-switched pulse shapes in different initial
transmission of Cr*":YAG crystals. Solid line: Ty = 60%, dash line: Ty = 80%. The

experiment conducted under coupling reflectivity R= 70% and the pump power of 9.83

Ww.

121



ATTENTION: The ¢

-opyright Act applchiprep YSELpEFimien

il Stiudy o plissively Qlswitched operativis

Therefore, based on the relation of laser doping concentration to the laser gain in
passively Q-switched lasers, it is to be expected that the lightly doped passively Q-
switched Nd:GdVOy laser will have less obvious satellite pulse generation due to its
weak ability to store energy. This is confirmed experimentally by the Q-switched pulses
of a 0.52 at.% Nd:GdVOy laser, though a strong saturable absorber was used. Fig. 4.24
shows for example a single pulse at the condition of Ty = 60% and R = 60%. With its
lower pulse energy, the pulse profile is more symmetrical on both rising and decaying

edges.
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Fig. 4.24: Experimental Q-switched pulse obtained from the lightly doped Nd:GdVO,

under the parameters of 7y and R = 60%.

In contrast, in the case of the heavily doped laser crystal of 1.61 at.%, strong Nd** ion
concentration with higher pump absorption coefficient yielded larger population
inversion in Q-switching. Hence at the decay tail of the intensive narrow Q-switched

pulse there was a significant satellite pulse, despite the fact that the Cr*": YAG absorption
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strength and cavity transmission were low. Fig. 4.25 depicts the experimental 1.61 at.%
laser at pump power of 12.48 W when passively Q-switched with a Cr*:YAG of Ty =

80% under the coupling reflectivity of R = 70%.

Intensity (arb. unit)

Time (ns)
Fig. 4.25: Experimental Q-switched pulse for the 1.61 at.% Nd:GdVO; laser with the

output coupler of R =70% and a Cr*:YAG crystals with Ty = 80%.

The experimental results revealed that the significance of Q-switched secondary pulse is
dependent on the laser pulse energy. Under experimental conditions of low cavity
reflectivity, strong saturable absorber and laser dopants that result in the tendency of
satellite pulse to the passively Q-switched laser, the laser doping concentration is

obviously the most detrimental factor.

4.5 Summary

Based on the analytical description of the passive Q-switching that shows the relation of

the experimental parameters with the Q-switched pulse properties, appropriate selection

123



ATTENTION: The Sir

pore Copyiaht Act SpREHdpibe 4 Bapeimental SttdVsn passively- Quwirdhbd operitions

of the coupling loss, saturation strength with respect to the laser emission cross section
has been studied in practice. In order to achieve the best performance of the passively Q-
switched operation of the laser, an overall consideration of the laser parameters is
important.

The experimental results demonstrated that crystals with higher doping
concentration are beneficial for the passive Q-switching, provided that influence of the
thermal lens effect is considered in the cavity design. It is in contrast to the CW operation
of the laser, where a low doping concentration is preferred for higher laser output
efficiency. By using the natural birefringence of an a-cut Nd:GdVO, crystal, laser
operation has been experimentally investigated under different light polarizations. Their
laser performance was further compared with that of a c-cut Nd:GdVOy laser using the
same experimental parameters. It was found experimentally that though the c-cut
Nd:GdVOy laser has a good passively Q-switched performance in the low pump power
region, the a-polarized and c-cut Nd:GdV Oy lasers could be influenced by other nonlinear
absorptions at the upper energy level. The intrinsic laser effects increase the thermal
induced cavity losses and severely degrade the laser performance under the high pump
power. The best passively Q-switched performance is obtained in the experiments on the
a-cut c-polarized Nd:GdVOQ, laser though it has a larger stimulated emission cross
section. Stable Q-switched pulses with pulse width of 5.4 ns, single pulse energy of 106

uJ and peak power of 20 kW were achieved under the laser operation condition of 7" =

40%, Ty = 60%. It is confirmed that once the Q-switched second threshold is reached,
proper combination of the coupling transmission and saturation strength is more

dominant to affect the laser performance. In particular, laser crystal and saturable
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absorbers with high doping concentration are favorable for achieving large single pulse
energy and high peak power of the passively Q-switched pulses. With a heavily doped
1.61 at.% Nd:GdVOq laser, the highest single pulse energy of 158.2 uJ at a repetition rate
of 6.3 kHz could be obtained. Maximum peak power of 26.4 kW was achieved at its
narrowest pulse width of 6 ns.

For the unpleasant passive Q-switching of the lightly doped Nd:GdVOy laser, a
great enhancement was found in the Q-switched performance with the used of
Nd:Gdo64Y03sVO,s crystal. Compared to the same lightly doped Nd:GdVOy laser,
Nd:Gd¢4Y0.36VOs has a slightly smaller emission cross section, and longer upper energy
level lifetime. The better laser quality of the mixed crystal has significantly increased the
pulse energy to 111 uJ by about five times than that in the lightly Nd:GdV Oy laser. It is
believed that mildly doped Nd:GdYVO, will have better performance than the same
doping level of conventional Nd:GdVOy laser to achieve even higher pulse energy and
peak power in passive Q-switching. By using an appropriately coated GaAs wafer as
output coupler, the passively Q-switched pulse width of the Nd:GdYVO4 mixed crystal
laser with the Cr*":YAG saturable absorber could be narrowed by a factor of three. Stable
passively Q-switched pulse train with pulse width of about 2.2 ns, pulse energy of 57.85
uJ and peak power of 26.3 kW has been obtained at an absorbed pump power of 8.54 W.
In addition, experimental studies on the pulse narrowing physical mechanism in GaAs
have showed that the observed pulse narrowing is not caused by the direct nonlinear
absorptions of the GaAs wafer, but possibly by a free-carrier index grating induced self-

diffraction loss mechanism. This simple combination of the Cr**:YAG saturable absorber
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and the low cost nonlinear GaAs output coupler would be plausible to generate Q-
switched pulses with higher peak power for practical interest in numerous applications.
Besides the exploit of passively Q-switched laser performance corresponding to
the appropriate laser designs, the single Q-switched pulse profile of Nd:GdVOy laser in
nanosecond range has been particularly investigated under different cavity parameters.
Results show that the observed Q-switched secondary pulse is a dependence of cavity
coupling transmission, Cr*':YAG saturable absorption strength, and laser doping
concentration. It has been found that the significance of the satellite pulse is proportionate
to the laser gain during passive Q-switching according to the parameters selection, at
which the laser doping level is dominant among all factors. In fact, the occurrence of the
satellite pulse implies the division of total laser energy generated from the passive Q-
switching, which should be contained by the main Q-switched in the ideal case. It is
significantly shown in experiments that the existing Q-switched secondary pulse is a
characteristic of the laser system, whose physical cause will be analyzed quantitatively in

the next chapter.
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CHAPTER 5

Numerical simulation of passively Q-switched

Nd:GdVO, lasers

Although the satellite pulse phenomenon has been observed in the passive Q-switching
process of several Nd-doped lasers [104, 105], there has been no consistent analysis to its
mechanism so far. A quantitative study of the passively Q-switched Nd:GdVO, lasers
pulse profile is presented in this chapter to comprehend the generation of secondary pulse
in the Q-switched lasers. Generally, passive Q-switching is described analytically by
using the rate equations on the basis of the perfect laser system. In such ideal conditions,
population in lower energy level is negligible for its fast emptying. Laser spontaneous
emission and pumping terms are also ignored in the analytical model for ease of analysis.
In fact, the analytical rate equations provide good descriptions of the general
characteristics of Q-switched lasers, especially for those generated by active Q-switching
approach. Nonetheless, for the passive Q-switching, where complicated nonlinear
interaction between light with the gain medium and the saturable absorber exists, an
analytical description is difficult to express appropriately the laser behavior. Numerical
simulation by directly solving the equations becomes necessary.

Through numerical simulation, the physical mechanism of the Q-switched
satellite pulse generation is firstly explained using a generalized two-level rate equations
model, where the finite ions decaying lifetime of the lower energy level has been

considered. The effects of the thermally induced change of the cavity mode size and
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pump rate estimate are further considered in the model for a more detailed and accurate

simulation of the experimentally measured Q-switched pulse properties.

5.1 Secondary Q-switched pulse

The Nd:GdVOy laser is a four-level system whose ion transitions are illustrated in Fig.
5.1. In the ideal case of laser transition, the decay of Nd** ion at the lower laser level to
the ground state is on an infinitely short time scale, and thus it is usually negligible in
theoretical analysis. However, in the real case, this assumption has been proved invalid,
as ions require a certain time to relax to the ground state before being excited. According
to Tso in his numerical study on the Nd:YAG passively Q-switched laser [106], delay of
the ions transition from the lower energy level to the ground state could influence the Q-
switched pulse shape and laser extraction efficiency. For the Nd:GdVOy laser which has a
large emission cross section, this effect would be even stronger because of the drastic
population change between the two lasing levels during the Q-switching process. In
addition, this relaxation would have greater impact on the Q-switched pulse profile when
a slow saturable absorber suchlike Cr*":YAG is used. This is because the slow response
of Cr*" ions is unable to further shape the pulse after the saturation of Cr**:YAG crystal.
Any dynamic change of laser inversion after the bleaching of Cr*":YAG is thereby

directly reflected on the Q-switched pulse profile.
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Fig. 5.1: Energy diagram of the Nd:GdVOq laser. (a) Ideal case in the four-level energy
system with a rapid transition between ‘F s - ‘rF 3 and q 12— 419/2. (b) Slow decaying of
i 112 level is considered in the model. Laser diagram is simplified with the fast non-

radiant decay from the higher-lying energy band.

A simple, coupled rate equation model was used to simulate the dynamics of the
single Q-switched pulse. Because of the fast non-radiant relaxation from laser pump band
to the metastable state “F3, Fig. 5.1a is simplified to Fig. 5.1b following the assumption
that the ions are directly pumped to the upper level. In order to study the effect of the
slow ions relaxation on the pulse profile, ideal continuous pumping of infinite ions in the

ground state is assumed. The rate equations model is written as follows:

da¢ zi/’_[zo-glg (N,-N,)-20IN,~205,1.(N, ‘“Ns)~(ln—1—+Lﬂ (5.1)
dt t, | :

dN

dt2 =Rp - (720 TV )Nz _agc¢(N2 - Nl) C2
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dN,

—E= o+ 7N, ¢ o,co(N,-N,) (5.3)
dz]té‘ = 7/5 (NsO - Ns )_ O-SC¢N.V (54)

The first differential equation describes the laser output in term of the photon density ¢

through the gain and loss in the cavity, where R is the cavity mirror reflectivity and L is
the cavity dissipative loss. As differs to the ideal laser, spontaneous emission from N; to
N; and the ion relaxation from N; to ground state are taken into account in the model. Rp
is the volumic excited ions density in unit cm™s™ and g, is the stimulated emission cross
section. The length of the laser gain medium, the light velocity in the vacuum, and the
cavity round trip transit time are represented by [, ¢, and ?, respectively. The last
equation is for the saturable absorber that controls the modulation of cavity loss. In the
model, the ground state energy transition in Cr*":YAG which takes effect to the passive
Q-switching is described by the Cr** ions population change N,, with saturable absorption
cross section oy and recovery rate J, while the residual absorption at the excited state
with population of (Ny — Nj) is included as an unsaturated loss to the laser, in which Ny
is the total Cr*" dopants. Since the passive Q-switching process is based on the
modulation of cavity gain and loss, the Q-switched laser performance can be illustrated
through the relation of the laser population inversion and the laser system loss. Based on
the thinking that the laser Q-switched gain is equal to loss, and the cavity photon number

is equal to zero in Eq. (5.1), the Q-switched system loss is defined as

2O-SlsN" - 2O-€sls (NxO - NS )_(ln% + L]

Loss =

(5.5
20'ng
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In the model the sum of the spontaneous emission rate )»; and the decay rate of

the terminal lasing level to ground state jzp is actually the laser fluorescence rate

1 1
Y; =% t¥q. It is also equivalent to— =—+—_ Based on the Judd-Ofelt theory
Ty, Tyn Ty

that the atomic relaxation rate from the upper laser energy level corresponds to its

transition probability A(J"— J’), laser spontaneous transition rate )z; in the model can

be estimated through the upper level fluorescent lifetime once the corresponding
transition branch ratio B is known.

1 A(J"—=J’)

1
T, =, B=~———= and =—XB
f 2 J’( " :J,) E:J’( "—)J’) J/ZI

s
According to the experimental measurement of Jiang et al. [107], the branch ratio of
Nd:GdVO; laser at 1.06 um is 51.95%, and the measured 7 value is 109.8 us. Based on
this result, ion relaxations of the laser metastable were calculated for the purpose of
simulation. Through the calculation, §; is about 4731.33 s, whereas, pertaining to the
relaxation ratio of 36.89%, ys is hence to be 3359.74 s, However, the unknown 7y in
Nd:GdVO,, which would be determined in the numerical calculation was taken to be in
the same range of that of in Nd: YAG laser [108]. 779 = 20 ns is the value taken as trial for
the simulation. It was selected to be consistent with the experimental results in sense of
the closely similar pulse shape and the sequences of the pulse width and the repetition
rate with pump power.

Based on the assumption of uniform pumping, the number of excited active ions
of a Jongitudinal end-pumping configuration is estimated as a ratio of the absorbed pump

power to a unit volume of the incident pump energy.
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where P, is the input pump power, @), is the pump beam radius on the laser crystal and v,
is the frequency of the pump light. ¢, is the absorption coefficient of the laser gain
medium which was determined experimentally for different doping concentration of laser
crystals. P is the pump rate, while Ny is the ground state population density.

Despite the fact that some of the material parameters are uncertain in the reported
experimental measurements, such as stimulated emission cross section of Nd:GdVOy (7.6
x 10" [29] and 14.76 — 16.4 x 10" cm® [109]), and widely discrepant absorption cross
section of Cr**:YAG (0, = 8 x 107" — 8 x 1078, ,,= 2 x 10" — 2 x 10882 - 84]), in
the numerical simulation, if possible, the parameters whose simulation is close to the
experimental results are taken. The used value for 0, 0, and o, is respectively 7.6 x 10°
19 cmz, 43%x 1078 cm2, and 7.8 x 10" ¢cm?,

Calculation has also been made to ensure certain constants in the simulation are in
accordance with the experimental parameters. The total number of active ions N for
different doping concentration of Nd:GdVOy crystal is calculated from

AtomicDensity
MolecularWeight

N = xat.% X

(5.7)

Avogrado *

x at.% indicates the doping concentration of Nd:GdVOy, crystal, Nayogrado 15 Avogrado’s
number = 6.022 x 10> ions/mol. The value N following the doping concentration of 0.52
at.%, 1.14 at.% and 1.61 at.% are 6.29 x 10", 1.38 x 10% and 1.95 x 10®° cm?,

respectively.
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On the other hand, for the ion-doped passive Q-switch, total Cr*" ions number Ny
in Cr*":YAG saturable absorber is dependent on the preset initial transmission 7 and the

thickness of the crystal. The relation is given as

InT,

- O-gsls

N, = (5.8)

According to the real conditions, Ny for the Cr* YAG with To = 80% and 60% is
respectively about 5.19 x 10'” cm™ and 6.83 x 10'7 cm™.

The rate equations model was solved by using ODE 45 in Matlab, which operates
on a basis of the nonstiff fourth and fifth-order Runge-Kutta method. Numerical
simulation shows that the existence of the satellite pulse is closely dependent on the laser
parameters. The level of the satellite pulse is found to be stronger when the stored energy
is higher in the laser. The simulated pulse profile was firstly checked in the optimal
passive Q-switching conditions. Fig. 5.2 shows the experimental and simulated passively
Q-switched pulse for the 1.14 at.% Nd:GdVOy laser with cavity coupling reflectivity R =
40%, and Cr*":YAG initial transmission Ty = 60% at a given pump power of 14 W. The
secondary pulse is found significant in this Q-switched pulse, which has a high pulse
energy. As compared to the experimental result, the simulation shows a good agreement
on the temporal pulse profile particularly the reproducible pattern of satellite pulse even

though the simulated pulse width is slightly broader.
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Fig. 5.2: (a) Observed and (b) calculated Q-switched pulse profile obtained with the

parameters 7 = 60% and R = 60% in the 1.14 at.% Nd:GdVOQ;, laser.
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In cases where a low dopant saturable absorber and a low coupling transmission are used,
multiple Q-switched pulses do not exist. The Q-switched pulse energy in such conditions
is weak and with a broad pulse duration. Fig. 5.3 shows the observed and the calculated

pulses of the 1.14 at.% doped Nd:GdVO, passively Q-switched laser by a Cr*":YAG of

Ty = 80%. The cavity output coupling was sct at R = 70%.
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Fig. 5.3: (a) Expenmental and (b) simulated Q-switched pulse profile obtained in the

1.14 at.% Nd:GdV Oy laser with the parameters of 7y = 80% and R = 70%.
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In order to understand the influence of the finite lifetime of the lower energy level
on satellite Q-switched pulse, the ions population density change in each laser energy
level is explicitly enlarged associated with the Cr** ions change during the Q-switched
pulse interval. The time-extended numerical diagram is given in Fig. 5.4. Numerical
comparison is made at a given cavity reflectivity of 70% with excited ions density of 8.4
x 10% cm™s™. Fig. 5.4a and Fig. 5.4b respectively show for the case that is with and
without the secondary pulse corresponding to the use of either a strong (T = 60%) or a
weak (Tp = 80%) saturable absorber. At the initial pulse build up period in which the
weak absorber is used (Fig. 5.4a), population in the lower laser energy level N; is low,
and laser inversion N, is equivalent to ion density in the upper energy level N;. As a
result of the saturation of Cr*": YAG passive Q-switch, N, decays simultaneously with the
reduction of Cr** ions N; in the ground state of the saturable absorber. The slow transition
of the lower laser energy level to the ground state results in the accumulation of ions in
the lower energy level, which consequently reduces the laser population inversion.
Following the relaxation of Ny, laser gain N, is no longer the same as N; but it decreases
further to the value below the total cavity loss. At the condition when N, is lesser than the
system loss, laser gain starts to increase slightly while N, continues to reduce below the
loss. Even so, there is no secondary pulse observed because the laser gain rests at the
value below loss. |

Instead in the condition of employing a strong saturable absotber as in Fig. 5.4b,
higher value of N, and N, are achieved in the laser. The accumulated N; in lower energy
level from ions decay of the higher energy level becomes larger at the minimum of loss.

As a consequence of the increase of N; population, extraction of N, for laser energy is
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retarded. The ion population in the higher level is consequently restrained from the entire
release at the opening of the Q-switch. This implies that the laser has a poor extraction of
the stored energy because of the slow ion transition from the lower energy level to the
laser ground state. At the onset of N; relaxation, N, drops below the loss and further
triggers the upper energy level to dump out the residual ion density and build up the gain.
This is noticed from the drastic increase of N, until it overcomes the loss once again. At
that moment when the gain equals the loss, cavity photon density achieves its second
peak and forms a satellite pulse subsequent to the main Q-switched pulse. From the
relation between the change of population density and loss, it is realized that the slow
passive Q-switch has no effect in causing the secondary pulse, yet the slow ion transition
of the lower laser energy level is the main cause for the generation of multiple Q-
switched pulses in the laser. The higher the laser stored energy, the stronger the satellite

pulse incurred.
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Fig. 5.4: Numerical time expanded plot for the Q-switched pulse evolution ¢, population
density change in the laser (N;, Nz, and induced inversion, N,) and in the saturable
absorber (N;). Q-switched laser loss is depicted with short dash line. Parameters in
calculation: Nd:GdVO, crystal with doping concentration of 1.14 at.%, output coupler
reflectivity R = 70%, and Cr*":YAG initial transmission of (a) Ty = 80%, and (b) T =

60%.
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The slow response of the lower level that causes the imperfect relaxation of the
higher energy level is the ‘bottlenecked’ effect, which can reduce laser extraction
efficiency. In an ideal four-energy-level laser, the lower level population is low enough to
be negligible; the population change at the higher energy level is treated as the laser gain.
Higher energy level can directly dump out all the ions at the opening of the Q-switching
without the ions accumulation at the lower energy level. Laser extraction efficiency is
expected to be higher as it is exempted from the obstruction of ions transition. Fig. 5.5
shows the calculated pulse for the ideal condition with the same settings as in Fig. 5.4b,
that is when T = 60% and R = 70%. As expected, there is no satellite pulse existing at the
decay tail because the laser gain is far below the loss. As a resulf of better laser
extraction, the pulse predicted by taking an infinitely fast lower level decay time is much
higher and sharper. The pulse width is even smaller than the main Q-switched pulse with

the existence of a secondary pulse in the numerical calculation and in the experimental

result.
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Fig. 5.5: Time expanded plot of the Q-switched pulse evolution in an ideal laser system.
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The Q-switched secondary pulse profile clearly shows that Nd:GdVO, laser has a
slow ions emptying lower energy level that could separate the fully extraction of upper
level stored energy into two stages. This result also indicates that ideal laser assumption

is not suitable for modelling the pulse properties in a real case.

5.2 Pulse properties

Viewing back the calculated pulse profile as described previously, though the secondary
pulse trend is successfully explained, there is a discrepancy on the exact pulse duration.
In the real laser system that has been discussed, thermal lens effect is essential to change
the cavity mode size, which varies with the pump strength. This will result in different
effective laser cross sections and different energy fluences on the saturable absorber. As
found from Eq. (2.16), the principle of the passively Q-switched outputs is basically
dependent on the optical material properties, and the light interactions between gain
medium and saturable absorber. Interaction between the light with gain and saturable
absorber is further determined from the beam area at the laser medium and the absorber.
Therefore, the intensity dependent change of the mode size ratio in laser and absorber
Ag/A, is crucial to be considered in the simulation for vivid illustration.

Following this consideration, Eq. (5.4) of the previous set of coupled equations
hence include this Ag/A, ratio to its second term as a factor of light saturation in

Cr*":YAG crystal. It is written as

dN A
—2 =y (N ,~N_)-—L0 coN . 5.8
df ys( s0 S) A O-AC¢ s ( )

s
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The cavity mode size ratio is estimated using the experimental thermal lens and
the ABCD law. The increase of thermal lens effect with respect to the pump power leads
to an increase in the ratio. The value is then slightly adjusted within the calculation for
accurate simulation of pulse properties. The change of Ag/A; in relation with the pump

power used in the simulation is shown in Fig. 5.6
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Fig. 5.6: Mode size ratio of the gain medium and the saturable absorber used in the

simulation.

In addition, the effective laser pump rate also affects the stored energy. Instead of
using the directly calculated Rp value as given in Eq. (5.6), an effective pump rate was
experimentally estimated and fitted according to the experimental results. Since Rp term
represents the total excited ions from the ground state, and the ground state population Ny
is related to the total active ions Ny change (Nrow = No+ N; + N;), Eq (5.2) can be
described as

dn,
dt

=P(N;py =N, =N)—7;N, -0,c6(N, —N,). (5.9)
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At the steady state condition where dNy/dt = 0 and ¢ = 0, the laser pump rate has a
relation of

P(N _N1):N2(}’f+P),

Total
Pt
N, N L (5.10)
(N = N1 Y,+P 1+Pz,
Niowar >> Ny, and Pt << 1 Bq. (5.10) is simplified to
N
= PT (5.11)

Total

As is already known, laser signal gain coefficient is the product of stimulated emission
and population inversion. By multiplying both sides of Eq. (5.11) with o, a small signal
gain coefficient is then obtained for the inhibited laser condition, which is excited above
threshold.

gO ZOngfNToml 4 (512)

and the relationship between the single pass gain and the pump input power is [60]

golg =KP,

in? (5.13)
where P;, is the input pump power and [, is the laser crystal length. K = %o /A, is the

pump to laser radiation conversion factor, in which A, is the pump beam area and ; is the
saturation flux. The total conversion efficiency 77, consists of the pump absorption (7,
= (1-exp(-ol,)), upper state efficiency (7. = Mouanmm + Mswroke), Mode match between
pump beam size @), and cavity mode size @, (1 = 261)(5,2 A a)g2 + a),,2 )), and laser extraction

efficiency (7g). The combination of Eq. (5.12) and Eq. (5.13) yields

b KB,

= 5.14
ogrfN ( )

Total
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This gives a more realistic pump rate parameter to the real laser system because K is a
measurable parameter for the laser at lasing threshold through Findlay-Clay analysis [60].
For the experimental parameters of laser doping concentration of 1.14 at.%, Ty = 60%
and R = 60%, the measured K parameter is about (.12 at the Q-switched lasing threshold.
The value is adjusted slightly for a proper pump rate fitting to the laser output.

A /A, value was found to have a strong influence on the pulse width, while the
pump rate is dominant to determine the pulse repetition rate. In the simulation, pulse
energy is obtained from the area under pulse. The fitting result of the Q-switched pulse
outputs is shown in Fig. 5.7. The simulation successfully shows a good agreement with

the experimental results.
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Fig. 5.7: Experimental (diamond) and simulated (line) Q-switched pulse properties. Laser
doping concentration: 1.14 at.%, Cr*":YAG initial transmission Ty = 60% and coupling

reflectivity R = 60%.

The K value used for this excellent fitting is essential to reveal the condition that occurred

in the real system. K is related to the cavity single pass gain Gy through
G, = exp(KPin) =exp(g.l,), (5.14)

In this relation, gy is the small signal gain, and K is proportional to the effective gain. It is

supposed that at higher pump strength, the increase of photon density in the cavity will
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cause a smaller signal gain gy, and so to the K. However, according to Fig. 5.8, the
excessive decline of K value from 0.1116 W to 0.093 W™ corresponding to the pump
power of 12.48 W and above implies that there is not only the gain saturation, but also a
drastic increase of cavity losses that affect the laser gain. Similar to the experimentally
observed dip tendency of the Q-switched output power and the pulse repetition rate as
discussed in Chap. 4, the simulation result further confirms that cavity loss would be
dominated at high pumping regime. This additional loss might be mainly attributed to the
thermal induced beam diffraction with stronger thermal lens formed in the crystal at high

pump power.
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Fig. 5.8: The pump power dependent K parameter and the effective gain G in the

simulation.

When a laser pulse is further zoomed into its evolution interval at pump power of 14 W,

the simulated pulse as shown in Fig. 5.9 has a similar pulse profile as the experimental Q-

switched pulse. The secondary Q-switched pulse is reproduced well in the simulation.
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This indicates that the estimated time relaxation of the lower energy 7j in the simulation

is close to that in the real laser system.

Intensity (arb. unit)

Time (ns)

Fig. 5.9: Single Q-switched pulse profile. Solid line: Experimental data; Dash-dot line:

simulated result.

5.3 Summary

The Q-switched secondary pulse has been numerically studied according to the
experimental observation in the passively Q-switched Nd:GdVO, lasers by Cr*":YAG
crystal. Based on a coupled rate equations model that takes into account the effect of the
finite lower level lifetime, the observed Q-switched satellite pulse was well
demonstrated.

The numerical results explicitly show that the finite relaxation lifetime of the
lower laser level is a determinant of the observed pulse pattern. As a result of the slow
ions emptying in the lower laser energy level to the ground state, the accumulated

population becomes an obstruction to the laser extraction from the upper energy level.
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The laser requires two stages to fully release the upper laser state stored energy and hence
forms a satellite pulse subsequent to the main Q-switched pulse. With further
consideration of the effect of thermally induced mode size change and the effective pump
rate change on the Q-switched pulse properties, such as Q-switched pulse width,
repetition rate, energy and peak power have been numerically studied, which are well in
agreement with the experimental observations. As a result of a more consistent calculated
pulse profile compared to the experimental pulse, the result suggests that the lower

energy level would have a relaxation time of about 20 ns in the Nd:GdV Oy laser.
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Dynamics of passively Q-switched Nd*>* doped lasers

The essence of all passive Q-switching techniques is, through inserting a saturable
absorber in the laser cavity, to use the mutual interaction of the light with the gain
medium and the saturable absorber to achieve a stable pulsed laser emission. As noted,
such a laser system is in principle a nonlinear dynamic system.

In this chapter, the investigation of the continuously pumped Q-switched laser
dynamics is expanded from the nanoseconds pulse profile to the Q-switched pulse train,
which is in the repetitive period of microseconds. In order to confirm the dynamical
behaviors of the repetitively passive Q-switching, besides the Nd:GdVO, and
Nd:GdY VO, lasers, different types of passively Q-switched Nd-doped lasers such as
Nd:YAG and Nd:YVOj, have also been demonstrated in the study. As far as is known, the
intrinsic nonlinear dynamics nature of the passively Q-switched solid-state lasers, which
had not so far been clearly addressed, was firstly observed in the experiments. By
considering the ion transition within each energy level, the chaotic behavior of the laser

has been qualitatively reproduced with an extended rate equation model.

6.1 Population dynamics associated with Q-switched pulse generation

The energy levels involved in a passively Q-switched Nd-ion doped laser with a
Cr*":YAG saturable absorber can be schematically shown in Fig. 6.1. The Cr*":YAG

crystal is illustrated as a four-energy level system, as has been stated in Chapter 2.
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Although the effective passively Q-switched operation only involves the ground state
absorption of the Cr*":YAG, the two upper energy levels are indicated to show that

excited state absorption of Cr*":YAG is a cause of nonsaturable loss in the passive Q-

switching.
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Figure 6.1: Simple energy-level scheme for passively Q-switched laser. No, N; and Ny
energy levels in Nd** doped laser. Ny and Ngo-N;: energy levels in Cr*":YAG saturable

absorber. ¢ is laser stimulated emission, and y indicates the relevant ion relaxations.

When pump light interacts with gain medium, the active Nd** ions absorb energy
and make a transition to a higher energy state. While the excited ions relax down by
emitting photons, the light beam intensively increases, and bleaches the saturable
absorber. The difference between the number of ions in the higher and lower energy level
determines the cavity gain and output laser intensity. The light interaction between gain
and saturable absorber for the Q-switched pulse evolution is a nonlinear process. When
the saturable absorber is saturated, the following pulse build up process occurs to evolve
a Q-switched pulse. Population inversion drops to a value below threshold after the pulse
emission, and builds up to its initial value again within the cavity high Q period through

the repumping process. The repetitive relation of the gain, loss and photon number in the
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Q-switching cycle is shown in Fig. 6.2. The gain build up duration is equivalent to the Q-
switched pulse repetition time. Compared to the repumping period that usually in several
tens to hundreds microseconds, the Q-switched pulse width in nanosecond range is very

short. Therefore, the pumping term is always ignored in the Q-switched analytical model.
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Fig. 6.2: Relation of population inversion, loss and photon number in the repetitively Q-

switching.

Under the continuous pump, N9 and Ny is the population inversion just before and
after the Q-switched pulse. The achievable value of Ny is closely related to the previous
Ny and the pumping rate. If the pump power is high, the residual Ny; can be easily driven
to the next Ny2. Eq. (6.1) shows the relation of the new initial inversion Nyg . to the
repumping rate, residual N, value and the fluorescent relaxation time.
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The pump power and laser fluorescent lifetime can directly determine the change of
population inversion.

At the time when Ny is obtained, photon density is far below its peak value, and
the stimulated emission can hence be neglected. By referring to Fig. 6.1, the change of

population inversion in the absence of stimulated emission can be written as

dN, = PN, __]Yl_]_vi
dt T Toy
aN, _N, N,

at Ty Ty

M;p]\] _2N, _l&+,1\_]1_
0 .
dt TZl TZO TlO

(6.2)

Physically, the pump light, laser spontaneous emission, and the fast emptying function of
the lower laser energy level primarily affect the time variation of gain between two Q-
switched pulses. Under continuous pumping, the mechanism of ion excitation and
relaxation can be illustrated as an ion movement within the energy levels. This ions
movement is equivalent to the ion circulation within the ground state and the higher
energy levels in a steady state operating condition. For an ideal system, ion circulation
can continuously provide the same gain to each pulse emission. This condition can only
be satisfied in a perfect laser with fast-emptying lower level, and a constant excited
number of ions. Nevertheless, in the real system, delays due to the finite lower energy
level lifetime and pump saturation of the ground state can severely affect ion circulation
within the energy levels. This is detrimental to influencing the dynamics of passively Q-
switched laser, which has a periodic modulation of intensity dependence of saturable loss.

For the Nd** lasers with nanoseconds relaxation delay in lower energy level, the slow-
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emptying process may not become the main effect. However, at a high power laser
operation, where the ion population in the ground level might be saturated under the
continuous pumping process, the delay of the ions in lower energy level to the ground
state could strongly affect the ion circulation. The effect of insufficient ions being excited
up from ground state is to reduce the number of ions at the upper energy level and
decrease the initial gain value Ny and output energy of the Q-switched pulses. The high
pulse energy will be obtained again once the ground state condition is restored.

In the continuous nonlinear optical saturation process, the dynamic phenomenon
is impossible to be predicted analytically. As far as the Ny at the opening of passive Q-
switch is disturbed, Q-switched pulse train will exhibit change in pulse amplitude. The
stronger the pump power, the more sensitive Q-switched laser with higher repetitive
pulses is to show dynamic behavior due to the perturbation of ion circulation within the
laser energy levels. Chaotic dynamics are strongly dependent on the change of
experimental control parameters. Underlying the apparent randomness, the pulse Q-
switched amplitude shows the general features of deterministic chaos. This phenomenon
is an intrinsic nature of the system, regardless of the external noise or uncontrolled

outside effects such as mechanical vibration.

6.2 Brief overview of deterministic chaos

The property of a nonlinear dynamical system, which is sensitive dependent on initial
conditions, is identified as deterministic chaos. The history of chaos is rooted in the
mathematical study of nonlinear dynamics, about a century ago by Poincaré on the

mutual gravitational attraction [110]. Poincaré found that there could be orbits, which are
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nonperiodic, and yet not forever increasing nor approaching a fixed point. Chaos studies
attracted great attention when the linear theory first became evident that could not explain
the observed behavior of certain experiments like the turbulence in fluid motion and
nonperiodic oscillation in radio circuits. The main catalyst for the development of chaos
theory was the electronic computer. The pioneer of chaos theory was Edward Lorentz
whose interest in chaos came about accidentally through his simple mathematical model
for atmospheric convection in early 60’s. Lorentz discovered the extreme sensitivity on
initial conditions in his weather simulation, showing that chaos might be important in a
real physical system [111]. In 1975, Haken recognized the isomorphy between the laser
equations and the Lorenz model, and concluded that lasers should exhibit chaotic
emission [112]. Interest in laser instabilities arose in the 80’s. The widespread notion of
the laser as an intrinsic dynamic system started from the two clear experimental
observations: one is on a simple loss-modulated CO, laser [113] and the other is on a
multimode infrared He-Ne laser [114]. Tt was then followed by intensive experimental
and theoretical investigations on laser dynamics to achieve better understanding and
control over lasers. However, the laser dynamics in passively Q-switched solid-state laser
was so far unaddressed.

In all branches of dynamic systems, including the atmosphere, solar system,
turbulent fluids, economics, biological population and the biomedical, deterministic
chaos shows quantitative and qualitative universal features underlying the complexities.
Period-doubling cascade as firstly analyzed by Feigenbaum [115] is one of the
commonest routes to chaos. The observation of period-doubling cascade is now a

fingerprint of deterministic chaos in a system. Generally the transition to chaos is
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evidenced with the peak heights in time series data. In the experiment, chaos can be
easily distinguished from noisy behavior by looking at that divergence of nearby
trajectories. The key feature of nonlinear behavior can be recognized through the sudden
changes of the reproducible periodic to chaotic behavior at slow change of the control
parameter. Within the chaotic regime odd number of periodic windows might smear out,

in which period-3 window is usually the largest.

6.3 Deterministic chaos in passively Q-switched operations

Actually in all the passively Q-switched lasers, both the Nd:GdVOy4, Nd:GdY VO, that
discussed previously, Q-switched pulses with a stable pulse amplitude could only be
observed at certain laser parameters. Generally, relatively regular and reproducible Q-
switched pulses are obtained at weak pump power, as the pump power increases,
fluctuations on pulse amplitude and repetition rate easily become random. The chaotic Q-
switched pulses could be observed under certain pump power following the period-
doubling transition in the laser.

For instance, in the 1.14 at.% Nd:GdVO, laser passively Q-switched with the
Cr*:YAG of 80% initial transmission, under the condition of output coupling
transmission T = 30%, and cavity length of 60 mm, the bifurcation diagram of the Q-
switched laser versus the pump power change was measured by controlling the laser
diode pumping current. The Q-switched operation of the laser has a pump threshold of
about 5.5 W. After the Q-switching threshold, a stable period-1 Q-switched pulse train
was immediately obtained. The Q-switched pulse repetition rate and pulse energy

increased following the increase of the pump power. At a pump power of 7.7 W the laser
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suddenly became chaotic, characterized by the strong pulse amplitude and repetition rate
jitters. Further increased the pump power to about 8.75W, a period-4 state then suddenly
appeared. By slightly increasing the pump power, the Q-switched pulse train became
chaotic again, and subsequently at the pump power of about 9.80W, a period-2 state
appeared. The period-2 state evolved into a period-1 state at the pump power of about
9.89 W. The period-1 state remained a short while with the pump power increase. It then
quickly returned to a chaotic state. The chaotic state remained all the way to the
maximum pump power limit of the pump laser. This result implies that the passively Q-
switched system exhibited the chaotic dynamics. However, because the bifurcation to
chaos only occurs in a very narrow pumping parameter range, limited by the power
changing resolution of the laser pump source, these period-doubling bifurcations to chaos
could not be resolved. Therefore, some of the periodic states observed were randomly
selected by the pump power value, where the mixture of different regime of the periodic
and the chaotic pulses along the increase of pump power is generally observed.

As slightly tuning the cavity alignment is physically equivalent to fine changing
of the pump power with the slightly increase of the cavity loss, this approach was
employed to understand the complicated bifurcation diagram with the pump power. The
laser emission was firstly zoomed into the periodic states. Clear period-doubling
bifurcations could be obtained when the pump power was fixed at 9.89 W and the cavity
alignment was finely tuned at the position. From a stable Q-switched state (Fig. 6.3a), the
careful laser cavity detuning yielded a Q-switched pulse train with period-doubled energy
pattern (Fig. 6.3b). The period of the pattern was further doubled (Fig. 6.3c) with

continuous change of the cavity alignment, and eventually to an aperiodic state (Fig.
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6.3d). Note that in order to measure a long train of the pulse pattern and display them on
the oscilloscope, a low speed detection system was selected. Therefore, the pulse shapes
shown in the figure are actually limited by the responses of the detection system, which
are not exactly those of the real Q-switched pulses. Nevertheless, the relative pulse

heights shown do directly relate to the actual relative Q-switched pulse energy variations.

I N
bbbl
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Intensity (arb. unit)
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0.0 ' 0.5 ' 1|.0 ' 1I.5 I 2.0 I 2.5
Time (ms)
Fig. 6.3: Period-doubling route to chaos in the laser output. From (a) to (d) the cavity

alignment was slightly tuned.

This experimental result suggests that the laser might have a period-doubling
route to chaos at the position of each of these periodic states. Such observation was found
as well in passively Q-switched mixed Nd:GdYVOy laser. It is worth mentioning that
because of the narrow parameter range of the transition to chaos, the unavoidable
experimental parameter drift might sometimes result in random switches between

different states. Figure 6.4 shows as an example of such case. The laser pulses switched
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from a period-2 state to a period-4 state, and then to a period-1 state. As no laser
parameters were changed, it is believed that the drift might be generated purely due to the
experimental noise and the sensitive dependence of the laser dynamics on the pump
parameter. This property of the laser may well explain the general complicated pulsations

observed on the passively Q-switched solid-state lasers.

Intensity (arb. unit)

Wu

0.0 1.0 2.0 3.0
Time (ms)

Fig. 6.4: Random switches of various periodic states due to the sensitive dependence of

the laser output on the experimental parameters.

A similar bifurcation diagram with respect to the pump power could also be
obtained by using different saturation strength of Cr*":YAG crystals. The main feature of
the Q-switched laser under different kind of saturation losses could only show the
difference of Q-switched output properties, such as energy, pulse width as discussed in
Chapter 4. It is noted that though the concrete Q-switched pulse amplitude and repetition
rate jitters could be different depending on the laser operation conditions, the general
features of the lasers always remain. This result further confirms that the laser dynamics

has basically no direct relation to the saturation strength.
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For the 0.5 at.% lightly doped Nd:GdVO; crystal, the Q-switched pulse was found
having comparatively higher fluctuations, and lower signal to noise ratio. 1% to 2% of
the jittering in the period-1 pulse state was difficult to realized in the lightly doped
Nd:GdVOy laser. Although the Q-switched performance of the 0.5 at.% Nd:GdYVO,
laser is comparatively better, it was also prone to show the pulse jitters under certain
pump power. This indicates that the lightly doped crystal may have stronger effect for
dynamics. It is most probably the bleachable characteristics of the low doping
concentration crystal under the high power pumping. This phenomenon was surmised
that when the laser ground state is saturated, pump power would transmit through the
gain medium without being absorbed. In order to prove this experimeﬁtally, the leakage
of pump light from the cavity was observed during the passively Q-switched operation. A
0.5 at% Nd:GdVO, crystal combined with a T = 80% Cr*:YAG passive Q-switch in a
cavity with coupling transition of 40% was selected.

As shown in Fig. 6.5, the transmitted pump power and Q-switched output power
were separated with a dichroic mirror (HR at 1064nm, and HT at 808 nm), and observed
simultaneously with an oscilloscope. Optical spectrum analyzer was used firstly to ensure
the detecting wavelength of both signals after the splitter. Two photoreceivers were

placed at the same optical length for the detection of the output laser beams.
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Laser output, 1.06 um

Leaking pump
light, 0.8 um

Dichroic mirror, HT at
808 nm, HR at 1064 nm

Fig. 6.5: Experimental setup for the observation on leaked pump light from the passively
Q-switched laser cavity. LD: Laser diode. L: coupling lens. M;: Concave mirror, My:

output coupler.

The results revealed surprisingly the existence of the dynamic feature in the
leaked pump light. This evidence shows that the ion population change in the laser
ground state indeed occurring in the passively Q-switched laser. Fig. 6.6 shows the
leaked pump light at the power of 7.25 W and 13.25 W. The higher peak of the leaked
pump light indicated the lower ions number in the ground level. Obviously the ground
state population varied unevenly during the passive Q-switching. At stronger pumping
level, the variation of the leaked pump has higher repetition rate, showing that the pump

saturation of the ground level was significant.

159



ATTENTION: The S

yright Act SpRleg finpfer S Dyrdmics B padsively O swirched N doped tisers

(a
.
=
c
-e W
S
- )
=
(/)]
c
3
et
E M
200 100 0 100 200

Time (us)
Fig. 6.6: Dynamic changes of the leaking pump light showing the equivalent changes of
ion population in the laser ground state. Oscilloscope trace recorded at pump power of (a)

725 W, (b) 13.25W.

When the Q-switched pulse and the leaked pump light were enlarged on screen as
in Fig. 6.7, it could be seen that there was a small time difference between the peaks of
both signals, where the Q-switched pulse peak was several ns preceding the maximum of
the leaked pump light. Logically for the Q-switched operation when cavity photon is at
its peak, the population inversion is at the minimum, and thus the ground state should fill
with the relaxed ions. However, as shown in Fig. 6.7, the leaked pump light at that
moment was reaching its maximum. This means that at this stage the laser ground state is
depleted. The reduction of the ground state population at the peak of the Q-switched
pulse implies that there is a delay between the ions which jump to the lower energy level

that relax to the ground state. Following the continuous pumping, ions in the ground level
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will be depleted. This strong ground state depletion and the delay of ions relaxation are

believed could be the reasons that result in the dynamical laser output.

Fig. 6.7: Oscilloscope trace of the enlarged single Q-switched pulse (upper) and its

simultaneous leaked pump light signal (lower).

At the opening of passive Q-switch, interaction of cavity photons with saturable
absorber reduces the cavity loss nonlinearly, and Q-switched pulse builds up from the
background noise, which is the random phase oscillating spontanecous emission in the
cavity. More dynamic laser behaviors would be expected in accordance with a longer
nonlinear saturation process for pulse evolution. Since the saturation process is dependent
on the light intensity, the beam spot area on the saturable absorber is crucial in practice. It
has been shown in Eq. (2.6) in Chap. 2 that a small beam spot size on saturable absorber

is necessary to achieve intense Q-switched pulses. This criterion is also important to
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enhance the Q-switched pulse stability and reduce the chaotic dynamics in a laser. For a
plano-concave laser, which the saturable absorber is placed closely to the output coupler,
changing the cavity length is equivalent to varying the ratio of the laser beam size on the
gain medium and on the saturable absorber if the thermal lens effect in the laser crystal
could be ignored. In that condition, longer cavity length is possibly good to achieve
smaller beam size on the saturable absorber, which can hence quickly saturate the
absorber. Similarly, with thermal lens formed in the laser crystal at a given pump power,
operating the laser at the lens focusing point, or at the boundary of cavity stability (longer
cavity) should also have a smaller beam size compared to a shorter cavity length.
Therefore, the strength of the nonlinear interaction between the gain and the absorber
becomes different in relation with the quick or slow saturation in the saturable absorber.
Experimentally, the 1.14 at.% of Nd:GdVO,, and both absorption loss 7Ty and
cavity transmission 7' = 40% were selected to investigate its passively Q-switched
operation under different cavity lengths at the pump power of 9.85 W. With the cavity
length of 85 mm, the laser could emit Q-switched pulses overall with weaker amplitude
fluctuations than the laser in cavity length of 60 mm. There was no complete route to
chaos observed despite the fact that some of the period-doubling bifurcations could still
be observed. Fig. 6.8 shows the output pulses from the system, some parts of the pulse
energy patterns still exhibited period-2 feature, which suggests that the laser could still be
a chaotic system. Generally, the Q-switched emission of the laser was found to be more
“chaotic” at a short cavity length of 40 mm compared to that at 60 mm. Very clear
period-doubling bifurcations could be easily observed. This experimental result indicates

that the chaotic nature of the system is less significant if the saturable absorber could be
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quickly saturated. The passive Q-switching of the solid-state lasers should preferably
work under such a condition. Nonetheless, since the thermal lens varies with the pump
power, it is impossible to change the laser cavity length for each pump level during the
Q-switched operation. Therefore in practice, the proper cavity length is selected for the
overall optimized laser performance within the studied pump range. This proper selection

of laser parameters was carried out in the previous passively Q-switched demonstrations.

Intensity (arb. unit)

LU

2 4 0 1 2
Time (ms)
Fig. 6.8: A typical Q-switched pulse train of the Nd:GdVOy laser under the cavity length

of 85 mm.

In order to confirm the dynamic behavior in the passively Q-switched operation as
observed in the Nd:GdVO, and Nd:GdY VO, lasers, the commercial available Nd:YAG
(1 at.%, dimensions: ¢3 X 8 mm) and Nd:YVO4 (0.5 at.%, dimensions: 3 x 3 X 6 mm3)
crystals were further employed to repeat the experiments. The laser was ensured to
operate at its optimized Q-switched condition using a plano-concave cavity configuration

as shown in Fig. 6.9. Nd:YAG laser has a cavity length of 75 mm, and Nd:YVO, was
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M,

Nd:YAG
L L or Nd:YVO,

T Cr4+:YAG

Fig. 6.9: Schematic configuration of the laser. L: coupling lens. M,: Concave output

coupler.

The radius of curvature of the concave output coupler (T = 40%) is 900 mm for
Nd:YAG laser and 500 mm for Nd:YVOy laser, whereas, Cr* YAG crystals with Ty of
70% and 60% was used respectively for the Nd:YAG and Nd:YVOy passive Q-switching.
Besides the period-doubling transition being observed clearly in both lasers, periodic
windows with various odd periodicities such as period-3, periodic-5 could also be
experimentally observed as an additional evidence of the deterministic chaos nature of
the lasers. Fig. 6.10 shows as example those observed in the Nd:YVO, laser. These
periodic windows were simply obtained through the fine-tuning on the cavity alignment

when the laser is operating in a chaotic state.
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Fig. 6.10: States of periodic windows observed experimentally. (a) Period-3 window.

(b) Period-5 window. (¢) Period-6 window.

The existence of these periodic windows within the chaotic regime is well in agreement
with the low-dimensional chaos theory, which further confirms that those conventionally
called unstable Q-switched states could be a state of the low dimensional deterministic
chaos. This experimental observation not only uncovers the chaotic nature of the lasers,
but also confirms that the observed chaotic dynamics is independent of the laser host
materials. Tt could be a general feature of all the passively Q-switched Nd**-doped solid-

state lasers under strong interaction between the saturable gain and losses.
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6.4 Analysis of observed chaotic data

6.4.1 Power spectrum

When a period-doubling bifurcation occurs in a system, the dynamics not only can be
detected from the time evolution of a system variable, but can also be measured in the
frequency domain from the power spectrum. This method is particularly useful for
studying dynamic oscillating systems. Purely periodic signals have only sharp spectral
lines, while a noise signal has broader spectra exhibited as the continuous background.
Thus signal and noise can be easily distinguished. Power spectrum is used to study
dynamical systems. One can see the peaks correspond to the fundamental frequency and
its harmonics from the power spectra. When a system changes from period-1 to period-2
state, the main harmonic frequency peaks remain, but a sub-harmonic frequency
spectrum appears. Similar to the period-doubling in time domain, further bifurcation
results in the frequency quadrupling, octupling, and eventually to chaos.

Fig. 6.11 shows the spectrum analysis of a period-doubling process observed in
the experiment. The recorded time series data of the period-doubling route to chaos as
shown in Fig. 6.3 is converted to the frequency domain using the Fast Fourier Transform
(FFT) technique. The data are sampled at 5.01 MHz, which is 250 times higher than the
fundamental oscillation frequency of the laser dynamics. When the laser is in a period-1
state (Fig. 6.11a) the spectrum fundamentally consisted of the frequency of 20 kHz.
While in period-2 (Fig. 6.11b) a sub-harmonic of the fundamental frequencies at 10 kHz
appeared. Following the further bifurcation, further sub-harmonic components at
frequencies at 5 kHz, 10 kHz, and 15 kHz are seen in period-4 state (Fig. 6.11c). Lastly in

the chaotic condition (Fig. 6.11d), the background level in the power spectrum clearly
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rises and with a broad peak near the frequency of 23 kHz, is indicative of a chaotic
pulsation. All these frequency values are closely in agreement with the recorded pulse

repetitive rate in the time series experimental data.
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Fig. 6.11: Power spectrum of the period-doubling transition. (a) — (d): Period-1, 2, 4, and

chaos.
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6.4.2 Phase space

The passively Q-switched laser is a multidimensional system. Among the multi
interaction factors of light with ions population change in the laser and that in the
saturable absorber, Q-switched laser intensity is the only variable observed in the
experiment. Mathematically, it has been proven that one can recreate a topologically
equivalent picture of the original multidimensional system behavior by using the time
series of a single observable variable. This method can be done through the time delay
embedding method. From an established vector space, the trajectory of space dictates the
state of the system. For the periodic sequences of bifurcations, the trajetory closes on
itself, and forms limit cycles as an attractor in the phase space. This is another approach
to visualize the period-doubling cascade instead of observing it in time domain. When a
periodic state changes, one can identify it from the change of trajectory.

Phase space reconstruction is technically solved by decomposing series into delay
vectors. Each observation in the one-dimensional signal () is established into a vector
which contains the observed I(t), and time delays of 7.

s(n) =[I(n),I(n+1),I(n+27),....I(n+ (M, -1)z], (6.3)
where n is the time index, Mp is the embedding dimension and 7 is the time delay. As a
result, the series of vectors is:

S = [s(1), 5(2), s(3),..., S(N, +(M,, - ], 6.4)
where Np is the length of the data series.

In order to be pragmatic in showing a proper shape of the attractor by occupying a
large region of the reconstructed state, values of the time delay were optimized through

the average mutual information technique as proposed by Fraser et al. [116]. As if the
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time delay 7is too large, I(t) and I(z+1) are essentially random to each other, but if 7is
too short, the measurement is not independent of each other. The ideal selection of 7is
how maximum a given state /(¢) can predict about I(z+7) state. In such estimation, the
mutual information () will show the decrease, and then rise following the increase of 7.
It is suggested to form the state space by using the 7 value from the first minimum

average mutual information. The same experimental period-doubling route to chaos (Fig.
6.3) is selected for the analysis. Through one of the functions of a shareware Visual
Recurrence Analysis v 4.6, the time delay can be easily estimated. Fig. 6.12 shows one
example of the average mutual information for the chaotic time series as in Fig. 6.3d. The

first minimum data point is at the time unit of 100, which is equivalent to 20 ps.

97 88 99 100 1Ll

4 T //\
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Time delay (unit)

Mutual average information

Fig. 6.12: Estimate of average mutual information for the time delay parameter. The inset

graph is the enlarged curve for the first minimum data point.

Using this method, the estimated time lag for each data set is taken as a reference for

reconstruction. The time delay 7used for all the phase diagrams shown in Fig. 6.13 is 20

us. A loop like attractor, which is the so-called limit cycle is found from the established
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phase plot. This experimental trajectory shows that the laser system approaches a
periodic motion. Following the transition to chaos from Fig. 6.13a - d, the limit cycle
changes from one cycle in period 1 to various cycles in the chaotic condition. The

thickness of the curve is related to the noise in the experiment, as well as the finite

sampling of the data.
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Fig. 6.13: Phase portrait reconstruction for period-doubling route to chaos from (a) — (d).

Time delay used 7= 20 ps.
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6.5 Modelling and simulation

Changes in continuous variables are expressed with differential equations. For the laser
system, time dependent changes can be expressed by a set of coupled first-order
differential equations. The functions of the first derivations depend on the variables and
control parameters in the equations.

As investigated above, laser dynamics are closely related to ion movement within
energy levels. The dynamic phenomenon of the pump induced ground state depletion,
and the delay of ions relaxation to ground state are believed as the causes to result in
chaotic dynamics in passively Q-switched lasers. Therefore, the common rate equations
model is extended to include these considerations for simulation. The interaction factors
that describe the laser conditions are respectively the cavity photon density ¢, laser
population inversion M, laser ground state population Ny, and the population change in
saturable absorber N,. The laser ground state population change is explicitly described
with a time dependent equation. This extended model with four degree of freedoms

(variables) is shown as followings to describe the laser dynamics.

le_f :tﬂ|:20-glg (NZ _Nl )_ 20slst '—20'”1_‘, (NsO _Ns)—(ln—llg-i_l‘j} (65)

r

am
“S=PNy+y, (N-N,)-(y, +7,0,coM (6.6)

dN,
dt

=VN, + 70N, — PN, (6.7)

%: ys(NsO —Ns)_o-sC¢Ns (68)
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_ - -2
where the relations of the laser relaxation are represented by ¥, = Yo Va0 St , and

2

_ Yiot¥n+2)y

. O, is the laser gain emission cross section. Oy . IS either the
2 8 (s, es)

)

saturation absorption cross section of ground state or excited state. Whereas, [y i) the

crystal length for gain medium or saturable absorber. oz = (Inl/R + L) is the total cavity

losses.

The variables in model were normalized by using the following dimensionless

o,c 201 20 1 20,1
parameters: s=lLy, I=g—¢, U,=—~4M , U =—=*N_, U =2
) y2 aL aL aL

201, 20 1,
U = 58 N LW, = Os g Nso , a:}ZOs , d:}i L
aL aL yso' y2 aL aL yZ

™
t
™
1l
o
S
I
~

o, .
S =—=-, and this transformed the above model to:

O-S

Ay v -Bow -U)-1] (6.9)

ds .

U, _ —g{(1+ ygI)Um —(—P— —b)UO —bUn} (6.10)
ds V2

dfl]ﬂ =£{(l—d)Jn~(b+d)Um —[l—d +£}U0} (6.11)

S 2

dU, =¢ [Wx ~U, “J/SO{IUs] (6.12)

ds

The model was further simplified to make it existing in the simple form of the differential

equations. By defining W = —I—)—U o +b(U, ~U,),Eq. (6.10) thus becomes:
4

2
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dfljm —elw-(+y,1)0,]) (6.13)
S

aw _(P—y,)dU

Since %, substitution of Eq, (6.11) into this equation yields
ds Yy, ds
d—W=P(1—d+b)ﬂ— Ph_y U, ~ 1-d L
ds 72 1§ Y2

Pb . . . . . .
As —,d,b<< 1, and can be ignored in certain terms under comparison, this equation is

1€

written in the simple form as below.

W avrir, -w), (6.14)
ds
where A is defined as A= PU, (6.15)
72

The final dimensionless rate equations are summarized as below.

% =Ilu,-U, - pw, -U,)-1] (6.162)
A
du
I =ew-Q+y,1p,] (6.16b)
W _ Javvrr -w] (6.16¢)
ds
dgf =¢,|w,~U, -y,adU,] (6.16d)
S

The set of Eq (6.16) was numerically solved by fourth-order Runge-Kutta to
simulate dynamic laser behaviors. Time evolution of laser photon density in Eq. (6.16a),
which is proportional to laser intensity as observed in experiment, was given focus in
simulation. The numerical solutions show a good qualitative agreement with the

observations on laser dynamics. In the simulation, period-doubling route to chaos is
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obtained by changing the A value, which is proportional to the pumping rate P stated in
Eq. (6.15). The transition from Q-switching to chaos is found to occur in a very narrow
control parameter range in the calculation. This explains why high resolution of pump
power is required to observe the complete period-doubling route to chaos in practice. Fig.
6.14 shows the period-doubling transition obtained with a slight change on A. State space
trajectory for the system is shown together in the figure. Compared to the experimental
phase plots, which exhibited measurement noise, clean limit cycles with fine lines are
found in the simulation. Parameters for this generation are: Cr*':YAG with initial
transmission 7p = 60%, cavity output coupling R = 70% and laser doping concentration of

1.14 at.%. The dimensionless parameters used for calculation are respectively 7 = 16.49
x 10°% 75 = 16.506 x 10° w, = 2.5542 , = 0.1907, £ = 0.03614, & = 0.00054188, b =

0.999, and o = 377.34.
o Uy

O

=
N

A
>

1
Fig. 6.14: The period doubling route to chaos and the respective phase plots obtained in

the simulation. A is slightly increased for the period-doubling transition. (a) Period-1; A
= 0.068065. (b) Period-2: A = 0.06810. (c) Period-4: A = 0.06815. (d) Chaos: A =

0.06865.
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It was observed in the numerical simulation, there is a threshold value of A,
showing the onset of the laser transformation from stable period-1 state to chaotic
condition. This qualitatively implies that under certain pumping level ions saturation
occurs in ground state and results in dynamic behavior by disturbing the balance of ions
movements within energy levels. Below this value, the Q-switched pulses are in a stable
period-1 condition. In this case, the threshold value of A = 0.064. Exceeding this value, a
large chaotic regime is obtained together an odd number of periodic windows. As a
consequence of chaos, there is a starting of a descending periodic transition and then
following with an ascending period-doubling route to chaos again. The bifurcation
sequence is apparently reproduced to show the self-similarity as a universal feature of

dynamics. The replicating sequence is schematically shown in Fig. 6.15.

Chaotic

regime

P1 Chaos, P53, P6, P3, chaos }38, P4, P2, Pl P2, P4, chaos P4.P2.P1
|

| | [
> A
0.065 0.06642  0.068065  0.06865 0.075

Periodic regime Chaotic regime Periodic regime Periodic regime

Fig. 6.15: Schematic diagram for the periodic and chaotic regimes associated with the

varying of A parameter in the simulation.

While zoom into the chaotic regime, odd numbers of periodic windows, period-3,

5, and 6 are able to see as correspondingly to the experimental observation. Fig. 6.16

shows the time series periodic windows as well as their phase state.
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Fig. 6.16: The simulated odd numbers of periodic windows in time series and phase plot.

(a) Period-3, A = 0.0658. (b) Period-5, A = 0.06504. (c) Period-6, A = 0.06574.

6.6 Summary

In this chapter, the dynamics of the CW pumped passively Q-switched Nd-ion doped
lasers has been investigated. Perturbation of the ions movement within the laser energy
levels during the passive Q-switching is the main reason for the nonlinear behavior in the
laser. Based on the experimental investigation, it is believed that the laser dynamics are
due to the pump saturated ions population in the laser ground state, and the slow
emptying of the lower laser energy level during the laser actions.

Experimentally, the period-doubling route to chaos and odd numbers of periodic
windows are the general nonlinear phenomena observed in the diode-pumped passively
Q-switched Nd:GdVO,; and Nd:GdYVO,, Nd:YAG and Nd:YVO, lasers. These
demonstrations reveal that the chaotic dynamics are independent of the laser gain
medium used, are a general property of all passively Q-switched solid-state lasers under a

strong light interaction between the saturable gain and losses. Through the nonlinear time
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series analysis, the existence of the clear complete period-doubling route to chaos in the
lasers were further interpreted and visualized in frequency domain and state space. By
considering the finite lifetime of the lower energy level and the population change in the
ground state, the common rate equations model is extended to simulate the observed
chaotic nature of the laser. Period-doubling route to chaos and odd periodic windows
were qualitatively reproduced.

The deterministic chaos in the laser actually suggests that the strong pulse-to-
pulse amplitude and repetition rate jitters frequently observed in the diode pumped solid-
state lasers could be an intrinsic nature of the system. Therefore, chaos control techniques
should be the most appropriate way to efficiently suppress these Q-switched pulse

instabilities rather than the conventional laser engineering techniques.
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Passively mode-locked Nd:GdY VO, lasers

As discussed in detail in the previous chapters, duration of a Q-switched laser pulse may
vary from several hundred nanoseconds to several nanoseconds, depending on the laser
parameters. The selected parameters can also affect the cavity build-up energy, and
restrict the pulse repetition rate at most kHz rates. Through the mode-locking technique,
the optical pulse duration can be further narrowed from nanoseconds to picoseconds or
subpicoseconds, at MHz repetition rates corresponding to the cavity round trip. In
contrast to the Q-switched laser whose whole cavity is filled with energy, in a mode-
locked laser the energy is compacted into a pulse that oscillates in the resonator. The
duration of the mode-locked pulses depends mainly on the laser gain bandwidth and the
effectiveness of mode-locker. The greater the laser emission bandwidth, the narrower the
mode-locked pulse can be.

Basically, temporal characteristics of the passive mode-locking can be
distinguished as being continuous-wave mode-locking, and Q-switched mode-locking.
According to Eq (2.21) as discussed in Chapter 2, the passively mode-locked feature is
closely related to the laser conditions, such as the saturable absorption loss, pumping
strength, cavity reflectivity, laser fluorescent lifetime, cavity length, and the stimulated
emission cross section. Significantly, the property of the gain medium plays the
dominated role in suppressing pulse energy and maintaining intracavity fluence for
achieving the continuous-wave mode-locking. Among all the criteria, laser material with

a large stimulated emission cross section or a non-homogenously broadened gain is
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absolutely crucial to achieving the stablility of mode-locking in the operating condition
that is far above threshold, and which is common to every passively mode-locked laser.
As stated in Chapter 2, the mixed-gadolinium-yttrium vanadate crystal is excellent with
its good thermal property, a slightly longer upper state lifetime and a broad
inhomogenously broadened emission linewidth, so it is believed that Nd:GdYVO,4 might
show a plausible performance in ultrashort pulse generation, with the ease in achieving
the stable continuous-wave mode-locking.

In this chapter, passively mode-locked Nd:GdYVO, laser is experimentally
demonstrated. The mode-locking laser performance is studied by either using Cr*:YAG
crystal or GaAs wafer as a saturable absorber. As discussed in Chapter 2, Cr'*":YAG
crystal is conventionally used as saturable absorber in Nd-doped lasers for passive Q-
switching. This saturable absorber also exhibits a saturable excited state absorption
(ESA) under strong intracavity intensity, which enables passive mode locking to occur.
The semi-insulating bulk GaAs crystal, on the other hand, has been selected to passively
mode-lock several Nd-doped lasers for its lower cost and robustness. This polar GaAs
semiconductor exhibits a significant TPA and FCA nonlinear process under the
illumination of strong irradiance. The TPA process will photo-generate free carriers in
the conduction band and induce the free carrier nonlinearity to the absorption and
refraction in GaAs. When the GaAs saturable absorber is used to build a standing wave
cavity, the interference of two plane waves within the GaAs causes a spatially non-
uniform intensity pattern and yields the photorefractive grating diffraction loss to the
cavity. As a result of the varying of irradiance on the GaAs, photorefraction effect is

altered simultaneously for a continuous loss modulation to the laser.
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A Z-folded cavity is explicitly selected to reduce the effective cavity beam spot
on the saturable absorber. This configuration is to increase the light interactive
nonlinearity and hence the modulation depth in the saturable absorber for better mode-
locked laser performance. This chapter begins with the simulation of fold-mirror cavity
design based on the consideration of the previous measured thermal lens. Experimental
results are presented in the ensuing sections for the laser with above-mentioned saturable

absorbers.

7.1 Z-folded laser cavity design

Commonly, folded cavity configuration is used to achieve a tightly focused beam spot on
the saturable absorber and simultaneously have a good mode matching between the
cavity mode and pump beam. Based on the Gaussian beam ABCD method as employed in
Chapter 3, the folded-mirror cavity stability and the effective beam size are estimated. As
it differs to the linear two-mirror cavity that used in the CW and passive Q-switching, the
Z-folded configuration has four mirrors for cavity confinement, in which two mirrors are
for the tilted arms, and the other two mirrors are respectively to begin and complete the
resonator (Fig. 7.1). The ray transfer matrices of each cavity mirror used in ABCD

simulation are given also in the Fig. 7.1.
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Fig. 7.1: The four mirror Z-folded cavity.

In the experiment, M, and M3 are two concave mirrors with the same radius of curvature
(ROC) of 300 mm, and separated at L. = 600 mm with each other. Normally in practice,
the cavity-tilted angle O with respect to the optical axis is kept small in order to avoid the
cavity astigmatism. This angle was determined in the experimental setup as about 8 =5
degrees.

Based on the experimental result obtained in the two-mirror cavity as given in
Chapter 3, thermal lens has been found to be detrimental to the laser performance.
Therefore, pump power dependent thermal focal length was also taken into account in the
design of the folded-cavity. Cavity stability under varying length of L; and L, was firstly
calculated under the strongest thermal lens of fr = 200 mm in Nd:GdYVO, as was
measured at the maximum pump power of 13 W. Fig. 7.2 shows the stability diagram for

the folded-cavity by varying the lengths of L; and L,.
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Fig. 7.2: The calculated stability diagram of Z-folded cavity upon the consideration of

thermal lens in the gain medium measured at maximum pump power.

Laser operation is stable within that marked area as shown in the diagram above.
However, following the change of thermal lens with respect to the pump power, mode
matching between pump beam and cavity mode is another factor to be considered in laser
if it is necessary to obtain a steady output along the increase of pump power. Based on
the cavity mode size of about 200 pm in the previous optimum two-mirror CW laser, the
lengths of L; and L, particularly are estimated in simulation and confirmed practically.
Under such optimal condition upon the consideration of laser mode matching, Ly and L,
are found to be about 120 mm and 200 mm, respectively. Fig. 7.3 shows the relationship
of cavity beam waist, and mode size in gain medium with respect to the pump power. It
can be seen that the effective mode radius in gain medium does not have a significant

change following the increase of pump power. Following the variation of thermal focal
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lens in the gain medium, the resonator mode size at the laser crystal and the saturable
absorber was computed ranging from 202.4 — 228.7 wm and 86 — 66 pwm, respectively for

the change of pump power from 6 W to 13 W,
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Fig. 7.3: Dependence of cavity beam size on the pump power. ®g: cavity mode radius in

laser crystal; wg: cavity beam waist radius.

Fig. 7.4 shows the mode size variation within the laser resonator of total length of 920
mm. The calculation is made based on the thermal focal length of 200 mm in the gain

medium.
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Fig. 7.4: The calculated mode propagation in laser cavity.

7.2 Nd:GdYVO, - Cr*:YAG mode-locking

The laser layout is shown in Fig. 7.5. The resonator was built according to the cavity
design as shown above. It consists of a flat dichroic input mirror (M;) coated at the pump
and the fundamental wavelengths, two highly reflective concave mirrors (M, and M3) at
1064 nm both with a radius of curvature of 300 mm, and a flat output coupler (My). L;
was kept at 120 mm, L, at about 200 mm, and the distance between the two concave

mirrors M, and M3 was 600 mm.
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Fig. 7.5: Schematic diagram of the passive mode-locking experimental setup.

The light from the fiber end was collimated and focused onto the Nd:Y(36Gdo.e4VOs
crystal through the flat input mirror. The laser crystal is a-cut to a dimension of 3.5 x 3.5
x 5 mm® and doped with 0.5 at.% of the Nd>*. Both surfaces of the Nd:GdYVO, crystal
are antireflection coated at 808 nm and the lasing wavelength of 1064 nm. As an
approach to protecting the crystal from the heat influence, the crystal was wrapped
properly with a layer of 0.1 mm-thick indium foil and mounted within a water-cooled
copper holder at 18 °C during the experiment.

In order to examine the mode matching in the laser crystal, laser cavity alignment
was initially optimized under its CW operation with different transmission of a flat output
coupler. In the optimized condition where the cavity coupling loss is T = 6%, the laser
achieved a maximum CW power of 4.86 at the launching pump power of 12.81 W, giving

a slope efficiency of 46%. The laser slope efficiency is about the same for other cavity
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coupling transmission of T = 10% and 40%. A maximum CW output power of 3.1 W was
successfully obtained in the laser, in spite of the high cavity coupling loss of 40%. This
good CW laser performance indicates that the current Z-folded cavity configuration is in
a good mode matching condition. Fig. 7.6 shows the CW output laser with the output

coupler of T = 6%, 10%, and 40%.
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Fig. 7.6: Average output power for the laser operated in CW operation with cavity

coupling transmission of T = 6% (square), T = 10% (triangle) and T = 40% (diamond).

Because a high transmission coupler is able to shorten the cavity build-up time to
generate an efficient passive Q-switching according to the analytical model and
experimental practice in Q-switching, the cavity coupling for optimized pulsed laser
performance has been appropriately examined. In agreement with the previous Q-
switched experimental parameters, output coupler with transmission of T = 40% was
found to be optimized also for the Q-switched pulse energy and mode-locking in the

experiment.
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In order to increase the Q-switched energy and hence the intracavity energy
fluence for better mode-locking, high doping concentration of Cr**:YAG saturable
absorber is selected. These included two antireflection coated Cr**:YAG crystals with
initial transmission of either Ty = 60% and Ty = 50%. The Cr*":YAG with Iy = 50% is
<001>-cut with dimensions of 5 X 5 x 3.7 mm3, while the weaker one is <111>-cut with
the same cross-section but a thickness of 1.74 mm. These two absorbers are antireflection
coated at 808 nm and 1064 nm on their incident surfaces. In the laser operation, the
Cr**:YAG crystal was wrapped with indium foil and mounted on an aluminum holder to
dissipate the heat induced from the strong intracavity intensity. According to the
calculation, the large ratio of mode size between the gain medium and the absorber is
sufficient to achieve an efficient Q-switching. In the experiment, the mode-locked pulse
repetition rate was detected by a high-speed photoreceiver (New focus, 1611-FS), while
to further resolve the mode-locked pulses, a standard commercial autocorrelator
(Femtochrome, FR-103XL) using a BBO nonlinear crystal was used. The detected pulse
characteristics were observed with a digital oscilloscope (TDS 360).

Laser with the Cr*":YAG crystal of 60% initial transmission was firstly studied.
After proper alignment of the Cr*":YAG, passively Q-switched mode-locking was
observed immediately, starting from the laser threshold. Fig. 7.7 shows the average
output power of the laser at the QML operation together with the Q-switched pulse
energy in relation to the pump power. A maximum output power of 1.85 W was obtained
at the maximum available pump power of about 12 W. The slope efficiency of the
passively Q-switched mode-locked laser of about 31.9% is about 10% lower than the CW

operation. In such conditions, Q-switched pulses with a maximum single pulse energy of
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94.8 uJ were obtained in the laser, which further confirms the potential of Nd:GdY VO,

laser for the passively Q-switched operation.
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Fig. 7.7: Dependence on pump power of Q-switched average output power (solid circle)

and pulse energy (open circle) for the QML laser.

The corresponding Q-switched pulse width and pulse repetition rate are given in Fig. 7.8.
Based on the calculated mode size, the light fluence in the Cr*:YAG crystal was
estimated to be 0.5 J/cm® near the threshold of the Q-switching. This is far above the
calculated excited state saturation fluence for the Cr**:YAG of about 0.1 J/em? if 8.2 x
10" ¢m? is taken as the excited state absorption cross section. Hence it suggests that the
excited state of the Cr**:YAG crystal is saturated all the time. Generally, a considerably

stable Q-switched pulse train could be observed in the experiment.
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Fig. 7.8: Q-switched pulse width and pulse repetition rate with respect to pump power.

Fig. 7.9 shows one example of the Q-switched pulse train, which has a pulse jitter of less

than 5%.
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Fig. 7.9: A typical Q-switched pulse train detected with the slow detection channel of the

photoreceiver.
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With a high-speed photoreceiver and an oscilloscope the mode-locking nature of
the Q-switched pulses was clearly seen. Such a typical oscilloscope trace is shown in Fig.

7.10. The mode-locked pulses have a repetition rate of 161.3 MHz, which corresponds to

the cavity length.

Intensity (arb. unit)

Time (25ns/div)

Fig. 7.10: Oscilloscope trace of a typical QML pulse profile.

With the increase of the pump power from the threshold to the maximum level, the
modulation depth of the mode-locked pulses was found to have slightly increased from
80% to 90%. The peak power of the mode-locked pulses near the maximum of the Q-
switched envelope was estimated to be about 1.7 MW at the pump power of 12 W. This
high peak power of mode-locked pulses near the Q-switched envelope peak makes the
laser attractive for a number of applications such as nonlinear optical wavelength
conversion, micro-machining, and spectroscopy.

The intrinsic dynamics of the passive Q-switching was further confirmed in the

passively Q-switched mode-locking operation. The periodic and chaotic regimes
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appeared alternately following the ascending change of the pump power. Similarly the
laser was prone to show chaotic pulsation at the high pump power, and period-doubling
route to chaos could be obtained with the fine-tuning of the cavity alignment. It is noted
that this dynamic at the Q-switching regime has no influence on the narrow mode-locked
pulses within the Q-switched pulse envelope. Using a spectrum analyzer (HP 4396B), the
Q-switching and cavity resonant mode were illustrated in frequency domain as given in
Fig. 7.11. The frequency scanning range is from 0 Hz to 200 MHz. As observed, there are
two frequency groups in the diagram respectively for the Q-switching in few tens of kHz,
and the mode-locking with the centre pulse repetitive frequency at 161 MHz. Due to the

resolution of 300 kHz, the Q-switched frequency is unresolved.

RO 16 kHz  VEW 10 Rz CICEECICEE 5P 8 sec
START @ Hz STOR . 208 fiHz

Fig. 7.11: Frequency spectrum of the passively Q-switched and mode-locked operation.
The spectrum range was zoomed particularly into the first 50 kHz of Q- switched regime

for the periodic and chaotic Q-switching in relation to the change of pump power. As in

Fig. 7.12, clear frequency spectra of periodic and chaotic QML were observed in laser
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with the increasing of the pump power from 8.76 W to 12.31 W. At a pump power of
8.76 W, the sharp Q-switched frequency is at about 9.64 kHz correspondingly to the
period-1 pulsation. The frequency of Q-switched laser operation became double at pump
power of 9.64 W with its main frequency of 10 kHz in accordance with the increasing of
pump power. Further increase of the pump power resulted in period-4 at pump power of

10.34 W, and chaotic operation at pump power of 12.31 W,
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Fig. 7.12: Frequency spectra of the passively Q-switched mode-locked laser in periodic

and chaotic regimes. (a) — (d) is spectrum of period-1, 2, 4, and chaos, respectively.
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The odd number of periodic windows was observed within the chaotic Q-
switched regime. After the period-4 laser operation at 10.34 W, a period-3 was obtained
when pump power increased to 10.61 W before the pulsation became totally aperiodic.
Fig. 7.13 shows one‘ example of the period-3 frequency spectrum. These observations
further confirmed the chaotic nature of the diode-pumped solid-state lasers in Q-switched

regime.
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Fig. 7.13: Frequency spectrum of the Q-switched mode-locked pulses in period-3 regime.

Further investigation was carried out by replacing the current Cr*":YAG (T, =
60%) with the stronger one (To = 50%). As observed at the lasing threshold of the laser, a
series of strongly fluctuating narrow pulses was obtained instead of the Q-switched and
mode-locked pulses. The stability of the pulse train and the average output power was
enhanced with increasing of the pump power. A fairly stable CWML pulse train was
obtained at the pump power of about 12 W, giving an output power of 1.23 W. Limited
by the available pump power of 12.48 W, the maximum achievable CWML average

power was 1.36 W, at the laser slope efficiency of 29.2% (Fig. 7.14).
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Fig. 7.14: Average output power in relation to the pump power for the CWML laser.

Fig. 7.15 shows the CWML pulse train observed in the experiment. The temporal

pulse separation is 6.2 ns as in the case of QML. The mode-locked pulse duration was

further measured with a commercial autocorrelator.
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Fig. 7.15: A typical CWML pulse train at the pump power of 12 W.
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Fig. 7.16 shows the measured autocorrelation trace fitted with a Gaussian pulse profile.
The full width at the half maximum (FWHM) of the autocorrelation trace is about 4.19
ps. Assuming a Gaussian pulse profile the mode-locked pulse width is therefore
estimated as about 2.96 ps. Similar pulse duration was also obtained when the QML pulse

was detected with the same system.
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7.16: Autocorrelation trace of the mode-locked pulses. Dot: experimentally measured

autocorrelation trace; solid-line: Gaussian fitting curve.

Besides the large emission cross section and relatively long fluorescent lifetime of
the Nd:GdYVOy helping to reduce the gain saturation fluence for the ease to achieve the
CW mode-locked pulses, it is believed that the realization of CWML in the laser could be
due to the high energy pulse fluence achieved in the cavity by using the stronger
Cr**:YAG absorber. As the ground state of the Cr**:YAG crystal is fully bleached during
the laser operation, majority of the Cr** ions are practically depopulated to the first

excited state. Therefore, the ground state saturation becomes insignificant and the ESA

195



ATTENTION: The S ight Act applies to the use of this document. Nanyang Techn University Library

Chapter 7 Passively mode-locked Nd:GdYVQ, lasers

plays the dominating role in the laser dynamics. ESA absorption in the sub-nanosecond
range of recovery time will then result in the CWML of the laser. Nevertheless, it is to be
pointed out that the decay of the Cr*" ions to the ground state could cause a slow pulse
peak modulation to the CW mode-locked pulse train. Using an rf spectrum analyzer (HP
4396B), the CWML pulse peak modulation caused by the ground state absorption was
further identified in frequency domain. Fig. 7.17 shows for example a typical measured
result. As a result of the pulse peak modulation two sidebands appeared to the pulse
repetition frequency with a separation of about 200 kHz. This modulation frequency
corresponds well with the lifetime of the first excited state in Cr*":YAG crystal. The
strength of the sidebands is more than 20 dB weaker than that of the rﬁain peak, which
gives an indication of the peak modulation strength. It was experimentally found that if
the intracavity light fluence was not sufficiently strong, a significant decay of the ions to
the ground state could occur, which further induced strong absorption of the ground state
and large peak power fluctuations of the CWML pulse train. Indeed, in the experiment,
mode-locked pulse train with large intensity modulation was always observed in the low

pump power regime.
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Fig. 7.17: Rf-spectrum of the CWML pulse train measured at the pump power of 11 W

with a resoluation of 1 kHz.

7.3 Nd:GdY VO, - GaAs mode-locking

For the strong illumination on the GaAs wafer, the same cavity configuration and
experimental conditions of the passively mode-locked Nd:GdYVO,-Cr**: YAG laser was
employed. In this case, a GaAs semiconductor mirror was used to replace the flat output

coupler M, of the resonator. The system setup is given in Fig. 7.18.
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Fig. 7.18: Schematic diagram of the experimental setup. PD: Photodiode. OSC:

Osilloscope.

The GaAs wafer is <100>-cut and has a cross-section of 10 mm X 20 mm and a thickness
of 450 um. One side of the GaAs wafer was anti-reflection coated at 1 pm, and the other
side was coated to have a continuously varying transmission from T = 3% to 60% along
the 20 mm edge direction. The GaAs wafer was simply mounted on a heat sink without
extra water-cooling.

With appropriate alignment of the laser cavity, mode-locking of the laser was
easily obtained. Fine adjustment on the distance between GaAs mirror and M; was made
to optimize the mode-locked pulses. By linearly translating the GaAs wafer along the
20mm edge, mode locked operation of the laser under different reflectivity coating of the
wafer was experimentally investigated. The quality of the mode-locked pulse train differs
with the change of reflectivity on the GaAs wafer. A very unstable mode locked pulse
train was observed with the used of the low transmission GaAs wafer coating (T = 6%).

While with the high cavity transmission of 20%, the Q-switched mode-locking was
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predominately obtained, where the intracavity pulse energy could be too weak to support
the CW mode-locking [58]. Only at an appropriate GaAs wafer transmission coating,
which in the laser was about T = 10%, a stable CW mode-locked pulse train could be
obtained. The CW mode-locking was achieved immediately after the pump strength was
beyond the lasing threshold at 3.12 W and increased with respect with pump power to
2.47 W, at a sloping efficiency of 26.6%.

However, as shown in Fig. 7.19, it was observed that a lower lasing threshold
resulted from using the relatively higher wafer transmission coating (T = 20%), whereas a
slightly higher mode-locked lasing threshold was obtained in contradiction with a lower
wafer transmission coating (T = 6%). This might be from different intensity dependent
absorption mechanisms coexisting in the GaAs wafer that directly affected the mode-
locked laser operation. The nonlinear interaction between the light with the gain medium
and the wafer during mode-locking process might be explained based on the viewpoint of
the grating induced loss. In a low transmission cavity, because of the high energy fluence,
photorefractive grating formed in the GaAs is strong. The induced loss could hence be

higher than that of the high transmission cavity to achieve the mode-locking operation.
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Fig. 7.19: Average output power versus pump power at different GaAs wafer

transmission.

Fig. 7.20 shows the oscilloscope trace of a CW mode-locked pulse train. The
pulse repetition rate is about 161.3 MHz, which corresponds to the mode spacing of the
laser cavity length. Due to the bandwidth limitation of the detection system, the actual

mode-locked pulse cannot be resolved by the oscilloscope trace.
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Fig. 7.20: The observed CW-mode-locked pulse train.
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Therefore, the commercial autocorrelator was further used to characterize mode-locked
pulses. A typical measured autocorrelation trace is shown in Fig. 7.21. The full width at
the half maximum (FWHM) of the autocorrelation trace is about 12.5 ps. If a Gaussian
pulse profile is assumed, the pulse width of the mode-locked pulses is then estimated as
about 8.8 ps. It was noted that the obtained pulse width is a few times narrower than that
achieved on the Nd:GdVO, laser mode-locked with the same GaAs absorber mirror
[117]. The narrower pulse width is deduced from two factors. One is that the nonlinearity
in the GaAs was enhanced in the current folded-mirtror cavity design through the smaller
focus beam size compared to that in the two-mirror cavity; the other may be attributed

accordingly to the broader gain bandwidth of the neodymium mixed-gadolinium-yttrium

vanadate crystal.
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Fig. 7.21: Autocorrelation trace of the CW mode-locked pulses. Dots — Experimental

data; Solid line — Gaussian fit.
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The corresponding optical spectrum of the mode-locked pulses was measured
using an optical spectrum analyzer (ANDO, AQ6317). Under a scanning resolution of
0.01 nm, the optical spectral bandwidth of the mode locked pulses was measured as about
0.336nm centered at the 1063 nm. This then gives the time-bandwidth product of the
mode-locked pulses of about 0.785. This time-bandwidth product value is far greater than
that of a Gaussian transform-limited pulse, which suggests that the mode-locked pulses
are strongly chirped. Considering that the mode-locked pulses obtained in the
Nd:GdVO4-GaAs laser are not transform-limited either, the strong chirp should be due to
the material properties of the GaAs. It was believed that with proper selection of the
saturable absorber, shorter mode-locked pulses are potentially obtainable with the

Nd:GdY VOy laser.

7.4 Summary

In conclusion, passively mode-locked Nd:GdY VO, lasers have been firstly demonstrated
using the material properties of the Cr*":YAG crystal and GaAs semiconductor output
mirror. In the Nd:GdYVO,-Cr*" YAG mode-locking operation, besides the Q-switched
mode-locked pulses, a continuous-wave mode locking was also experimentally realized,
for the first time to our knowledge in the laser, under a strong intracavity pulse energy
fluence. This shows that passive mode-locking with Cr**:YAG laser is not only restricted
to the conventional QML operation as reported so far, whereas, the condition to achieve
the CWML in this laser depends mainly on whether the excited state absorption is

dominant to control the laser dynamics. This is only possible when the Cr*":YAG
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saturable absorber is fully bleached and hence, there has been no significant change of
cavity Q-factor induced by the ground state absorption.

In practice, the Nd:GdYVOy laser has successfully achieved the CWML when
passively mode-locked by a Cr*:YAG crystal with the initial transmission of 50%.
Average output power of 1.36 W at a slope efficiency of 29.2% was obtained in the
experiment. On the other hand, Cr*'YAG with initial transmission of 60% is able to
mode-lock the Nd:GdY VO, laser to a modulation depth of 90%. The peak power of the
mode locked pulse near the maximum of the Q-switched envelope was estimated to be
about 1.7 MW at the pump power of 12 W. At such launching power, the QML has
achieved a maximum average output power of 1.85 W at a slope efficiency of 31.9%.
Basically, both CWML and QML lasers have a same mode-locked pulse width of about
2.96 ps with a repetition rate of 161.3 MHz. In the passively QML laser operation,
chaotic dynamics were observed once again in the Q-switching regime. The nonlinear
light interactions in the microsecond range of dynamic laser relaxation has essentially no
influence on the few ns of mode-locked pulse train, and so to the ps of narrow mode-
locked pulses. Nevertheless, this phenomenon has further confirmed the intrinsic nature
of the laser in the passive Q-switching.

Under the similar cavity conditions, passively mode locked Nd:GdYVO4 laser has
been conducted using a GaAs saturable absorber mirror. The mode-locking mechanism in
the GaAs may be attributed to the nonuniform spatial charge distribution. The induced
photorefractive gratings cause light diffraction and hence cavity loss modulation. Despite
the nonlinear properties of GaAs not being ideal to achieve excellent performance in

mode-locking, mode locked pulses with pulse width of about 8.8 ps were obtained

203



ATTENTION: The Singapo

experimentally at a pulse repetition rate of 161.3MHz. A maximum average output power
of 2.47 W was obtained with a slope efficiency of 26.6%. Compared to the reported
results of the Nd:GdVO4-GaAs mode-locked laser, the narrower pulse width is arrived at
two factors, corresponding to the broader gain bandwidth of the Nd:GdYVO, laser.
Based on the fact that mode locking is possible only when a laser operates stably on a
single transverse mode with diffraction-limited beam quality, M? parameter of the lasers
during mode-locking is not further determined in the experiment.

The experimental results show that Nd:GdYVO;, could be used for high power
ultrashort pulse lasers. In particular, its broader emission spectrum bandwidth enables it
to be favorable over other Nd-doped gain media for the purpose. The simplicity, low cost
and robustness of the mode-locked laser with either its high peak power or ultrashort

rapid pulses would be ideal for many applications.
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Conclusion and recommendations

8.1 Conclusion

This thesis details the investigation of the lasing characteristics of the newly developed
neodymium gadolinium vanadate Nd:GdVOy and neodymium mixed-gadolinium-yttrium
vanadate Nd:GdoesY036VOs. Lasers operating in continuous wave, Q-switching and
mode-locking have been demonstrated.

The thermal effect in Nd:GdVO,4 which is proportional to the laser doping level
was considered carefully in the optimal laser cavity design to avoid the drastic cavity
diffraction loss and the decrease of pump efficiency. The experimental results revealed
that lightly doped Nd:GdVOy is potentially efficient for high power continuous-wave
laser output. However, the heavily doped Nd:GdVOy laser with stronger pump absorption
coefficient is more favorable for generating higher peak power of passively Q-switched
pulses provided that the thermal effect is well taken into account in the cavity design.
High doping level determines the achievable population inversion, which is essential for
energy storage for Q-switched lasers. In addition, thermal focal lens in the gain medium
could be used to enhance the saturation of saturable absorber.

The characteristics of the laser passive Q-switching are basically determined by
the interaction of light with gain medium and saturable absorber in the laser cavity.
Through the comprehensive investigation of the effective laser parameters, such as laser
doping concentration, saturable absorption loss, cavity coupling transmission and the

crystal anisotropic effect, the optimum passively Q-switched Nd:GdVO, laser has been
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achieved. Contrary to the common understanding that higher Q-switched pulse energy is
determined by the smaller laser emission cross section, experimental results show that the
c-polarized Nd:GdVOy laser is more efficient in generating high peak power pulses in
spite of its large gain cross section. In such laser condition, an appropriate combination of
doping concentration in gain medium and saturable “absorber as well as the cavity
transmission loss is more important to achieve the optimum Q-switched output.

Despite the fact that the c-cut Nd:GdVO, laser without the polarization loss
showed better performance at the low pumping regime, the attainable Q-switched output
was limited under certain pump power. The same phenomenon was observed in the a-
polarized Nd:GdVOy, which is also with the small stimulated emission cross section.
Based on the existence of the strong luminescence at 401 nm in this case, it is believed
that the degraded laser performance could be a result of the nonlinear interactions such as
the excited state absorption, energy upconversion transfer in the excited laser energy
level. The detected visible spectra were found to be compatible with the quantum energy
level in Nd- ion doped lasers.

Detailed studies on the nanosecond Nd:GdVOy4 Q-switched pulse profile show
that there is a small secondary pulse ensuing the Q-switched main pulse. The appearance
of the satellite pulse is dependent on the laser parameters, such as the pumping power,
doping level of laser and absorber, and cavity coupling transmission. On the other hand,
for the lightly doped Nd:GdVOy laser, which is able to produce intense Q-switching
compared to the Nd:GdVOQ,, a weak satellite pulse is observable in the generated Q-
switched pulses, while none is found in the same doping level of Nd:GdVOy laser. This

fact implies that the laser energy storage is essential to determine the appearance of Q-
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switched satellite pulse in the lasers. The results of the coupled rate equations model,
after considering the finite relaxation rate of the lower laser energy level, show that the
Q-switched secondary pulse results from the slow ion relaxation to the laser ground state.
The slow relaxation of the ions in the lower energy level obstructs the decay of the stored
laser energy, and further reduces the energy extraction for the main Q-switched pulse.
Based on the numerically reproduced Q-switched pulse profile, the relaxation time of the
lower energy level of Nd:GdVO;, is found to be about 20 ns.

The dynamics of passively Q-switched laser under the repetitive pumping process
were explicitly studied. It was found that stability of the Q-switched pulse train is related
to the ion circulation within the energy levels. Under the strong pumping, the active ions
transition within the laser energy levels could be affected by the finite number of ions in
the ground state, associated with the delay of ions decay to the ground state from the
lower laser energy level. The observed unstable Q-switched pulse train has so far been
described as the cause of external noise and perturbation. Nevertheless, the deterministic
chaos revealed during the passive Q-switching in experiments strongly suggests that the
laser dynamic behavior is an intrinsic feature of the diode-pumped passive Q-switched
lasers. Besides Nd:GdVO, and the Nd:GdYVOy laser, period-doubling route to chaos
was observed in all major kind of Nd-ion doped lasers, such as Nd:YAG and Nd:YVO,.
By taking into account the finite ion population in the laser ground state, the feature of
period-doubling route to chaos was successfully reproduced in the numerical simulation
based on an extended rate equations model.

Excellent performance of the Nd:GdyesY036VO, laser was found under the

pulsed laser operation of either Q-switching or mode-locking. For the passively Q-
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switched operation which was carried out under the same experimental conditions, Q-
switched pulses generated in the 0.5 at.% Nd:GdYVO, laser possessing three times
higher energy than that obtained in the lightly doped Nd:GdVOy laser. In the existing
passively Q-switched Nd:GdY VO, laser, an appropriately coated GaAs output coupler
was explicitly used to replace the normal cavity output mirror. Based on this simple
approach, a pulse-narrowing effect on the Q-switched pulses was successfully obtained.

Benefiting from the broad emission linewidth and prominent ability of energy
storage, the passively mode-locked Nd:GdY VO, laser in a Z-fold cavity has generated
pulses of about three picoseconds by using a Cr**:YAG saturable absorber. As a result of
the Cr*":YAG excited state absorption, both the conventional Q-switched mode-locking
and continuous-wave mode-locking were realized in the Nd:GdYVO, laser. CWML is
found to be feasible by using Cr**:YAG as saturable absorber, provided all the ground
state Cr*" jons are practically excited to the first excited state. This laser can provide
either high peak power or ultrafast stable pulse train, which will find more laser
applications. In the Q-switched mode-locking regime, the feature of deterministic chaos
was also observed, which further confirms that laser dynamic behavior is an intrinsic
nature of the passively Q-switched Nd ion-doped lasers. Under the same cavity
configuration, Nd:GdYVO, was also passively mode-locked by GaAs wafer. As it is
believed that the loss modulation mechanism in GaAs may be attributed to the nonlinear
photorefractive grating formed in the GaAs output coupler. In such operation, CWML
was easily achieved in the laser by using the GaAs wafer as an output coupler.

From the experimental evidences, it is found clearly that Nd:GdVO, and

Nd:GdYVO, crystals exhibiting excellent crystal properties and good lasing

208



ATTENTION: The ¢

ght Act applies to the use of this doglfeg

characteristics. Their strong pump beam absorption and high gain emission over Nd:YAG
together with the considerably large heat susceptibility are undeniable the important
elements to the development of solid-state lasers. In addition, feasibility of the lasers
incorporated with the low cost Cr*":YAG and GaAs saturable absorbers for high peak
power pulsed operations further shows the significant commercial implication of the
lasers. Although efforts are still needed to transfer the experimental prototypes to mass
produced systems as which in the semiconductor lasers industry, however, from this point
of view, it is believed that Nd:GdVO, and Nd:GdY VO, are potential to become another

substitution to the versatile Nd:YAG laser as a low-cost but high-reliable lasing source.

8.2 Future work

Comprehensive investigation of the potential of mixed gadolinium-yttrium vanadate
crystal is constrained by the availability of samples. It is believed that there would have
different characteristics for different mixing composition of Y>* and Gd** ions in the
vanadate crystal. The Gd/Y concentration could greatly affect the optical and thermal
features of the laser materials. For instance, high Gd/Y yields a broader emission
linewidth, while low Gd/Y is good in thermal quality. Therefore, good characterization
and development of this newly developed Nd:Gd,Y;.xVO4 will be crucial in determining
optimum laser performance corresponding to the laser applications.

Since higher laser doping concentration was found to be favorable in passive Q-
switching. It is suggested increasing the doping level of Nd:GdpesY036VOs crystal to

mildly or heavily doped for fully exploiting the potential in achieving high pulse energy
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and peak power. Good thermal property of the laser will make it preferable to operate
with its high doping concentration under the strong pumping regime.

From the experimental and numerical results, it is believed that pulse jitter
observed in the passive Q-switching is from the physical nature of laser systems. Instead
of using continuous-wave pumping approach, it would be feasible to apply a rapid
modulation pulsed pump source to avoid the laser ground state saturation, which might be
able to avoid the perturbation on ion circulation during the Q-switched interval. In
addition, chaos control techniques such as optoelectronic feedback control will be able to
properly suppress the pulse fluctuations in the passive Q-switching, and make it attractive
in applications. On the other hand, based on the customized ability of semiconductor
saturable absorber mirror (SESAM) in giving the rapid switching modulation, the Q-
switched secondary pulse in the current laser would be avoided to enhance the pulse
energy extraction.

The ultrafast laser technology with femtosecond pulses is an extension of the
mode-locking concept. For this purpose, the picoseconds mode-locked pulses achieved in
the experiments by using the Cr**:YAG absorber and GaAs can be further narrowed with
the use of dispersion control element in the cavity. This enhancement can be done
through the implementation of intracavity prism-pair which exhibits negative dispersion.
As the pulse passes through the prisms, the short-wavelength components being refracted
at greater angle will travel faster to catch up the long-wavelength components and result
in pulse compression. Corresponding to the broad gain bandwidth of the
Nd:Gdge4 Y036 VOs4 laser, the useful subpicosecond pulses could be feasibly achieved in

the laser with this added dispersion compensation technique. Chirped mirror designs in
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the recent technology that incorporate saturable absorber layers for mode-locking is also
another potential alternative to provide simultaneously Fourier-limited femtosecond
pulses over more bandwidth without any special cavity design. On the other hand, by
using the fabricated quantum well semiconductor saturable absorber mirror, which is able
to provide proper control and designation for the optimal laser performance, the mode-
locked laser can be further improved to the generation of subpicosecond optical pulses.
Apart from the experimental work, theoretical analysis is actually necessary to study the
interaction of gain medium with Cr*":YAG or GaAs saturable absorber and to further
explore the physical mechanism of mode-locked lasers.

In fact, potential of Nd:GdVO, and Nd:GdYVOy crystals is significant according
to the lasers performance achieved experimentally. For the starting point of technical
progress and innovative concept on the laser technology is from the reliable laser sources,
the following step should focus on exploiting the mature and marketable applications.
Based on the good lasing properties and high peak power obtained in the investigation,
implementation of physical ideas on nonlinear wavelength conversion to other optical
spectra is greatly desirable. By using the intense near infrared radiation, frequency
doubling and tripling to the green and ultraviolet visible regions can be easily done for
material processing. Wavelength extension of the high peak-power Nd:GdVO; and
Nd:GdYVOy lasers to the mid infrared is also plausible through optical parametric
oscillation for molecular spectroscopy and remote LIDAR application. Generally
conversion efficiency of generating higher harmonics of frequency components goes
down by increasing multiplication factor. Moreover, some of these spectra are accessible

by the inexpensive, direct electrical pumped semiconductor lasers. However, replacement
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of solid-state lasers by semiconductor laser source is still impossible for those
applications that require high optical coherence and monochromicity, such as holography,
and interferometry. Combining with the nearly diffractive limited beam, the pulsed
operations of Nd:GdVO,; and Nd:GdYVO, solid-state lasers are particularly more
practical and efficient than the broad spectra diode lasers in micromachining.
Nonetheless, compared to the semiconductor lasers, solid-state laser systems are
relatively big in size, and costly with the related pump source, optics, nonlinear crystals,
and control systems. Tedious laser alignment and optical design are also the factors to
increase the difficulties in operations. For the practical consideration, simplification of
the laser systems to table top design, and reduction of maintenance cost might be
obtained by replacing water chiller to thermo-electric cooler. Active Q-switch
components like acousto-optics and electro-optics would be also preferred to facilitate the

control and increase the efficiency in laser applications.
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