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Abstract

With my main MPhil research focus being on the development of novel materials
and devices that can potentially be integrated into the laser photonic system, |
have started my research work on developing electrically tunable liquid lensed
fiber that can be potentially used within the microfluidic biomedical sensors, or
as optical switcher inserted within the laser cavity to serve as active laser
Q-switcher. The novel functional microfluidic device investigated is a liquid
lensed optical fiber with controllable focusing power. By filling water into a
hollow Teflon-AF optical fiber and applying electrical field on the fiber tip, we
can vary the shape and radius of curvature of the liquid lens on the fiber tip. By
controlling the electric field across it, the shape, radius of curvature and focusing
power of the formed liquid lens on the fiber tip can be varied. The experiment
has successfully demonstrated a variation of focal length from 0.628mm to
0.111mm responding to the change of applied voltage from 0V to 3 kV (L = 2mm)
for the Teflon AF fiber. Furthermore, by applying voltage higher than 2.6kV,
parabolic shape of the liquid lens has been created, which can be a simple and
practical method to produce micron sized parabolic lensed fiber compared to
traditional mechanical polishing technique.

Passive mode-locked laser is typically achieved by the Semiconductor Saturable
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absorber Mirror, SESAM, which is produced by expensive and complicated
metal organic chemical vapor deposition method. Therefore, | have investigated
the fabrication technology of saturable absorber for mode locking laser
application during my MPhil study. Carbon based single wall carbon nanotube
(SWCNT), saturable absorber, a promising material with the capability of
producing stable passive mode-locking in the high power laser cavity over a wide
operational wavelength range. This study has successfully demonstrated the
high-power mode locking laser system operating at 1 micron by using
SWCNT-based absorbers fabricated by dip coating method. The proposed
materials and fabrication method is practical, simple and cost effective for
fabricating SWCNT saturable absorber. Different from traditional spray or
spin-coating deposition method, relatively uniform and large surface area
SWCNT thin film (greater than 1cm?) is successfully coated on quartz plate to
form a transmission type saturable absorber. By adjusting the dip coating
parameters involving the concentration of the dip coating suspension, withdrawn
speed and environment conditions (Temperature or relatively humidity), the
initial transmission ratio of the fabricated absorber sample can be changed by
12%. The demonstrated high power Nd:YVO4 mode-locked laser operating at

1064nm have maximum output power up to 2.7W, with the 167 MHz repetition
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rate and 3.1 ps pulse duration, respectively. The calculated output pulse energy

and peak power are 16.1 nJ and 5.2 kW, respectively.
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CHAPTER 1

Introduction

1.1 Objective

Novel laser photonic devices are a very hot and popular research topic globally
as it will have a great impact on various fields including, scientific research
technology development, health care industry, manufacturing industry, and
military industry. My MPhil. study mainly focuses on the development of lensed
liquid fiber and fabrication technology of novel carbon-based saturable absorber,
which is a critical component that converts some low-cost CW laser system into
high-end mode locking laser system. Mode mocking ultrafast laser is one of the
most important inventions in human history, which significantly contributed to
the development of different aspects of technologies, such as communication,
industrial processing, and even military weapons. Thus, the research on mode
locking ultrafast laser system development or corresponding applications always
is the popular topic within the scientific world. In this thesis, development of
novel materials and devices that can potentially be integrated into the laser
photonic system throughout my MPhil. study is reported. Since some of my
MPhil. research has been published in some journals and therefore part of the
thesis will be identical to some of my published journal papers.
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1.2 Thesis organization

Chapter 1 briefly introduces the thesis research focus and organization. In
Chapter 2, the research work related to lensed liquid core fiber with controllable
focusing power is presented. In Chapter 3, the research works related to carbon
based saturable absorber fabrication and the ultrafast mode locking laser
performance by using the fabricated absorbers within the passively mode-locked
Nd: YVO4 and Yb fiber laser systems. Chapter 4 shows the conclusion of the

thesis.
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CHAPTER 2

Lensed liquid-core optical fiber

2.1 Introduction

Optical fiber can effectively guide light signal through an extremely long
distance with very little optical loss, which makes the optical fiber a practical
transmission channel for optical communication system. Owing to the favorable
natures of optical fiber, such as long interaction length and huge surface area to
volume ratio, the application of optical fiber not only be restricted to optical
communication but also extended to another area, for examples, sensor [1], fiber
laser [2] and supercontinuum generation [3-4] etc.

Typical fiber optics structure has a solid core made up of silica or plastic with a
refractive index greater than that of the cladding material. In liquid core fiber, the
fiber used has a hollow core filled with optically transparent fluid with low
optical loss. This liquid core fiber actually facilitates lots of sensing applications.
In these cases, the inspected species e.g. blood cell, glucose, nano or sub-nano
particles are introduced in the liquid solvent within the hollow fiber core for
further optical analysis [5-6].

As the light signal needs to be coupled into the liquid core fiber, an efficient
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coupling technology is an important technique for the sensitivity of the

biomedical sensor. Typically, bulky optical components, such as achromatic

doublet collimator, focusing microscopic lens and precise optical stages, are used

for coupling the light signal into the fiber core. These traditional coupling

methods and tools are inflexible and expensive, especially when the light signal

consists of different wavelength components. Another approach is to connect the

liquid core fiber with a silica lensed fiber that is fabricated by mechanically

polishing or thermal molding method [7-11] to form a curved end and act as a

focusing lens. But obviously, the flexibility of this approach is still not sufficient

for those applications which require tunable focus length of the fiber e.g. imaging

application. Thus, we proposed a simple and effective technique for fabricating

lensed liquid core fiber with controllable focusing power.

As briefly discussed in the introduction part, a lens that has adjustable focus by

the electric field can be used as an active optical modulator. If it is inserted

within the laser cavity it can potentially be used as active Q-switcher to modulate

the intracavity optical losses.
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2.2 Basic theory

Pl'e‘;sure increasing

Rad s

Type 1

Type 2

Figure 2.1 The schematic diagram shows the two geometric forms of the liquid lensed optical

fiber (The purple part representing the cladding, and the blue part representing the liquid core).

For our proposed method, it is using the core liquid itself to form a curved

surface and act as a focusing lens, which the core liquid is drawn out from the
fiber end and form a Plano-convex lens structure as shown in Fig 2.1. Since the
core liquid has certain surface tension value, the curved surface of the liquid lens
is smooth and can be even better than the commercial polished solid lens.
Moreover, the focusing power of the liquid lens is proportional to the radius of
curvature of the curved surface, which relate to the volume of the liquid lens. The
drawn flux act on the liquid lens can either come from mechanical liquid
pressure or electrostatics force, which will further discuss as follow.
Theoretically, there are two cases of the liquid lens as shown in Fig. 2.1, which

the aperture of the liquid lens can either be limited by the core or the cladding
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diameter of the optical fiber. And it depends on the surface tension of the core
liquid and the surface energy of the cladding material. If the core liquid possesses
with low surface tension or the cladding material possess with high surface
energy, that the aperture of the liquid lens can only be limited by the cladding
since the core liquid can easily be spread over the cladding surface. Vice versa, if
the core liquid possesses with high surface tension or the cladding material is low
surface energy in nature, the aperture of the liquid lens will be limited by the core
with a smaller radius of curvature. As the volume of liquid lens gradually
increased, eventually, the liquid lens will become hemispherical in shape with a
radius of curvature equal to the radius of the fiber core. If the volume of the
liquid lens rises beyond the hemispherical limit, the core liquid will then spread
over the cladding surface and form a liquid lens with aperture limited by the
cladding diameter.

For the effective focal length f of the liquid lens can be calculated by three main
parameters, which are h, V and niiquig, the thickness of the liquid lens, the volume

and the refractive index of core liquid. The equation can be expressed as,

f= ——C+0 (2.1)

Nyiquid—1
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2.3 Variable focusing power controlled by applying water

pressure

Optical
microscope

867.60 | |
Water inlet < >

45 degree
screen

SRR [E— Wy —
€ Pa

Figure. 2.2 The working principle of the Teflon-AF lensed water-core optical fiber with
controllable focusing power (controlled by water pressure).

By applying liquid pressure to the liquid inlet, it can control the volume
of the formed liquid lens and vary the focal length of the lensed liquid core
optical fiber. Deionized water (light water) is selected as the core fluid and
company with Teflon AF polymers as the cladding material.

Lots of biomedical substance and nano-particle can be easily introduced into the
water. It makes the research on water core fiber important for the biomedical
application. Besides, water also has a great nonlinear refractive index of
1.60x1071% cm?/W [4], low optical loss in UV wavelength range [6] and almost
zero dispersion on 1060 nm wavelength [12], which also implies the water core

optical fiber can be used as an optical waveguide to delivery UV and near 1
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micron CW or pulsed laser.

For the Teflon-AF hollow fiber, it has several advantages, including high optical

clarity, good mechanical strength and chemical resistance. More importantly, it

possesses the lowest refractive index of any known transparent polymer, 1.290.

Therefore, Teflon-AF is the one of the very few solid state materials that has a

refractive index lower than water, 1.330 and suitable to be used as the cladding

of the water core optical fiber.

For the experimental setup, the Teflon AF hollow fiber was filled with deionized

water through the water inlet as shown in Fig 2.2. The core and cladding

diameter of the hollow Teflon AF fiber are 183.40 pum and 867.60 um,

respectively. And the numerical aperture is 0.324 as deionized water was used as

the core liquid. The detailed experimental results for the tunable lensed optical

fiber controlled by mechanical liquid pressure is reported in my previous

publication [13]. However, the tuning speed of the lens focal length is relatively

slow and the focal length of the lens cannot be controlled precisesly. Additionally,

parabolic shape tip lens cannot be produced by this method.
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2.4 Variable focusing power controlled by applying electrostatic

force

In this chapter, a unique method to fabricate liquid-core lensed fibers by
filling water into hollow Teflon AF fiber was demonstrated. The radius of
curvature of the liquid lens can be controlled by adjusting the applied voltage on

the fiber core so as to produce parabolic shaped lens with enough applied

voltage.
Optical
microscope
867.60
pm ‘Water inlet
A L
1
| 183.40
1 pum
1 A
: I
Mo
1
1
1
¥ 45 degree screen

coated with
conducting film

+ @

High voltage supply

Figure 2.3 Schematic diagram of the experimental set-up to produce variable focal length of the

lensed liquid core fiber under the strong electrical field created at the fiber tip.

As shown in Fig. 2.3, the setup of the liquid core lensed fiber is similar to Fig.

2.2 excepting a high voltage is applied across the core liquid and the 45 degrees

titled screen in order to generate a strong electric field between them. As the

voltage applied, the core liquid is positively charged, which each of the liquid

27
Chun Yin Tang



molecules will repulse to each other, thus it will generate a driving flux to push
the core liquid out of the fiber end and formed the liquid lens. Besides, the
negative charged conducting surface on the 45-degree screen will also attract the
liquid lens toward it. By the Tip-plane model [14-15], it can express the

generated electric field as follow,

~ L-V | 1
CX(L=X)+(L=X)r In[2(L/r)"?] (2.2)

E(X)

where V is the applied voltage, L is the distance between the fiber tip and the
conductor plane, r represents the radius of the fiber core or the cladding
depending on the lens limited by either the core diameter or cladding diameter. X
is the distance from the fiber tip to the calculated position. With the formation of
the E-field at the apex of the liquid lens, electro-osmosis flow occurs and carries
the core liquid toward the apex of the lens [16]. Nevertheless, a pressure field is

induced to balance the osmosis flow. The result net flow v is,

2
v=-E)_ v
n 3n (2.3)
where ¢ and n are the dielectric constant and viscosity of the core liquid,
respectively. ¢ and h are the surface potential and the maximum thickness of
liquid lens, respectively. In equilibrium, the net flow v is equal to zero and the

applied voltage V(x,y) is proportional to the induced pressure p(x,y) by
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—eV (x,y) =1/3(h" p(x, y)) (2.4)

The induce pressure field is inversely proportional to radius of curvature of the

lens R by p =2y /R, where vy is the liquid surface tension and further on,

LIR=3/2epl y PN (XY) @5
These equations indicate a decrease in the radius of curvature of the liquid lens with the
increase of the applied voltage. In this experiment, hollow Teflon AF fiber and
deionized water core fluid were used to construct the liquid core fiber. A RS
silver loaded electronic conducting film was coated on the (5 x 10 mm) 45
degrees titled stainless steel plate by spin coating method and the plate is
connected to the high voltage supply. A 100 um diameter copper wire is inserted
through the liquid inlet in order to generate a positive charge in the core liquid.
The initial distance between the fiber tip and the conducting plate was 2 mm, the
applied voltage is then gradually increased and the transformation of the water
lens is observed by the optical microscope. The method of using electrostatic
driving force to control the liquid lens is available for both case of aperture

limited by either core or cladding diameter as shown in Fig. 2.4 & 2. 5.
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E-field increasing

Figure 2.4 The schematic diagram and image captured by an optical microscope to show the

transformation of the water lenses with respect to the rising applied voltage which the aperture is

limited by the Teflon AF fiber core diameter.

E-field increasing

Figure 2.5 The schematic diagram and image captured by an optical microscope to show the

transformation of the water lenses with respect to the rising applied voltage which the aperture is
limited by the Teflon AF fiber cladding diameter.
As shown in Fig. 2.4 & 2.5, the water lens is first to act as spherical shape lens as

the applied voltage is low, but upon the voltage increased to a sufficiently high
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level, that the lens will eventually transform into parabolic shape. The lens shape

with respect to different voltages is shown in Fig. 2.6. Before the voltage applied,

the core water is slightly pumped out from the fiber end to form a water lens with

a relatively large radius of curvature in this case the aperture is limited by the

core diameter. As the voltage applied increased, the volume of the water lens is

rising and the radius of curvature of the lens decreases gradually. When the

applied voltage reached 2.6 kV, the water lens becomes hemispherical in shape

with the radius of curvature close to the radius of the Teflon fiber core. In the

spherical lens shape range, it can show that the radius of curvature of the lens is

in a linear relationship with the applied voltage as refer to Eq. 2.5.

Radius of curvature of the

water lens (um)

250 > € >
spherical lens shape paraboliclens
200 shape
= | |
150 - —
| ™ il
100 - "l
|
50 - 5
= Teflon AF fiber _2.6kV
0 . : ] ,
0 1000 2000 3000 4000
Applied voltage(V)

Figure 2.6 To show the experimental results of the radius of curvature of the water lens according

to the rising applied voltage(distance between the fiber tip and conducting plane L =2mm).
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As the applied voltage further increased, the shape of the water lens started to

transform into a parabolic lens shape. But upon the applied voltage reached

around 3.2 kV, Taylor cone formed as shown in Fig. 2.7, which also can be

observed during electro-spinning process. The focal length of the water lens

varied from 0.628 mm to 0.111 mm with respect to the change of applied voltage

from 0 V to 3 kV (L =2mm).
P

Figure 2.7 The Taylor cone formed when the applied voltage reaches beyond 3.2 kV.
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2.5 Summary

In this study, it has demonstrated a unique method to fabricate liquid-core
lensed fibers with controllable lens shape (semi-spherical / parabolic) and radius
of curvature of the lens by adjusting the applied voltage. The experiment has
successfully demonstrated a variation of focal length from 0.628mm to 0.111mm
responding to the change of applied voltage from 0V to 3 kV (L = 2mm) for the
Teflon AF fiber (water core dia. 183.4 um, Teflon cladding dia. 867.6 um, NA =
0.324). Further increase the applied voltage into 3kV, the shape of the liquid lens
will start to transform into Taylor cone. Further works can be done to solve the
liquid evaporation problem of the liquid lens by adding a elastic film on top of
the liquid lens. Besides, the work of integrating this lensed fiber into laser system

to modulate optical loss within the laser cavity is still continuously processing.
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CHAPTER 3

Carbon based saturable absorber fabrication and

diode pumped solid state mode locked laser

3.1 Introduction

3.1.1 Ultrafast laser features and its applications

Laser processing is one of the most advanced and effective method
employed in various fields including industrial, medical and scientific research.
Industrial applications, for example, laser welding [17-18], cutting [19] and
hardening [20] are already well developed in the past two decades. The laser
processing quality and precision of typical CW or long pulse high power laser
sources are not sufficient enough for some modern high technology applications
such as silicon wafer cutting or surface processing for integration circuit
fabrication [21] and sapphire wafer processing [22] for cutting the screen of the
smartphone or LED substrate. The traditional "hot ablation™ will lead to the rough
edge and induce heavy damage to the surrounding materials due to the thermal
energy diffusion as corresponding to the long laser pulse duration as shown in
Fig. 3.1. As the heat transfer velocity in the common material is about few
nanosecond [23], if the laser pulse duration is greater than the heat diffusing
velocity such as Q-switching solid state laser with a pulse width greater than 10
ns, the heat will transfer from the irradiated area to the surrounding and enlarge
melting zone. Besides, the non-uniform melting velocity will lead to unsharp
cutting or rough edge as shown in Fig. 3.2. Vice versa, if the pulse width is in the

34
Chun Yin Tang



picosecond or femtosecond region (much shorter than the heat diffusing velocity),
the produced pulse peak power will become extremely large compared with the
laser operating at CW or ns Q-switched mode. In this case, due to the ultra-short
interaction time, the irradiated area of the processing material will be vaporized
instantaneously by the extremely high peak power and there is not enough time
for heat transfer to enlarge the affected zone [24]. Thus, the ultrafast laser

processing is also called “cold ablation” and produces smooth cutting edge.

Application with long pulse laser (e.g. Hs) Application with ultra short pulse laser (e.g. fs)

N ultrashort
laser pulses

I‘ long pulse
laser beam
ejected
surface material no recast layer
debris
damaged surface no debris

recast layer \ '
micro mmy/’

& %

no damaged surface

plasma plume

no heat transfer to
surrounding material

SARRNRRNRRR

no micro cracking

no melt zone
shock waving hot, dense ion/
electron soup
(i.e. plasma)

no shock waving

Figure 3.1. The comparison of the material processing result which using CW or long pulse laser

source and ultrafast short pulse laser source. [25]

35
Chun Yin Tang



With nanosecond laser With femtosecond laser

Figure 3.2 Laser processing on glass with a 266 nm (UV) ns-laser (left-side) and with a 780

nm 100-fs laser (right-side). [26]
Due to the multi-photons absorption occurs under ultra-high pulse peak power,
the ultrafast laser is able to process almost any kind of materials, including
transparent materials [27-28]. For example, the picoseconds or femtoseconds
laser is very useful for cutting sapphire wafer. On the other hand, the ultrafast
laser is also popular for the biomedical application, such as nanosurgery [29],
Photodynamic therapy, PDT, which is a method to selectively eradicate
malignant cells while leaving the normal cells intact [30-31]. For the biomedical
applications, able to control the energy deposition is a critical issue as even a

small rise in temperature within the living cell may kill it. The ultrafast laser can
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provide a precise energy delivery mechanism to achieve clear-cut with very little
damage to the surrounding tissue. Therefore, the study and development of the
ultrafast laser always attract great interests for both industrial and scientific
research. In this chapter, we are focusing on the design and fabrication of

ultrafast seed laser source by using some novel materials and techniques.

3.1.2 Theory of mode locking laser

For the generation of the picoseconds or even femtosecond ultrafast laser
pulse, it typically achieved by mode locking technology [32-35]. Within the laser
system, the bandwidth of operation is gain medium dependent. The bandwidth of
generated frequencies is governed by the gain bandwidth of the laser gain
medium. For example, Titanium-doped Sapphire (Ti:sapphire) solid-state laser
has a gain bandwidth of around 128 THz leads to produce wavelength bandwidth
of 300 nm centered around 800 nm [36]. The another parameter which able to
effectively affect the emission frequencies of the laser system is the optical
cavity length.

Only the laser frequency obtained the boundary condition set-up by the two
cavity mirrors can be built up within the laser cavity. These discrete set of

37
Chun Yin Tang


http://en.wikipedia.org/wiki/Ti-sapphire_laser

frequencies is called the longitudinal modes of the laser cavity. For a simple
plane-mirrors cavity, the produced longitudinal mode wavelengths X is given by
Eq. 3.1,
L= =2 (3.1)
2

where n is an integer which defined as the mode order and L is the cavity length.
Typically, L is much larger than 4, so the relevant values of n are great, such as
around 10° to 10°% And the frequency separation between any two adjacent

modes n and n+1 is defined as Av and shown in Eq. 3.2

- <
Av= — (3.2)

where c is the speed of light. By Eq. 3.2, laser with a mirror separation of 0.3

meters has a frequency separation between longitudinal modes of 0.5 GHz.

Cavity modes Gain Bandwidth
-~
2
> 4
S g Cavity
= /' losses
S |
BEE 1, -==¥ S
_ Wavelength
- 4;5 Multimode e !
§ = Output -~ I
.a & ~
® B
| N
Wavelength

Figure 3.3 Cavity resonance modes and gain bandwidth.[37]
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As shown in Fig 3.3, by combing the gain bandwidth, the allowed cavity mode is

enclosed within the gain bandwidth envelope. Thus for a Ti:sapphire laser with

128 THz gain bandwidth and 3 meters cavity length is able to support almost

256,000 modes. Each individual longitudinal mode has a certain narrow range of

frequencies over which it operates, but typically this bandwidth, affected by the

Q factor of the cavity is much less than the intermode frequency separation. Each

of the individual longitudinal modes is oscillating independently. Besides, there

is no fixed phase relationship between each mode, instead, it varies randomly due

to the thermal fluctuation in the laser system. For lasers with just several

oscillating modes, the interference between these modes can lead to beating

effects in the laser output, which cause output intensity fluctuations. If the lasers

system has thousands or even greater mode number, the interference effects will

tend to average out and produce stable output intensity, which is also known as

Continuous Wave (CW) laser. Furthermore, if the individual mode operates with

a fixed phase corresponding to each other, different from CW laser output, these

modes will periodically all constructively interfere with each other and generate

a pulse with ultrashort duration and high peak power intensity. And this

phenomenon is known as mode-locking. The mode-locked pulses occur

separated in time by
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T=—= " (33)
which 7 is the time taken for the light to travel through exactly one round trip of
the laser cavity, thus T was also known as round trip cavity time. The produced
pulse train with repetition rate agree well with the round trip cavity time is
evident for successful mode locking. Besides, the duration of each pulse is
determined by the number of modes that are oscillating in phase, but in the real
case, not all of the laser modes will be phase-locked. If there are N modes locked
with a frequency separation Av, the overall mode-locked bandwidth is NAv. The
broader the mode-locked bandwidth leads to the narrower laser pulse duration.
Additionally, the pulse duration is affected by the pulse shape, in other words, it
is determined by the exact amplitude and phase relationship of each longitudinal
mode. For example, for mode-locked pulses with a Gaussian temporal shape, the

minimum possible pulse duration At is given by

0.441
At =
NAvD

(3.4)
The value 0.441 is defined as the 'time-bandwidth product' and it is depending on
the pulse shape. For the Ti:sapphire laser, the minimum possible pulse duration
achieved is around 3 femtoseconds [38-39]. This value represents the shortest
possible pulse duration can be achieved. In practical case of a mode-locked laser,
the actual pulse duration will be affected by different factors including the actual
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pulse shape and the overall dispersion of the cavity.

3.1.3 Active mode locking

Pulse wing Pulse wing
i 1

Time (a.u.)

Figure 3.4: Interference simulation result of the 7 different longitudinal modes with a slightly

different frequency pulses oscillating within a laser cavity.[40]

As discuss previously, by the interference of the longitudinal modes within
the laser cavity, there is beat effect occur. Nevertheless, as the modes are not
phase-locked with each other continuously, the output will be balanced by the
random fluctuation of modes within the cavity eventually and act as a CW output.
However if there is a mechanism inhibited the pulse wing in the beat condition
and only allow the center intense pulse peak be amplified and oscillated in the
cavity repeatedly, a pulse train with ultrashort pulse duration could be generated.
To achieve this, the optical loss within the laser cavity can be actively modulated
with frequency synchronized with the resonator round trip cavity time, which is
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known as active mode-locking. The active mode-locking effect can effectively

eliminate the pulse wing and eventually shorten the pulse duration of the

mode-locked pulse as shown in Fig 3.4 & 3.5. Typically, active mode-locking

can be achieved by inserting either acoustic-optic [41] or electro-optic modulator

[42] within the laser cavity. Another mechanism for modulating optical loss with

high speed can also be used to achieve active mode locking. A popular choice to

achieve active mode locking is Pockels cells, which an electrical signal is used to

modulate the transmission ratio, refractive index or polarization state of the cell

to modulate intracavity optical loss.

However, active mode locking usually is more expensive as it requires more

complicated design, expensive driver, and signal generation. Besides, the

modulating signal needs to be precisely controlled to match the round trip cavity

time in order to achieve stable mode lock pulse operation. This calibration

process is known as synchronization and it further increases the complexity of

the laser system. Furthermore, as the relaxation time of the active mode locker is

relatively long, such as in nanosecond range, it will also affect the pulse width

shortening process and result in long pulse duration. These are the disadvantages

compared with the passive mode locking.
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Figure 3.5 Schematic diagram shows the mechanism of active mode locking, which optical loss

within the cavity is relatively large corresponding to the pulse wing position. [43]

3.1.4 Passive mode locking and saturable absorber

Provided the laser modulator can operate passively and automatically

adjust its own optical loss with synchronized round trip cavity time, the overall

mode locking laser design can greatly simplified and reduce the production cost.

This automatic variation of the optical loss is known as passive mode locking,

and can be achieved by using Saturable Absorber (SA), which is an optical

device with strong optical nonlinearity and capable of varying its transmission

ratio based on the incident light intensity as shown in Fig 3.6.
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Figure 3.6 Schematic diagram shows the saturable absorption (Ey and E; denote energy

levels of the valence band and conduction band, respectively). [44]

Conduction band

w

K

L 3

Figure 3.7 Schematic diagram shows the excitation and relaxation of carriers in a

semiconductor.

As the SA is excited by a photon with an energy matched with the SA bandgap

energy as shown in Fig. 3.7, the valence electron is excited to the conduction

44
Chun Yin Tang



band. Further on, there is a relatively fast thermalization relaxation within the

conduction and valence band with a time scale of few tens of femtoseconds.

Then it follows by the process of carriers recombine, usually acompany with

some crystal defects. Under the low light intensity excitation, the electron

excitation rate is smaller than the decay rate and the absorption of the SA

remains unsaturated. As the incident optical intensity increases, excited electrons

will accumulate in the conduction band, which causes the electrons in valence

band exhausted. [24] As a result, the transmission ratio of the absorber is

significantly increased (close to 100%) after it is saturated by introducing a short

intense pulse, the absorption of saturable absorber will then be recovered by the

intraband thermal relaxation and further on electron-hole pair recombination.

Ideally, the saturable absorber will selectively absorb low-intensity light

(attenuate low-intensity light - pulse wings) and transmit light with intensity high

enough to saturate the absorber.

3.1.5 Ultrafast laser development

For the ultrafast laser development, in the early 70s, dye mode-locked laser

takes the dominant position [45-46], which subpicosecond pulse was first

demonstrated in the dye laser [47] and followed by further external compression

to achieve few femtoseconds pulse output [48]. The research in Ti-sapphire mode
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locking laser gain medium leads to a technology breakthrough in the late 80s.

The natural gain bandwidth of Ti:sapphire is broad enough to produce

femtosecond pulse without pulse compression [49]. In 1990, Kerr-lens mode

locking (KLM) effect on Ti:sapphire laser was first demonstrated [50]. Kerr lens

effect actually is a refractive index variation mechanism which induced by

nonlinear response of a Kerr medium to the incident light. The refractive index of

the Kerr crystal is affected by the incident light intensity. Assuming the incident

light beam with a Gaussian shape, which the power density distribution is not

uniform. In the Kerr medium, the corresponding varied refractive index is

determined by the index distribution, where the index for the incident light is

higher in the medium center than that on the edge. As a result, it will generate a

simulated lens feature within the Kerr medium as shown in Fig 3.8, which is

known as self-focusing. By using either a hard aperture to directly cut-off the

intracavity laser beam to modulate the optical loss within the cavity (Fig 3.9), or

a soft aperture to modulate the overlap level of pump light and the simulated

laser within the cavity (Fig 3.10), the optical gain with the cavity is passively

modulated and thus induce passive mode-locked short pulse. However, the Kerr

lens mode locking is difficult to achieve stable operation.
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Figure 3.8 Schematic diagram of the principle of Kerr lens effect [51].
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Figure 3.9 Schematic diagram of hard aperture process of Kerr-lens mode locking[51].
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Figure 3.10 Schematic diagram of soft aperture process of Kerr-lens mode locking (Green line

representing the pump beam, red and blue line representing the CW laser beam and pulsed laser

beam, respectively) [52].

Semiconductor saturable absorber mirror, SESAM, is integrated into a mirror

system to form a reflective type saturable absorber. Fig 3.11 shows an example of

SESAM geometrical construction [53]. It composes of four layers. The bottom

layer is a GaAs plate, and the second layer is a Bragg reflector formed by pair

combination of GaAs and AlAs to control the reflected central wavelength. The

third layer is a semiconductor saturable absorber, which is selected depending on

the operation wavelength, such as InGaAs quantum well is commonly used for 1

micron operation. And the top layer is covered by a second reflector. Unlike the

Kerr lens mode-locking effect, the application of the SESAM is not restricted by

the cavity design, thus, it can be used for a broader range of laser cavity design.
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Figure 3.11 Structure of Semiconductor Saturable mirror [54]
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And by the selection of the absorber layer material and precious parameter
adjustments in the Metalorganic Chemical Vapour Deposition (MOCVD), the
nonlinear properties of the SESAM can be effectively controlled, such as the
saturable fluence or relaxation time. This feature makes SESAM practical for
commerilized mode locking system.

However, the SESAM is wavelength sensitive with narrow operational waveband
and require relatively expensive Metal Organic Chemical Vapor Deposition
MOCVD technique [55]. Thus, development of new type material with good
nonlinear saturable absorption properties and low fabrication cost are

continuously attracting great research interests.
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3.2 Laser cavity design and mode locking laser characterization

The experimental set-up was shown in the following figure.

Nd:YVO4 I Output Coupler
D T R P Flat mirror
808nm LD M2 L

1064nm HR

1064nm HR RoC = 500mm

Flat mirror M4

L1 =89mm

L2 =240mm 1064nm HR M5

L3 =240mm Flat mirror

L4 =260mm M6 i 1064nm HR
L5 =50mm SWCNT-SA RoC=100mm

Figure 3.12 6 mirrors solid state laser system (170MHz mode).

The laser gain crystal used is Nd:YVO4 with 0.5% Nd doping concentration and it was

purchased from Castech Inc. Chian. The dimension of the a-cut Nd:YVOQO; crystal is 3

mm x 3 mm x 8 mm. In this study, the 6 mirrors used to construct the laser cavity

are:

M1 mirror — flat output coupler: partially reflecting light at 1064 nm. Different

coupling percentage is selected to optimize the output power.

M2 mirror: Flat mirror, High Transmission, HT, at 808 nm and High Reflection,

HR, at 1064 nm, which allows 808 nm pump light transmitted into the laser

cavity and launched into the laser gain medium.
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M3 mirror: Concave with RoC 500 mm, HR at 1064 nm.

M4 mirror: Flat mirror HR at 1064 nm.

M5 mirror: Concave with RoC 100 mm, HR at 1064 nm.

M6 mirror: Flat, HR at 1064 nm.

M6 can be substituted by reflective type saturable absorber, e.g. SEASAM as it is

integrated with HR mirror. Without any saturable absorber mode locker inserted

into the laser cavity, CW mode operation will be achieved. A transmission type

saturable absorber is needed to be inserted into the laser cavity at the right

position in order to produce passive mode-locking pulses. The six mirrors are

used to control its intra-cavity beam waist diameter and cavity length and both

parameters are very important for the mode locking laser pulse formation. In

order to produce stable CW mode locking pulses, the incident fluence on the

saturable absorber (given in Eq. 3.5) needs to be higher than the saturable fluence

of the saturable absorber.

Intra—cavity power
Incident area on the SESAM mirror or SWCNT absorber

Incident fluence =

(3.5)
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Therefore, it is very important to calculate the intra-cavity lasing mode radius. A
MathLab computer program based on ABCD matrix is written with computer
code shown in the appendix of this thesis to calculate the intra-cavity lasing
mode radius. The thermal lensing effect is also needed to be considered for the
cavity beam waist modeling as for the high power operation the laser crystal will
be pumped with high power by the 808 nm pump source. The energy loss during
the laser conversion will become heat energy and produce thermal lensing effect
and the heated laser crystal will act like a thin optical lens [56-57]. This thermal
lens acts like an additional concave mirror, in here it is called mirror T, MT,
inserted into the laser cavity with focusing power depending on the pump power
to the laser crystal. In the simulation, the thermal lensing effect is taken into
consideration, which the thermal lens is considered as an additional concave
mirror to account for the different between the simulated results and the real case
under high pumping power. Thus in the simulation, 7 mirrors in total are used for
the calculations.

The thermal lensing effect can be calculated by Eq.3.6

an
1 G
; :zitA Pheat (3-6)

where Pheat IS the dissipated power, A is the pumped area, x and % are the

thermal conductivity and thermo-optic coefficient of the gain medium. The

52
Chun Yin Tang



thermo-optic coefficient dn/dT of Nd:YVOs is 2.9e-° /K and the corresponding

thermal conductivity K of Nd:YVOQgs is 5.1 W/(m K).

The higher the pump power, the greater is the thermal lensing effect and lead to

the smaller radius of curvature of MT. The simulated results are presented in Fig

3.13 and Fig 3.14.

= = = =
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Figure 3.13 The simulated radius of 1064nm lasing mode inside the laser cavity under different

level of thermal lensing effect (170MHz mode). R - Radius of Curvature of MT
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Figure 3.14 The simulated radius of 1064 nm lasing mode inside the laser cavity under a different
level of thermal lensing effect (The intra-cavity beam waist is on the front surface of the end laser
mirror). R - Radius of Curvature of MT
As shown in Fig. 3.13, the thermal lensing effect can affect 1064 nm lasing mode
radius within the cavity greatly. The different R-value stands for the radius of
curvature of MT, R equal to infinity mean there is no thermal lensing. In this
case, the R = 180 mm is the threshold value. For R < 180 mm, the cavity will

become not stable.

Base on the simulation shown in Fig 3.14, the intracavity beam waist is on the
front surface of the M6 and it is depending on the thermal lensing effect as well.
If the thermal lens radius decrease, the radius of the beam waist will also reduces.
For example, the radius of the lasing modes are 49 um and 43 pm mm with

respect to R = infinity and 500 mm, respectively. This model confirmed the
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thermal lensing effect can potentially increase the optical incident fluence on the

saturable absorber and it may reduces the mode locking pulses stability and

degrade overall performance of the mode locking laser system by damaging the

reflector or saturable absorber. This simulation allows us to check out the

stability of the laser cavity and estimate the incident fluence on the saturable

absorber. We can compare the intracavity incident fluence to the saturable

fluence of the absorber to evaluate the possibility to achieve mode locking

operation at certain pumping power.

The intracavity beam waist is set on the front surface of the end mirror in order to

achieve maximum laser incident fluence on a reflective type saturable absorber

replacing M6 in order to obtain a the passive mode locking operation

Mode locking laser characterization

The repetition rate of the mode locking laser pulses is determined by the round

trip cavity time. Each generated laser pulses will travel around the cavity from

the output coupler before the another laser pulses can be coupled out from the

output coupler.

2 x Total cavity length
Speed of light

Round trip cavity Time = (3.7)
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1
Round trip cavity Time

Repetition rate of the pulse signal =

(3.8)

The repetition rate of the laser pulses generated can be characterized by the
photodetector shown in Fig. 3.15 and a high speed digital oscilloscope (shown in

Fig.3.16).

Figure 3.15 Thorlab DET10A High-speed photodetector with 1ns rise time.
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Figure 3.16 Lecroy oscilloscope Waverunner 44MXi ( 5GSa/sec, 400MHz Digital Oscilloscope).

By observing whether the repetition rate of the output laser pulse train matches
with the round trip cavity time calculated by Eq. 3.7 & 3.8. We can confirm if the
passive mode-locking pulses are successfully achieved. Generally, the laser
mode locking pulses width is very short in the region of ps and fs. Therefore an
autocorrelator, Femtochrome FR-103XL as shown in Fig. 3.17 is used to

measure the pulse duration of the mode locking laser.
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Figure 3.17 Femtochrome FR-103XL Autocorrelator.

3.3 SWCNT saturable absorber fabrication

Typically, reflective or transmission type SWCNT absorber is fabricated by spin

coating [59], spray coating, vertical evaporation coating methods [58-59].

However, it is difficult to ensure uniform deposition of CNT over a large area via

spin or spray coating methods. Vertical evaporation method has disadvantages

such as long fabrication time, raw material waste and so on. Dip coating

proposed in this study is a mainstream technique for industrial fabrication of

large area film materials. High-quality film with large surface area, controlled

thickness, good uniformity and continuity can be produced by this proposed dip

coating method with low fabrication cost. Compared with the natural vertical

evaporation deposition, more uniform thin film with more controlled quality can
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be produced via dip coating method. The alignment direction of the coating
material, coating thickness can be controlled by adjusting various coating
parameters, such as drawing direction, drawing speed, concentration etc. In the
study, both vertical evaporation and dip coating deposition method had been
empolyed for SWCNT saturable absorber film fabrication and made comparison

between them.
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Figure 3.18. The DI water- SWCNT solution after 6 hours sonication.

In this experiment, we select SWCNT as raw material for saturable absorber

production due to its previous demonstrated very good mode locking

performance [58-60] and it can be fabricated in film structure easily. The

SWCNT used for absorber fabrication was purchased from Sigma Aldrich Inc.

The amide functionalized SWCNT with about 5 nm in diameter on average can

be readily dissolved in DI-water. The solid SWCNT powder was added into DI

water and further ultra-sonicated to form an SWCNT-DI suspension as shown in

Fig. 3.18. The SWCNT concentration 0.03 wt% is close to the maximum limit as

higher than that would lead to coagulation of SWCNT grains. The SWCNT-DI
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suspension with 0.03 wt% was sonicated over 6 hours in a 400 W ultrasonic

cleaner. Then the suspension was centrifuged at the speed of 9500 rpm for 20

minutes in order to remove SWCNTs with large bundles, only the upper portion

of the centrifuged suspension is collected for the vertical evaporation and dip

coating deposition methods. The quartz plate substrate for coating was first

cleaned with ethanol and acetone and then sonicated to remove any impurities.

Finally, substrates are treated with Oz plasma treatment to ensure the quartz

surface is ultra-hydrophilic. This process is essential as the solvent of the

suspension is water in the base. Then these SWCNTs-DI suspension and

substrate is ready for coating.
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3.3.1 Vertical evaporation method

Quartz Formed SWCNT thin film
plate on the quartz plate surface

Container filled
with SWCNT -DI
water solution

The SWCNT- DI WATER solution is gradually evaporating

Figure 3.19. The schematic diagram of the experiment setup of vertical evaporation deposition

method.

Transmission type SWCNT saturable absorber SA was fabricated for the

mode locking experiments since various samples with different features can be

easily changed from the laser cavity. It will also be easier to replace the damaged

sample. Vice versa, for the reflective type SA, optical alignment will be much

more complicated for saturable absorber sample replacement. Initially, the

saturable absorber was fabricated by the vertical evaporation deposition method.

The UV fused quartz plate was selected as the substrate due to its high purity and

high optical transmission at 1064 nm. The quartz plate is first cleaned by acetone

and ethanol ultrasonic bath for 20 minutes. Then the quartz plate was treated with
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O2 plasma to further remove the organic substance on the surface and make it

ultra-hydrophilic. Then the quartz plate was placed in the container filled with

0.03 wt% SWCNT-DI water solution as shown in Fig. 3.19. The preparation

method of the SWCNT-DI water solution is already discussed in the previous

section. Then the setup is placed in a temperature and humidity controlled

environment for over 2 weeks. After all SWCNT-DI solution evaporated, the

quartz plate with the SWCNT thin film deposited on it will be collected and

ready for the further test of mode locking laser pulses generation.

In the fabrication process, each SWCNT is act like a particle as shown in Fig.

3.20, that during the evaporation of the water, an evaporation flux will be

generated and pull the particle (SWCNT) to the meniscus region. The SWCNT

will further move to the zone which the SWCNT wet film was formed, where the

SWCNT will be aligned with each other and adjusted into a regular pattern. This

phenomenon is known as self-assembly [61-64]. The regularity and thickness of

the formed SWCNT thin film are depending on the concentration of the

SWCNT-solvent suspension and the magnitude of evaporation flux. There are

few parameters affecting the magnitude of evaporation flux. They are vapor

pressure, environmental temperature and relative humidity, solvent surface

tension.
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Bulk

Figure 3.20. The schematic diagram of the self-assembly effects in the vertical evaporation
method. [61]

The vapor pressure of DI water under the room temperature of 18°C is 17.5

mmHg. This parameter affects the evaporation rate of the corresponding solvent.

The evaporation rate will increase with vapor pressure. This will also lead to greater

generated flux and more particles (SWCNT) move toward the formed film. Also, the

evaporation rate will increase with the environmental temperature, but decrease with the

surrounding relative humidity.

The surface tension of DI water in 18°C room temperature is 71.97 mN/m, and

the contact angle between the DI water and the O plasma treated quartz plate is

less than 1°. The slope of the meniscus region is determined by the surface
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tension of the solvent and its attraction force to the substrate. For the smaller

solvent surface tension, the slope of the meniscus region will become greater and

leads to higher evaporation rate and flux of the solvent. Additionally, the

withdrawn speed will also affect the slope of the meniscus region.

The weight of the suspension thin film in meniscus region as shown in Fig. 3.20

will tend to pull the materials down. If the formation speed of the suspension

film in the meniscus region unable to be synchronized with the film evaporation

rate, the accumulated liquid film weight will eventually pull down the suspension

and SWCNT from the higher position to the lower position. Then the SWCNT

will be self-assembled and dried up at the lower position and leave the high

position with low density of SWCNT. This process will repeat and produce large

fringe SWCNT pattern.

Samples fabricated by vertical evaporation method

Two samples were prepared by vertical evaporation method with surrounding

temperature 18°C and relative humidity 40 to 50% over the whole evaporation

process. The SWCNT-DI concentration was 0.03 wt%. The fabrication time

taken for samples with 17 mm in height will take around 14 days. Both produced

samples look identical. One of the produced sample photo was shown in Fig.

3.21 and SWCNT pattern under optical microscope was given in Fig. 3.22.
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Figure 3.21. The SWCNT absorber sample produced by a vertical evaporation method
(Evaporation Temperature:18°C, Relative Humidity: 40~50%, SWCNT-DI
concentration:0.03wt%).

Figure 3.22 Optical microscope image of the sample produced by a vertical evaporation method
(The white fringe representing the SWCNT film).

Fig. 3.22 shows fringes of the SWCNT form on top of the substrate. In this case

formation of the suspension thin film in the menciscu region is generated by

natural suspension evaporation. The weight of the suspension thin film in the

menciscu region kept accumulated and eventually pull the suspension down to a

lower position and form fringes.
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Continuous SWCNT film pattern could possibly be achieved provided the

conditions are optimized. However, it is very difficult and expensive to control

the temperature and relative humidity over such a long period of time. Ideally,

the SWCNT thin film should be in continuous form with the same thickness over

the whole area so that initial transmission and stable saturable absorption

performance can be achieved over the whole area. The initial transmission of the

produced absorber and quartz substrate are tested and listed in Table 3.1.

Transmission of the quartz plate without SWCNT | 99.0%

Transmission of the SWCNT sample 81.6%

Table 3.1. Initial Transmission of the SWCNT sample produced by a vertical evaporation method.

Then the produced sample was inserted into the position 5 mm apart from the

M6 in the laser cavity given in Fig. 3.12. The absorber was fixed on a mirror

holder controlled by a XYZ stage for the fine adjustment of the position and

angle of the absorber to check the mode locking performance of the various

position of the absorber. The absorber needs to be tiled at certain angle with

respect to the optical axis to minimize the optical losses. If the SWCNT quartz

plates is exactly perpendicular to the optical axis, no passive mode-locking

pulses can be observed. The Brewster angle is about 15° from the vertical axis.
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The optical losses can be minimized by adjusted into Brewster angle as laser
beam produced from Nd:YVOQ; crystal is horizontally polarized. After some fine
adjustment of the angle and position of the saturable absorber, some laser pulses

train was detected with respect to the pump diode laser current of 15 A (8.4 W

incident pump power) as shown in Fig. 3.23.
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Figure 3.23. The CW mode locking pulse train obtained with respect to the pump current of 15A.

The laser operation mode with respect to various output power, pump power and

current are shown in Table 3.2.
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Table 3.2 The output power of the pulse train under different pumping level.

Pump current Pump power Output Power Operation mode
(A) (W) (W)
7.2 1.7 threshold Cw
8 24 0.31 Cw
10 2.1 0.77 Cw
12 5.8 1.34 Q-switch
mode-locking
15 8.4 2.30 CW mode locking

As the pump power increases to 5.8 W, the laser output switched from CW mode

to Q-switch mode-locking. Under the 5.8 W pump power, the pulse train is in Q

switch mode locking mode due to the incident fluence is not high enough to fully

saturate the saturable absorber. When the pump power increased to 8.4W, the

pulse train produced becomes CW mode locking as the incident fluence is over

the saturable fluence of the produced absorber. However, not every position of

the SWCNT film can sucessfully produce passive mode-locking pulses. It may

be due to the non-regular film pattern of the produced SWCNT thin film.

To brieftly conclude, although successful CW mode locking pulses was obtained

by the produced absorber, but the vertical evaporation method has three main

disadvantages for industrial production of the SWCNT-based absorber. Firstly,

the production time is too long. As mentioned above, it generally takes two
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weeks to produce a 17 mm height sample by using water as solvent. Although

the process can be speed up by controlling the temperature or using highly

volatile solvent but it may lead to even more irregular deposition of the SWCNT

and degrade mode-locking laser stability and performance. Secondly, due to the

lengthy production period, it is more difficult or more expensive to provide the

optimized production conditions. Thirdly, as the solvent evaporates over time,

the SWCNT concentration of the solvent will increase over time and lead to

non-uniform film thickness. It is expected the SWCNT film will get thicker at

the bottom part compared with the upper part. Therefore, it explains why not all

the part of the produced film can successfully produce mode locking pulses.

Therefore, the next stage research works focus on developing dip coating

technology for the SWCNT absorber fabrication and the related research works

was given in the next section.

70
Chun Yin Tang



3.3.2 Dip coating deposition

Figure 3.24. Dip coater with two different drawing speed ranges.

Withdrawn in 1 Withdrawn in
upward direction upward direction
and vertically and vertically
* Quartz
plate The solution keep

, Evaporating

Container filled
with SWCNT -DI

water solution

Figure 3.25 The schematic diagram of the experimental setup for dip coating SWCNT film.

The withdrawn process is controlled by a programmable dip coater as
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shown in Fig 3.24. Similar to vertical evaporation deposition, a thin suspension

liquid film was coated on the substrate as described in Fig. 3.20. As this liquid

thin film was drawn up and evaporated, it generated a flux to drive the coating

material, SWCNT to the substrate surface and allows self-assembling to form the

solid pattern. The thickness of the suspension on the substrate determined the

thickness and regularity of the SWCNT solid film produced. The thickness of the

suspension film can be controlled by changing the substrate drawing speed,

surface tension of the suspension, temperature, relative humidity, etc. For the

non-colloidal solution, the suitable drawing speed tends to be higher in the range

from 100 pum/s to 1 mm/s as self-assembly of the materials is not involved.

However, the SWCNT-DI suspension is a colloidal solution, slower withdrawn

speed is therefore needed for self-assembly of the SWCNT. The water molecules

within the SWCNT-DI suspension would be pulled up and evaporated to drive

and trapped the SWCNTs into the suspension thin film zone, in which the

SWCNTs is self-assembled and then dry up to form a regular solid film pattern.

As mentioned before, the strips pattern observed from the absorber is due to the

gravitationally driven jump mechanism repeats periodically. Withdrawal of the

substrate and evaporation from the container raises the height of the meniscus

relative to the substrate surface. Eventually, the meniscus becomes too heavy. It
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slides to a new position determined by the receding contact angle of suspension

on the substrate. The time required for a meniscus to form, stretch, and jump

determines the stripe spacing. Thus, it is also very important to synchronize

evaporation rate with the speed of the formation of the liquid film, which is

controlled by the drawing speed. Fringe separation would be too large and no

continuous film was formed for drawing speed at 30 nm/s and 63 nm/s as Fig.

3.26(a) & (b) shown.

Fig.3.26. The optical microscope image of the formed SWCNT film with dipping condition of

(@ 30nm/s, (b) 63nm/s and (c) 96nm/s withdrawn speed, 22 °C dipping environment

temperature, 40% relative humidity and 0.03wt% SWCNT-DI suspension concentration with

0.1wt%SDS being added. (Due to the reflection of the light, the dark region has less density of

SWCNT.)

As shown in Fig. 3.26 (c) and Table 3.3, the uniformity and continuity of the

SWCNT film and its laser performance has been significantly improved by
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increasing drawing speed up to 96 nm/s (sample c). Sample C absorber has to be

used within the laser cavity to produce stable CW mode locking as shown in

Table 3.3. However, with the increase of the drawing speed up to 160 nm/s, the

produced SWCNT absorber has no significant changes in terms of film pattern

and optical transmission, which indicates that the optimal drawing speed is close

to ~100 nm/s for these drawing conditions. We expected the uniformity of the

SWCNT film can be further improved by having more accurate control on the

drawing temperature, humidity and more stable environment (e.g. on an

anti-vibration optical table).

Sample | Withdrawn | Average SWCNT-DI Initial Mode
speed fringe suspension conc. Transmission locking
(nm/s) width (Wt%) at 1064nm laser
(Hm) (%)
A 30 80 0.03 78 No
B 63 195 0.03 71 UQWML
C 96 C.F 0.03 68 SCWML
D 96 C.F 0.015 81 SCWML

Chun Yin Tang
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Table 3.3. The dip coating samples produced with various parameters and lasing performance. C.

F. —continuous film; UQML-unstable Q-switch mode lock; SCWML-stable CW mode locking.

The temperature and relative humidity were kept to be constant at 22 °C and 40 %, respectively.

Withdrawn direction
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g Sample D
Sample A

= 70-

=

N 5. Sample B

= Sample C

o 60 , :

= 532 1064 1596

c) Wavelength (nm) }

Fig. 3.27 (a)The FESEM, (b)AFM image shows the surface topography of the
Sample D; (c) The Optical transmission spectra of the SWCNT-SA samples
fabricated by various dipping coating conditions as shown in Table 3.3.

Sample D was produced by reducing suspension concentration to 0.015wt%, but
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all other dipping parameters are remained unchanged compared with that of

sample C. Then the initial transmission ratios of fabricated SWCNTs-SA samples

are measured by using FTIR as shown in Fig. 3.27(c) and Table 3.3. The

absorption of the sample D at 1064 nm reduces as expected when compared with

sample C. Under same drawing conditions and evaporation rate of the dip

coating process, the lower concentration of the SWCNT-DI suspension leads to

less carbon nanotubes being trapped in the suspension thin film, thus eventually

fabricating a SWCNT solid film with lower absorption. In this way, the film

thickness and initial transmission of the SWCNT absorber can be changed but its

film pattern and continuity remains unchanged. Fig. 3.27 (a) & (b) show the

alignment of the SWCNTs on Sample D are parallel with the withdrawn

direction. It proved that the SWCNT alignment direction can be controlled via

the dip coating method due to the self-assembly effect, further enhancing the

regularity and uniformity of the absorber, which is a unique feature when

compared with absorber fabricated by other methods e.g. spin or spray coating

methods. This well aligned SWCNT can serve as optical polarizer [65]. That may

be potentially used to produce polarized laser output. It takes only 15 hours to

produce a 2cm x 2cm continuous SWCNT thin film on a quartz substrate. In

principle, the production yield can be easily enhanced by using wider substrate.
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The optimal drawing speed is determined by evaporation rate, surface tension of
substrate and liquid, speed of self-assembling of SWCNT. Therefore, the sample
drawing speed can be further increased by adjusting temperature and humidity.
The remaining suspension can be dilated and recycled for the next dip coating

process, indicating its great potential for mass production.

Laser experiments and results discussion

The SWCNT saturable absorber inserted about 3 mm apart from the end 1064nm
HR flat mirror to obtain high optical intensity within the mode locking laser
system as illustrated in Fig. 3.12 for mode locking performance test. Fig. 3.28
shows the average output power with respect to various incident pump power and
respected operational modes. The threshold for stable CW mode-locking and
slope efficiency of Sample C are 7.93W and 34%. The threshold for stable CW
mode-locking and slope efficiency of Sample D are 4.5W and 39%. Due to the
lower insertion loss with thinner SWCNT film of Sample D, the overall mode
locking performance of Sample D is better. Its maximum average output power

achieved is higher up to 2.7W.
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Fig.3.28. The average output power at 1064nm verse 808nm pumps power for

CW and mode-locking operation. (iIQSML - irregular Q-switch mode-locking

mode; RQSML - regular Q-switch mode-locking mode; CWML - CW mode

locking mode)

Figure 3.29(a) shows the pulse train recorded for the continuous-wave

mode-locking, CWML, the operation of Sample D under 8.36 W pump power,

with the repetition rate of the pulse train close to the round-trip cavity time,

indicating successful CW mode locking achieved. The autocorrelation trace is

shown in Fig. 3.29(b) is obtained by using an intensity autocorrelator

(Femtochrome Research Inc. FR 103-XL). The measured FWHM of the pulse

width is 3.1 ps for the 2.7 W maximum average output power from the mode

locking system of using Sample D. The repetition rate is 167 MHz. The
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estimated pulse energy and peak power are 16.1 nJ and 5.2 kW, respectively.
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Fig. 3.29. (a) The pulse train of the CWML operation with output power of
(b)The corresponding Autocorrelation spectra with respect to pump power of
8.36W. (¢) The nonlinear transmission of the SWCNT-SA sample D with
excitation wavelength at 1064 nm. Dots: measured data; solid curve: fitting to
the data.

Previously mode-locked laser pulses with 15.7 ps pulse width was generated by
using vertical evaporation deposited SWCNT absorber [58]. The pusles duration
of our current system is 3.1 ps much shorter than the previous demonstration.
The different pulse widths produced in these two experiments can be attributed
to a various reasons, including the different average diameter of the SWCNT and

alignment patterns produced by dip coating, leads to different absorption curve,
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modulation depth and saturation fluence. In fact, shorter pulse width produced is

expected by using saturable absorber with larger modulation depth [33]. In this

experiment the measured modulation depth is 8% as shown in Fig. 3.29(c),

which is higher than the modulation depth of the previous absorber used (4.4%)

[58].

To brieftly conclude, SWCNT saturable absorbers were fabricated by using dip

coating method under various conditions. The saturable absorbers features e.g.

initial transmission ratio, film pattern was optimized by adjusting different

withdrawn parameters, e.g. drawing speed, SWCNT concentration. The

demonstrated fabrication method is simple, scalable, cost effective and much

more suitable for industrialization. These absorbers have been successfully used

within a diode pumped Nd:YVOs mode locking laser system operating at 1064

nm to produce high output power up to 2.7 W with continuous wave mode

locking pulse duration and repetition rate of 3.1 ps and 167MHz. The transform

limited pulse width is about 2 ps, which has been demonstrated in the same type

of Nd:YVOq laser gain medium [75].The calculated pulse energy and peak power

are 16.1nJ and 5.2kW, respectively.
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3.4 SWCNT-PVA absorber and mode locking fiber laser pulses
characterization

The fabricated SWCNT absorber has also been used to generate mode
locking pulses from a fiber laser, which has the advantages of compact, cost
effective, efficient, better thermal properties (usually only air cooling is needed
for tens watt laser system) and more stable overall lasing performance compared
with the traditional solid state laser. The intra-cavity beam radius of the fiber
laser is determined by the fiber core diameter, which usually is much smaller
than that of the solid state system. It provides much higher intracavity laser
intensity that means higher incident fluence to the saturable absorber even with
very low average output power around mW scale. Thus, stable mode-locking can
be achieved easily even with lower average pumping power well above the
damage threshold of the SWCNT absorber. For the above reasons, fiber laser
system could be a better laser system for investigating the novel mode locking

materials with laser damage threshold not been optimized yet.

In this work, fiber laser (ring cavity) with total length of about 15 meters had
been built and the schematic diagram is shown in Fig. 3.30. The calculated

theoretical repetition rate is around 11MHz.
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Figure 3.30. The schematic diagram of the built fiber laser system.

LIEKKI Yb doped fiber (Yb 1200-4/125) was used as the laser gain medium,
which has a mode field diameter of 4.4 + 0.8 at 1060 nm and a peak core
absorption of 1200 dB/m at 976 nm. The used length of the Yb doped is 0.65m
and the fiber group velocity dispersion is 24.22 ps?/km. A 976-nm laser diode
(I1-1V LC96AT76P-20R), with 400 mW maximum output power, was connected
to a 980/1060 WDM (Thorlabs WD202E) and thus coupled the pump light into
the ring cavity. An intracavity polarization-independent isolator (P1-1SO Thorlabs
10-H-1064B) was placed inside the laser cavity to ensure the unidirectional
operation. An additional intra-cavity polarization controller (PCs Thorlabs FPC
024) were used to adjust the cavity polarization and birefringence in order to

optimize the laser mode-locking performance.

Since it is a ring cavity setting, only transmission type saturable absorber can be
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used. In this case, the 0.03 wt% SWCNT-DI solution with the fabrication
procedures given in section 3.3 was also used for the absorber fabrication.
However, since the absorber needed to be placed at the fiber end shown in Fig.
3.31, a SWCNT-PVA solid film was fabricated. The SWCNT-DI solution was
mixed with 5 wt% PVA solution by 2:1 ratio and further stirred by a magnetic
stirrer for 5 hours. Then the mixture was poured into a container and put into an
oven with regulated temperature of 80°C and relative humidity of 50%. After 12
hours evaporation inside the oven, SWCNT-PVA thin film was produced and its
photo was shown in Fig. 3.32. Then this film was cut into a small piece and be

attached on the end face of the FC-APC fiber connector.

Figure 3.31. And the SWCNT-PVA film coated on the connector end
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Fig. 3.32: The SWCNT-PVA thin film.

The SWCNT-PVA film acts as a saturable absorber and inserted within the laser
cavity. Under a pump power of 50 mW from a 976nm diode laser, CW
mode-locked pulses were generated with pulse train shown in Fig. 3.33. The
pulse repetition rate measured is about 10 MHz and match well with the round

trip cavity time of the laser cavity.
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The output mode locked pulse from fibre laser system by using SWCNT-PVA

absorber under 50mwW pump power.
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3.5 Summary

By using functional SWCNT material, different saturable absorbers have
been successfully fabricated by vertical evaporation method, dip coating method
and PVA oven method. The Nd:YVO; solid state laser and Yb doped fiber laser
have been constructed and their mode locking performance were characterized
by using various fabricated saturable absorbers. We have first demonstrated
mode-locked end pump solid state Nd: YVOg4 laser by using SWCNT-SA which
fabricated by dip coating method and published in Optics Express.

In the future research work, the relationship between the thickness, diameter and
length of the SWCNT with respect to mode locking performance will be further
investigated. Other novel 2D materials, such as TMDs [66-74] can be integrated
with SWCNT to form a new hybrid or composite structure. For example, layer of
MoS2 or WSz nano particles can be coated on the SWCNT by using
hydrothermal method to form a composition structure. These new structure can
potentially have broad operational wavelength range or potentially enhance the

mode locking performance for certain operational wavelength.
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CHAPTER4

Conclusion

4.1 Conclusion

In this thesis, | investigated different type of saturable absorber
fabrication methods and the passive mode-locking effect of single-walled carbon
nanotube saturable absorber which has been used within solid state Nd:YVO4
diode pumped laser system and Yb fiber laser to successfully generate stable
mode locking laser pulses by using these fabricated absorbers. Some laser
intracavity laser beam profile simulation has been created for designing the laser
cavity. Different from the traditional spray, spinning coating method, the first
demonstrated dip coating fabrication method for the SWCNT-based absorber is
an effective, low-cost method and suitable for industrial manufacturing. The
method for varying the absorber initial transmission has also been demonstrated.
Relatively uniform and large surface area SWCNT thin film (greater than 1cm X
1cm size) are successfully coated on quartz plate to form a transmission type
saturable absorber. By adjusting the dip coating parameters, for example, the
concentration of the dip coating suspension, withdrawn speed, temperature or
relatively humidity of the surrounding environment, over 12% variation of the

initial transmission ratio of the fabricated sample was successfully demonstrated.
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The repetition rate of the laser pulse achieved is 167 MHz and the estimated

pulse energy and peak power of the output pulse generated are 16.1 nJ and 5.2

kW, respectively. These research findings have been published in Optics Express.

Additionally the SWCNT absorber has also been fabricated by vertical

evaporation method and PVA methods and successful laser mode locking

operations have also been achieved by using these fabricated absorbers.

Microfluidic device is currently a very important topic as its potential for tunable

optical device and biomedical application. During my MPhil. study, a liquid

lensed fiber with controllable focusing power was successfully demonstrated. By

filling DI water into a hollow core of the Teflon-AF optical fiber and further

applying electrical field, the core liquid will be pull out from the fiber core and

formed a plano-convex lens on the fiber tip. By controlling the electric field

across it, the shape, radius of curvature and focusing power of the formed liquid

lens on the fiber tip can be varied. The experiment has successfully demonstrated

a variation of focal length from 0.628mm to 0.111mm responding to the change

of applied voltage from 0V to 3.2 kV (L = 2mm) for the Teflon AF fiber.

Parabolic shape of the liquid lens was observed for voltage higher than 2.6 kV,

which is a simple and practical method to produce micron sized parabolic lens as

compared to traditional mechanical polishing. The research output has been
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published in Optics Express as well.

4.2 Future Work

A deeper investigation of the SWCNT properties related laser mode

locking performance can be done in the future. The relationship between CNT

diameter, surface functional group, charity, and the mode-locking performance,

e.g. laser threshold, effieint can be studied systemically. These study could

potentailly leads to better design of th carbon nanotube based saturable absorber

for further mininize the non-saturable loss of the fabricated absorber and also

shorten the pulse duration. The SWCNT-SA fabricated can operate stably for

about 15 to 20 minutes, long enough for recording all data needed for the

experiment. In the next stage, we aim to develop a practical ensheilding method

to isolate the SWCNT thin film from atmosphere in order to further increase the

damage threshold of the fabricated SWCNT-SA.

Recently two-dimensional Transition-Metal Dichalcogenide (TMDs) as saturable

absorber have attracted great research interests due to its broad range of bandgap

structures and other attractive nonlinear optoelectronic property when they are in

mono or few-layer nanosheets form. Layered TMDs has the stoichiometry of

MXz, which each layer compose of a single plane hexagonally arranged
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transition metal (M) atom carried between two hexagonal planes of chalcogen
atom. Their bandgap and properties can be modified by changing the different
combination of M and X elements. We are preparing the fabrication of new type
of saturable absorber by using TMDs based materials which can potentially be
used for either solid state or fiber laser mode locking or Q-switching.

The lensed liquid core fiber with electrical controllable focus can be integrated
within the fiber laser system to produce active Q-switching. It will be an
interesting research project to demonstrate the active Q-switching by using this

lensed liquid fiber as Q-swicther.
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Appendix

ABCD matrix program code(for simulation the radius variation of the lasing

mode with the solid state laser cavity):
% lasing cavity with thermal lensing effects introduced by the pumped
% crystals in (mm)

clc;

clear;

R1=; %M1

R2=;  %M2 concave mirror

R3=; %M3 1064HR
R4=; %M4 concave mirror
R5=;  %M5 808HT 1064HR

R6=;  %thermal lensing

R7=;  %Ouput coupler Transmittion mirror T=20% with 2 degree cutting
n=1;

lambda=1.064*10"-3,; % wavelength in mm scale

dl=;  %Distance between M1 and M2

d2=;  %pDistance between M2 and M3

d3=;  %pDistance between M3 and M4

d4=;  %pDistance between M4 and M5

ds=; %Distance between M5 and m6

dé6=; %Distance between M6 and output coupler

m=d1+d2+d3+d4+d5+d6; %Total cavity length (mm)

for x=0:1:m

if (x>=0&&x<=d1) %begin from any one point of the back of M1 SESAM

m1=[1,x;0,1];

m2=[1,0;-2/R1,1];

m3=[1,d1;0,1];

m4=[1,0;-2/R2,1];

mb5=[1,d2;0,1];

m6=[1,0;-2/R3,1];

m7=[1,d3;0,1];

Chun Yin Tang

92



m8=[1,0;-2/R4,1];
m9=[1,d4;0 1];
m10=[1,0;-2/R5,1];
m11=[1,d5;0,1];
m12=[1,0;-2/R6,1];
m13=[1,d6;0,1];%
m14=[1,0;-2/R7,1];%
m15=[1,d6;0,1];%
m16=[1,0;-2/R6,1];%
m17=[1,d5;0,1];
m18=[1,0;-2/R5,1];
m19=[1,d4;0 1];
m20=[1,0;-2/R4,1];
m21=[1,d3;0,1];
m22=[1,0;-2/R3,1];
m23=[1,d2;0,1];
m24=[1,0;-2/R2,1];
m25=[1,d1-x;0,1];

elseif (x>d1&&x<=d1+d2) %begin from any one point of the back of M2
m1=[1,x-d1;0,1];
m2=[1,0;-2/R2,1];
m3=[1,d1;0,1];
m4=[1,0;-2/R1,1];
mb5=[1,d1;0,1];
m6=[1,0;-2/R2,1];
m7=[1,d2;0,1];
m8=[1,0;-2/R3,1];
m9=[1,d3;0 1];
m10=[1,0;-2/R4,1];
m11=[1,d4;0,1];
m12=[1,0;-2/R5,1];
m13=[1,d5;0,1];
m14=[1,0;-2/R6,1];
m15=[1,d6;0,1];%
m16=[1,0;-2/R7,1];%
m17=[1,d6;0,1];%
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m18=[1,0;-2/R6,1];%
m19=[1,d5;0 1];
m20=[1,0;-2/R5,1];
m21=[1,d4;0,1];
m22=[1,0;-2/R4,1];
m23=[1,d3;0,1];
m24=[1,0;-2/R3,1];
m25=[1,d1+d2-x;0,1];

elseif (x>d1+d2&&x<=d1+d2+d3)
m1=[1,x-d1-d2;0,1]; %begin from any one point of the back of M3
m2=[1,0;-2/R3,1];
m3=[1,d2;0,1];
m4=[1,0;-2/R2,1];
mb5=[1,d1;0,1];
m6=[1,0;-2/R1,1];
m7=[1,d1;0,1];
m8=[1,0;-2/R2,1];
m9=[1,d2;0 1];
m10=[1,0;-2/R3,1];
m11=[1,d3;0,1];
m12=[1,0;-2/R4,1];
m13=[1,d4;0,1];
m14=[1,0;-2/R5,1];
m15=[1,d5;0 1];
m16=[1,0;-2/R6,1];
m17=[1,d6;0,1];%
m18=[1,0;-2/R7,1];%
m19=[1,d6;0,1];%
m20=[1,0;-2/R6,1];%
m21=[1,d5;0,1];
m22=[1,0;-2/R5,1];
m23=[1,d4;0,1];
m24=[1,0;-2/R4,1];
m25=[1,d1+d2+d3-x;0,1];

elseif (x>d1+d2+d3&&x<=d1+d2+d3+d4)
m1=[1,x-d1-d2-d3;0,1]; %begin from any one point of the back of M4

Chun Yin Tang



m2=[1,0;-2/R4,1];
m3=[1,d3;0,1];
m4=[1,0;-2/R3,1];
mb5=[1,d2;0,1];
m6=[1,0;-2/R2,1];
m7=[1,d1;0,1];
m8=[1,0;-2/R1,1];
m9=[1,d1;0 1];
m10=[1,0;-2/R2,1];
m11=[1,d2;0,1];
m12=[1,0;-2/R3,1];
m13=[1,d3;0,1];
m14=[1,0;-2/R4,1];
m15=[1,d4;0 1];
m16=[1,0;-2/R5,1];
m17=[1,d5;0,1];
m18=[1,0;-2/R6,1];
m19=[1,d6;0,1];%
m20=[1,0;-2/R7,1];%
m21=[1,d6;0,1];%
m22=[1,0;-2/R6,1];%
m23=[1,d5;0,1];
m24=[1,0;-2/R5,1];
m25=[1,d1+d2+d3+d4-x;0,1];

elseif (x>d1+d2+d3+d4&&x<=d1+d2+d3+d4+d5)
m1=[1,x-d1-d2-d3-d4;0,1]; %begin from any one point of the back of M5
m2=[1,0;-2/R5,1];
m3=[1,d4;0,1];
m4=[1,0;-2/R4,1];
mb5=[1,d3;0,1];
m6=[1,0;-2/R3,1];
m7=[1,d2;0,1];
m8=[1,0;-2/R2,1];
m9=[1,d1;0 1];
m10=[1,0;-2/R1,1];
m11=[1,d1;0,1];
m12=[1,0;-2/R2,1];
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m13=[1,d2;0,1];
m14=[1,0;-2/R3,1];
m15=[1,d3;0 1];
m16=[1,0;-2/R4,1];
m17=[1,d4;0,1];
m18=[1,0;-2/R5,1];
m19=[1,d5;0,1];
m20=[1,0;-2/R6,1];
m21=[1,d6;0,1];%
m22=[1,0;-2/R7,1];%
m23=[1,d6;0,1];%
m24=[1,0;-2/R6,1];%
m25=[1,d1+d2+d3+d4+d5-x;0,1];

else
m1=[1,x-d1-d2-d3-d4-d5;0,1]; %begin from any one point of the back of
M5
m2=[1,0;-2/R6,1];
m3=[1,d5;0,1];
m4=[1,0;-2/R5,1];
mb5=[1,d4;0,1];
m6=[1,0;-2/R4,1];
m7=[1,d3;0,1];
m8=[1,0;-2/R3,1];
m9=[1,d2;0 1];
m10=[1,0;-2/R2,1];
m11=[1,d1;0,1];
m12=[1,0;-2/R1,1];
m13=[1,d1;0,1];
m14=[1,0;-2/R2,1];
m15=[1,d2;0 1];
m16=[1,0;-2/R3,1];
m17=[1,d3;0,1];
m18=[1,0;-2/R4,1];
m19=[1,d4;0,1];
m20=[1,0;-2/R5,1];
m21=[1,d5;0,1];%
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m22=[1,0;-2/R6,1];%
m23=[1,d6;0,1];%
m24=[1,0;-2/R7,1];%
m25=[1,d1+d2+d3+d4+d5+d6-x;0,1];
end

M=m1*m2*m3*m4*m5*m6*m7*m8*m9*m10*m11*m12*m13*m14*m15*m1l
6*m17*m18*m19*m20*m21*m22*m23*m24*m25;
a=M(1,1);
b=M(1,2);
c=M(2,1);
d=M(2,2);
if (abs((a+d)/2)<=1)
w(n)=sqgrt(lambda*abs(b)/(pi*sqrt(1-((a+d)/2)"2)));
y(n)=x;
z(n) =abs((a+d)/2);
n=n+1;
end
end
plot(y,w,’);
hold on;
xlabel("Position within the laser cavity (mm)’);
ylabel('Lasing mode radius (mm)’);
title('Lasing mode radius for the 4 mirror cavity')
plot(y.z,T’);
hold on;
Y=Y,
W=w
C = horzcat(Y, W),
xlswrite('LD1.xls', C);
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Derivation for equation 2.2 - 2.5

t£=0
N

N\

Figure 5.1 Representation of a point-plane configuration with involve of different parameter.[15].
By using hyperboloid approximation, the tip is generated by the hyperbola of
equations rotating around the x axis,
X= L sin { cosh n
y= L cos { sinh 7 (5.1)
Equations (5.1) shows two orthogonal confocal sets of ellipses and
hyperbolas. Since only the hyperbolas is considered, ( is regarded as the

parameter defining the hyperbola. Particular values of ( are,

(=0 (x=0) As Oy axis generating the plane
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g (y=0) As Ox axis generatingan infinitely sharp hyperbola
1, which is the parameter defining a particular point on the hyperbola defined by
¢. If two of the hyperbolas are equipotential surfaces all of the hyperbolas of the
set are also equipotentials. Besides if the origin of the potential is taken at the
plane x =0 (¢ = O) the potential V( ¢ ) of the hyperbola of parameter ¢ is
V(¢ )=Cintan ¢ +m/4) (5.2)

C is a constant depending on the applied voltage. The flux lines of the field
generate a family of ellipsoids of revolution orthogonal to the hyperboloids, and

the value of the electric field at point ( {, 1 ) is

_ C
E( ¢ m )= L cos {(cosh2n-sin2{)1/2

(5.3)
C is obtained by the assumption that the point is sharp, the corresponding value
of ¢ iscloseto m /2. If Vis the potential of the point, we obtain V (m /2 - €)
=V, with € « 1 , by using equation (5.2)

V =C Intan(>—5)=C Incot=

2 2 2
2 2
V. =CIC—-+-)=C In- (5.4)

and
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In tan(§+%)

V() =V In(%)

(5.5)

The field at any point M of the tip axis (7 =0) between the tip and the plane

can be calculated by let 77 =0 in equation 5.3, which it obtain,

C

EQ 0= 57 (5.6)
asx=asin ¢ if n =0, then
C
E(x) = Lza—xz (5.7)

Consider of Figure 5.1, the abscissa of the tip apex S is

2
xs =Lsin {g =Lcos e ~L(1->) (5.8)

with distance X between point M and the tip apex is

X= Xg — sz(l—é)—x (5.9)

LC
Le2 Le2

E(X) = (5.10)

with expanding the denominator to the second power in E, E(X) reduces to

LC
X(2L-X)+(L—X)Le?

E(X) ~ (5.11)

by expanding the equations of the hyperbola and that of a circle of radius r
around the common apex x = x; =L cos € and identifying both expansions,

that the radius of curvature of the hyperbola is
r= Le?
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As algebraic manipulation:

1
)2}

L
r

\'%

C=

In {2(

it shows,

(2.2)

L-V

X (L= X)+(L—X)r In[2(L/r)"?]

E(X) =

Laser mode of the Nd:YVO4 laser:

Figure 5.2 Beam profile of the Nd:YVO, laser
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