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SYNOPSIS
The emergence of high power continuous wave (CW) and pulsed Nd:YAG lasers have
opened many new applications and opportunities in the area of laser material processing. Some
of the potential benefits of Nd:YAG lasers are high brightness beam delivery through optical
fiber, and strong absorption in most of the metals and alloys. During laser material processing,
pulsed Nd:YAG lasers with high energy and high peak power provide certain advantages over
CW lasers such as lower distortion and lower heat affected zone. However, high peak power
Nd:YAG lasers with long and short pulse durations still depend on flash lamp pumping
technique instead of diode laser pumping, since the high peak power operation of laser diodes is
restricted due to the thermal run away problem. Further, flash lamps are much more rugged and
cost effective than the diode lasers in industrial environment. Hence, in the present scenario,
study and development of flash lamp pumped pulsed Nd:YAG lasers are still important for laser
material processing applications.
In this thesis, we have carried out an extensive study on the development of highly
efficient, fiber coupled pulsed Nd:YAG laser systems with good beam quality and high peak
power for laser material processing applications. Present study on pulsed Nd:YAG laser has been
divided into three parts. The first part is devoted to the study and development of optical fiber
coupled lamp pumped long and short pulse Nd:YAG lasers of high peaks and high average
power. The second part is devoted to the investigation of the issues related to the birefringence
compensation in lamp pumped Nd:YAG lasers and generation of linearly polarized light. Third
part is on the study and evaluation of performance of these Nd:YAG lasers for laser material
processing applications.
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For the generation of high peak power and pulse energy, study on use of ceramic
Nd:YAG laser rod in place of single crystal Nd:YAG rod has been performed with pulse
duration in the range of 2-20 ms. A compact and robust laser pump chamber along with
resonator has been designed to achieve this high average and peak power. We have further
carried out a detailed study on the development of short pulse Nd:YAG laser system for cleaning
applications. It is well known that thermal problems in the Nd:YAG laser material limits the
efficiency of the laser system and degrades the beam quality. Thus, for efficient heat removal
from the Nd:YAG rod laser systems, a study on the optimization of water flow rate in laser
pump chamber has also been performed. Moreover, thermal problems in the Nd:YAG laser rod
also generate stress induced birefringence. This stress-induced birefringence limits the
generation of linearly polarized output power. For laser material processing, polarization state of
the laser beam has a strong influence on its absorption in the material. In a single rod resonator,
we have proposed a novel optical scheme using a 90° quartz rotator (QR) placed at Brewster’s
angle in the laser resonator between the output mirror and the laser rod to enhance the ppolarized power.
Similarly, in dual rod Nd:YAG laser, experimental investigations of z-fold resonator
geometry was performed for birefringence compensation and generation of high average power
linearly p-polarized laser beam. Study and analysis of z-fold resonator geometry to improve the
performance of long pulse p-polarized laser operation in terms of average power, peak power,
depolarization losses, beam quality, pulse-to-pulse stability, and misalignment sensitivity has
also been performed.
Further, study of these long and short pulse Nd:YAG lasers have been performed for the
following material processing applications, i.e., (a) laser cutting of SS in dry air and under water
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environment having potential applications in dismantling and maintenance work of nuclear
facilities and shipping industry, (b) laser welding of aluminium, titanium, stainless steel and
other materials for automotive, heavy machinery, and vacuum industry, (c) laser drilling of rocks
and concrete for use in petroleum and natural gas wells, and (d) laser cleaning of carbon
contamination and removal of gold layer in beamline mirrors of synchrotron radiation sources,
laser cleaning of marble for the conservation of art work, and cleaning of inconel and zirconium
for nuclear applications.

Summary of the research work and the organization of proposed thesis:
In the context of the above background on the development of long and short pulse
Nd:YAG lasers along with material processing applications, the proposed thesis entitled “Study
and development of high power pulsed Nd:YAG lasers and its material processing applications”,
focuses on the following research problems:
 Study and development of high peak power long (millisecond duration) and short pulse
(microsecond duration) lamp-pumped Nd:YAG lasers with efficient heat removal and
optimization of resonator configurations for better beam quality.
 Performance study of long pulse fiber coupled ceramic Nd:YAG rod laser.
 Study of birefringence compensation in single and dual rod long pulse Nd:YAG rod laser using
simple optical scheme for enhancement of p-polarized output power.
 Study and comparison of pulsed laser cutting of thick stainless steel in dry air and underwater
environment using long pulse Nd:YAG lasers.
 Study on laser drilling of rocks using pulsed Nd:YAG laser.
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 Study on effective cleaning of gold and carbon layer deposited on beam line mirrors using
nanosecond pulsed Nd:YAG laser and its analysis using SEM and XPS methods.
The proposed thesis contains eight chapters and it has been organized as below:
Chapter 1: This chapter contains an introduction to the study and development of high peak
power and high average power pulsed Nd:YAG lasers with short and long-pulse duration along
with its potential material processing applications.
Chapter 2: This chapter provides results related to the study and development of high power
long pulse (ms) Nd:YAG lasers to achieve high efficiency, good beam quality, and high average
power with emphasis on the design of resonator and laser pump chamber. Further, it provides
details about the study on fiber-coupled 250 W, 500 W, and 1 kW average power long-pulse
Nd:YAG lasers for material processing applications [48-50]. The slope-efficiencies and pulseenergies of these indigenously developed laser systems are higher as compared to other worldwide reported long-pulse lamp-pumped Nd:YAG lasers. The study, analysis and design of laser
systems were performed to improve the laser beam quality so that it can be coupled to 400 μm
and 600 μm core diameter optical fibers with power transmission efficiency of ≥ 90%.
Chapter 3: It deals with performance study of ceramic Nd:YAG rod in place of single crystal
Nd:YAG rod for the generation of 520 W average power in pulsed Nd:YAG laser system [69].
Single crystal Nd:YAG rod is the most widely used laser media. But, Nd:YAG single crystals
grown by the conventional Czochralski method have certain disadvantages such as, relatively
high cost and limitations on the maximum size and doping concentration of Nd3+ ions. The
experiments using ceramic Nd:YAG laser are carried out to demonstrate the potential ability of
this material to replace single crystals for the generation of high peak power and large pulse
energy in long pulse operation. Novel ceramic media combines the advantages of single crystals
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and glasses. The ceramic rods have good thermal, mechanical and spectral properties (like
crystalline materials) and can be made in large sizes with high doping concentrations (like laser
glasses). Further, this material is less expensive as compared to single crystals.
Chapter 4: In this chapter, we have focused our attention on the study and development of fiber
coupled short pulse Nd:YAG laser system for laser cleaning application. It contains a detailed
investigation of the laser pump chamber and resonator design to obtain good beam quality to
couple the laser beam through 200 μm core diameter optical fiber for cleaning of objects with
high accuracy [184].
Chapter 5: It describes detailed study of birefringence compensation in single and dual rod, long
pulse Nd:YAG lasers using simple optical schemes. Some novel optical schemes have been
developed to enhance the linearly p-polarized output power in single rod Nd:YAG laser for the
long pulse laser operation. A brief analysis of these novel schemes using quartz rotator has been
provided and verified experimentally [114]. For a dual Nd:YAG rod laser resonator, the design
of a z-fold resonator configuration for effective birefringence compensation in place of linear
resonator configuration has also been provided. With this configuration, linearly p-polarized
average output power of 415 W has been generated [120]. This is highly useful for second
harmonic generation and material processing applications.
Chapter 6: In this chapter, some important material processing applications of long pulse
Nd:YAG lasers such as cutting, welding and drilling have been discussed. The laser cutting of
thick stainless steel sheets (thickness 4 mm to 20 mm) in dry air and underwater environment for
dismantling of structures in nuclear facilities has been investigated [155]. The important process
parameters have been optimized such as laser spot overlapping, pulse repetition rate, and pulse
duration. Laser welding of titanium and aluminium using long pulse Nd:YAG laser has also been
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performed [50]. The application of long pulse Nd:YAG laser for rock drilling has also been
investigated [157].
Chapter 7: It has been devoted to the study and analysis of laser cleaning using short pulse
Nd:YAG laser. In order to understand the effect of laser pulse duration and spot overlapping on
laser cleaning process, a detailed study of various factors responsible for thermal ablation is
described. Demonstration of effective and efficient laser cleaning of gold and a carbon layer of
fused silica mirrors using pulsed Nd:YAG laser has been described [205]. Further, an analysis of
laser cleaned surface has been carried out using SEM, XPS, and reflectivity methods. Laser
cleaning of inconel tubes, zircaloy tubes, and marble samples using short pulse Nd:YAG laser is
also described [184].
Chapter 8: In this chapter, we have summarized all the results of this thesis and have concluded
with discussion on further scope for future research work.
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Figure 5.3: Relationship of angle θ, ϕ and γ with polarization direction and rod cross
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Figure 5.4: The crystal orientation and ray propagation in Glan-Taylor polarizer
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Figure 5.6: Experimental set-up of resonator for compensation of birefringence
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Figure 5.8: Deporization loss versus heat dissipation in the rod. Theoretical values of
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Figure 5.9: A simulated cross section view of non-uniform pumped Nd:YAG rod on
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Figure 5.12: Experimental scheme for the measurements of depolarization losse
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Figure 5.13: Experimental set-up using λ/2-wave plate for the recording of
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conoscopic pattern
Figure 5.14: Conoscopic pattern of Nd:YAG rod for different angle γ using gold
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Figure 5.15: Variation of output power with input pump power using different
optical components in resonator
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Figure 5.17: Variation of M2 as a function of pump power with and without 900 QR
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Figure 5.19: Laser beam profile after placing a 900 QR at Brewster’s angle
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Figure 5.20: An equivalent schematic diagram of the z-fold resonator having two
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Figure 5.22: Variation of the ratio fS/fM as a function of angle θ
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Figure 5.23: A table-top view of the experimental set-up of z-fold resonator
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Figure 5.24: A schematic view of birefringence compensation scheme of z-fold resonator
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Figure 5.25: A schematic view of experimental set-up for measurement of depolarization
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Figure 5.26: Variation of g1g2 for z-fold resonator as a function of average electrical
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input pump power
Figure 5.27: Variation of average output power as a function of average input pump
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power using different optical components in z-fold resonator
Figure 5.28: Variation of M2 as a function of average input pump power before and
after birefringence compensation.Standard deviation of the data is
presented as error bar in the curve
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Figure 5.29: Variation of measured value of depolarization loss as a function of
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feedback mirror in the resonator
Figure 5.30: Comparison of spatial profile of laser beam for dual-rod z-fold resonator
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Figure 6.1: A schematic view of cut front during laser cutting by melting
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Figure 6.3: Temporal shape of pulse from 500 W average power Nd:YAG laser
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Figure 6.4: Variation of laser pulse energy with pulse duration
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Figure 6.5: A schematic view of laser cutting objective used for cutting of thick
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Figure 6.10: Variation in cutting speed per Hz with reduction in spot overlapping
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Figure 6.11: Variation in cutting speed per Hz with reduction in spot overlapping
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in the pulse duration range of 12ms-14ms for 12 mm thick SS sample
Figure 6.12: Variation in cutting speed per Hz with reduction in spot overlapping
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Figure 6.13: Variation in cutting speed per Hz with reduction in spot overlapping
in the pulse duration range of 14ms-20ms for 20 mm thick SS sample
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172

in the shale rock (c) Stress breaks the shale rock (d) Laser drilled
glassy hole in the shale rock
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Chapter 1
Nd:YAG laser : An overview

1.1 Introduction
Neodymium-doped yttrium aluminium garnet (Nd:YAG) laser was discovered almost
fifty years ago at Bell Labs in 1964. It has undergone enormous evolution over the years and is
now being used widely in both basic research and technological applications in a variety of fields
like nuclear engineering, heavy machinery industry, automobile, aerospace, artwork
conservation, geo-science, space and bio-medical sciences [1-6].
Pure YAG (Y3Al5O12) is a colourless, optically isotropic crystal that possesses cubic
structure characteristics of garnets. Neodymium is the dopant material substituted for yttrium in
YAG host. Some important physical and optical properties of Nd:YAG crystals are given in
Table 1.1. Nd:YAG laser is a four-level system as depicted by a simplified energy level diagram
in Fig. 1.1. Neodymium ions define the energy levels and thus the characteristics of this laser.
Laser transition at a wavelength of 1064.1 nm originates from R2 component of the 4F3/2 level
and terminates at the Y3 component of the 4I11/2 level. According to Boltzmann’s law at room
temperature, only 40% of the 4F3/2 population is at level R2 while rest 60% remains at the lower
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sublevel R1 [7]. Lasing takes place only by ions at R2 level and population at this level is
replenished from R1 by means of thermal transitions.
Table 1.1: Some important physical and optical properties of Nd:YAG crystals [7]
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Fig. 1.1. Energy level diagram of Nd:YAG crystal [7].
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The ground level of Nd:YAG is 4I9/2 level. Since the terminal laser level is not populated
thermally, it is easy to reach the threshold condition for lasing. Under normal operating
conditions at room temperature, Nd:YAG laser oscillates on the strongest 4F3/2 → 4I11/2 transition
at 1.0641 μm. However, it is possible to achieve laser oscillation at other wavelengths also either
by operating at different temperatures or by using some intra-cavity optical elements like etalons
or dispersive prisms. Figure 1.2 shows absorption spectra of Nd:YAG crystal. It shows strong
absorption peaks near 0.57-0.59 μm, 0.73-0.76 μm, 0.79-0.82 μm, and 0.86-0.89 μm bands in the
visible and near infrared region [8].

Fig. 1.2. Absorption spectrum of Nd:YAG crystal [7].

The most important component of an Nd:YAG laser system is the Nd-doped laser crystal
which is responsible for the generation of the high power laser beam under optical pumping.
Nd:YAG crystals have good thermo-physical and mechanical properties as compared to other
solid state laser crystals [7]. It has a high figure of merit, large value of thermal shock parameter,
and broad absorption band in visible and infra red regions [7-9]. The quality of the laser crystal is
evaluated by its performance to generate maximum laser output power with good beam quality
3

and high efficiency. Higher efficiency (~30%) can be achieved in the Nd:YAG lasers by
pumping the crystal using semiconductor diode lasers having an emission wavelength close to
the absorption band of Nd:YAG. On the other hand, flash and arc lamps are also used widely for
the pumping of the Nd:YAG crystal. The electrical to laser conversion efficiency in this case is
poor (~4.5%). The major loss in efficiency with lamp pumping is due to the broad band emission
from lamps and thermal effects, which are associated with heat removal from the laser crystal
and lamps [9]. A flow diagram of the power losses during lamp pumping of Nd:YAG laser
material is as shown Fig. 1.3.

Fig. 1.3. Power losses during lamp pumping of Nd:YAG crystal.
However, inspite of low laser efficiency, lamp pumped Nd:YAG lasers have become the most
versatile laser systems in use with over 30 years in operation. It has widespread acceptance in
different areas, such as in manufacturing, where it serves a wide variety of functions, which
includes welding, cutting, and drilling of different materials.
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The main advantages of Nd:YAG lasers are its compactness and beam delivery using
flexible optical fibers. It also provides other advantages over conventional mechanical tools
during processing of materials such as non-contact nature, selectivity, easy automation, higher
processing speed, reliablility, well controlled beam characteristics, and repeatability. However,
some of the disadvantages include inability to process non-metals and plastics, higher processing
cost, and handling only by trained persons. Efficient and reliable operation of an Nd:YAG laser
is necessary for its exploitation in already established fields and emerging applications.
In general, Nd:YAG lasers are operated in continuous wave (CW) and pulsed mode.
Pulsed operation of Nd:YAG laser in free running (FR) mode provides millisecond (ms) and
microsecond (μs) duration pulses [10], whereas pulses in nanosecond (ns) duration are generated
by passive or active Q-switching (QS) techniques [11]. In order to generate pulses in the
picosecond (ps) and femtosecond (fs) duration, Nd:YAG laser has to be operated in the modelocking (ML) regime [12]. For thick material processing it is necessary to generate high-energy
pulses with high values of average and peak powers. For high energy pulse generation, output of
Nd:YAG laser oscillator is further amplified using amplifier stages of various configurations
involving master oscilator and power amplifier (MOPA), zigzag slab geometry, multiple
amplification media, or hybrid solid-state system [7,11,12]. However, with these amplification
techniques, in many cases, the laser beam quality is degraded and it becomes difficult to couple
the laser beam through optical fibers [7]. Thus, in order to obtain high energy and high average
power Nd:YAG laser pulses with good beam quality, multi-rod oscillator configuration is used.
With the multi-rod oscillator, pulse energy is enhanced without degradation of the beam quality
even with several laser rods arranged optically in series in a well designed resonator [7,8]. Long
pulse Nd:YAG laser with pulse duration in the order of ms is preferred for welding of thicker
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materials. Similarly, ms and μs duration pulses of YAG laser are used for cutting of thick metal
sheets. Pulses of μs, ns, ps and fs time duration are used for micro-machining and cleaning
applications.
Now-a-days, laser cutting of metals is widely performed in various industries. With
continuous enhancement in available output power and improvement in beam quality of laser
systems, the scope of laser cutting applications has also increased to cover larger work-piece
thicknesses. However, it is necessary to have good knowledge and understanding of pulsed
Nd:YAG laser cutting parameters in order to successfully tailor the cutting process. A detailed
description of laser material processing can be found in the literature [8, 13-15]. The basic
characteristics of Nd:YAG laser radiation, which is beneficial for cutting and welding of metal
includes: power density, depth of focus, absorption of metal surfaces, and possibility for fibre
optic beam delivery. When a focused laser beam of high intensity strikes the surface of a metal
work-piece, some part of the radiation is reflected, and some part of it is absorbed. Some amount
of absorbed energy is also lost from the interaction zone due to conduction of heat through the
substrate.

Fig. 1.4. Absorption characteristic of different metals as a function of wavelength [8].
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Absorption of some important metals for a wide range of wavelengths is given in Fig.
1.4. Apart from the wavelength, polarization and angle of incidence, the actual absorbed power
also depends on surface roughness, material type, temperature, and phase of the material. On a
microscopic scale the absorption mechanism can be described as follows. The free electrons of
the material absorb photons of the incident laser radiation. The absorbed energy sets the free
electrons in forced vibrational motion very quickly, which is transferred to the lattice increasing
lattice vibrations. On a macroscopic scale, this corresponds to the observation of increase in
temperature of the substrate. If sufficient laser energy is absorbed, thermal vibrations become so
intense that the metallic or molecular bonding are over stretched to an extent that the lattice is no
longer capable of exhibiting mechanical strength. This results in melting of the metal at the
interaction zone. With further increase in the laser intensity or power density, much stronger
vibrations result in further weakening of bonds. The resultant temperature or energy of the
molecules is high enough for the evoparation of the material. Fourier’s law of heat conduction
describes the flow of heat in the metal work-piece [8]. Melting efficiency increases with increase
in the absorptivity of the material. For a particular laser, melting efficiency is defined as the ratio
of absorbed laser power utilized in melting of the kerf volume to the total incident laser power.

1.2 Scope of work
Motivation for this thesis was conceptualized from the requirement of pulsed Nd:YAG
lasers of different pulse durations to investigate the performance of these lasers for a variety of
material processing applications. Hence, the purpose of this work is to study and developement
of highly efficient fiber coupled pulsed Nd:YAG lasers to perform material processing. This
study also aims to investigate the performance of long and short pulse Nd:YAG laser in laser
7

cutting, welding and cleaning to determine the appropriate processing parameters for
achievement of high speed and good quality.
Although, several reports have been published towards the study and development of
Nd:YAG lasers, a majority of them are related to high power (~kW) continuous wave (CW)
operation [13-15]. Pulsed Nd:YAG lasers with high peak and high average power are useful in
material processing and provides the advantage of localized heating in the material with
minimum distortion and the heat affected zone as compared to CW lasers [16-18]. Long and
short pulse high peak power free-running Nd:YAG lasers still depend on flash lamp pumping in
place of diode laser pumping as the high peak power operation of laser diodes is limited to only a
few hundreds of watts [19]. Most of the commercially available [20-24] lamp pumped long pulse
Nd:YAG lasers provide maximum pulse energy in the range of 50 J to 150 J. With this limited
pulse energy, the application areas of these lasers for deep penetration cutting, welding and
drilling are also limited for most of the metals. Therefore, it is of interest to develop a ms pulse
duration Nd:YAG laser system with high peak power in the range of 5-20 kW and high pulse
energy in the range of 100 J to 500 J for processing of thicker materials. This research work
deals with design and development of pulsed Nd:YAG laser system of different pulse durations
up to 20 kW peak power and up to 500 J pulse energy with good laser beam quality for efficient
fiber optic beam delivery. Research and development is required for the improvement in pulseto-pulse stability and efficiency of pulsed Nd:YAG laser and enhancement in its output powers
to the required level for material processing of thicker materials.
For laser material processing, the polarization state of the laser beam has a strong
influence on its absorption in the material [25]. In view of this, some novel optical schemes have
been used for the generation of high power long pulse linearly p-polarized laser beam.
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These high peak power pulsed Nd:YAG lasers have been sucessfully used for several
material processing applications. Detailed studies were performed on: (a) laser cutting of thick
section of stainless steel in dry air and in under water environment for dismantling and
maintenance work in nuclear facilities and shipping industry, (b) laser welding of aluminium,
titanium and stainless steel for automotive, heavy machinery, and vacuum industry, (c) laser
drilling of rocks for use in petroleum industry, and (d) laser cleaning of carbon contamination
and removal of gold layer in beamline mirrors of synchrotron radiation, (e) laser cleaning of
marble for the conservation of art work, and cleaning of inconel and zirconium for nuclear
applications. This study also aims to provide a comprehensive view of the laser material
processing and highlights the benefits of high power pulsed Nd:YAG laser. The thesis includes
the description of experimental methodes as well as analysis of optimization of the process
parameters to achieve the above objective.

1.3 Construction of pulsed Nd:YAG laser
Major components of a pulsed Nd:YAG laser system are Nd:YAG rod, flash lamp, laser
pump chamber, laser resonator, optical fiber for beam delivery, power supply for flash lamps and
cooling system. For the generation of high-energy laser pulses, high doping concentration of
Nd3+-ions in YAG host is favourable [26]. In general, thermal problems in Nd:YAG laser
material limits the efficiency of the laser system and degrades the beam quality. To achieve
higher slope efficiency, the important factors which need to be considered during the design of
laser pump chamber are the efficient cooling of the laser rod and design of reflectors for efficient
transfer of pump light to laser rod. A schematic view of laser pump chamber with the laser rod,
flash lamp, reflector, and flow tube is shown in Fig. 1.5. Different types of reflector geometries
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are used for pumping of laser crystals. The single or double elliptical type reflectors are more
efficient and hence more preferred. The reflectors are generally, either gold-coated metallic
(specular reflection) reflectors or ceramic (diffuse reflection) reflectors. Several different types
of optical resonator geometries are also used in Nd:YAG laser.

Fig. 1.5. Schematic of laser pump chamber (front view).

For single rod Nd:YAG lasers of low to medium power range (1W-200W), hemispherical
resonators are preferred [27], since with these resonators one can obtain stable output power for
the entire pumping range with relatively non-critical mechanical adjustments. However, for the
high average power multi-rod type long pulse laser systems, a plane-plane symmetric resonator
is the choice due to its stability for a large range of thermal focal lengths. For example, two
Nd:YAG rods can be arranged optically in series with d:2d:d (lens like imaging) configuration in
the plane-plane symmetric resonator. This optical resonator operated in the stable region, for the
entire pumping range with the limited divergence of the laser beam. This fact can be expressed
by a resonator stability criterion 0g1g21.
Flash and arc lamps used for Nd:YAG rod pumping are essentially long arc devices
designed so that the plasma completely fills the tube. A gas filled flash or arc lamp consists of a
linear quartz tube, two electrodes that are sealed into the envelope. These lamps are typically
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filled with inert gas (Xe or Kr) at a fill pressure of 300 to 700 torr at room temperature. The
emission spectra of Kr filled lamp has better spectral matching with the absorption band of
Nd:YAG as compared to the Xe filled lamp. In Fig. 1.6 the spectral emission of a Kr flash lamp
is plotted for two current densities. A high current density shifts the spectral output toward the
shorter wavelengths, which is not desirable as the absorption bands in this wavelength are weak,
and hence the pumping power is not efficient.

Fig. 1.6. Emission spectrum of Krypton flash lamp [8].
Impedance characteristics of a lamp determine its efficiency with which the energy is
transferred from the capacitor bank to the lamp. After the arc stabilizes in the high-current
regime, the voltage V becomes proportional to the square root of the current I as V=K0√I, where
the lamp impedance K0 depends on the arc length l, bore diameter D of the flash lamp, gas type
and fill pressure p. For xenon filled flash lamps, the following relation for K0 holds [7]
K0  1.27  p / 450  l / D , where p is the flash lamp pressure in torr. The energy delivered to the
0.2

lamp is stored in the capacitor C. Discharge of the stored energy into the flash lamp is initiated
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by a high-voltage trigger pulse generated by a pulse generator and a step-up transformer. The
trigger pulse applied to a wire wrapped around the tube envelope creates an ionized spark
streamer between the electrodes. The energy stored in the capacitor is then discharged into the
lamp through the inductor L. The pulse duration and pulse shapes are determined by the time
constant of the LC circuit. The lamp extinguishes after the capacitor is discharged. It has been
found that the lifetime of a flash lamp can be significantly increased, and pump efficiency can be
improved if the lamp is pre-ionized in simmer mode. In the so-called simmer mode, a lowcurrent discharge is maintained between the high current pulses. The simmer mode of operation
requires a switching element between the flash lamp and the pulse-forming network (PFN). A
trigger pulse of approximately 20 kV [7] initially ignites the flash lamp. A low-current discharge
of a few hundred milliamps is maintained in the lamp by the simmer supply. Energy storage
capacitor is discharged via a switch such as an SCR. The pulse shape is determined by the PFN,
the switch as well as the flash lamp.The flash lamp is turned off once the capacitor is discharged.
In Nd:YAG lasers, a closed loop water cooling system is also used for cooling of laser
pump chamber with proper controls to maintain almost constant surface temperature of the
Nd:YAG rod and the flash lamp. A secondary refrigeration cooling system cools the water of
primary cooling system via plate type heat exchanger. The primary cooling system is directly
connected to the laser pump chamber through a water pump and a water tank that supplies
chilled water. A high flow rate of water through the pump chamber is achieved using a multistage centrifugal pump. Primary cooling also contains a water filter, a water flow switch, and a
digital temperature controller. Further details of the laser power supply and cooling system can
be found in references [7] and [8].
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1.4 Optical fiber coupling
Optical fibers are used for the beam delivery of Nd:YAG lasers. Optical fiber is made of
silica, central portion of the fiber is called core, which is surrounded with an outer part known as
cladding, which is further surrounded by a coating, and a jacket is also applied as a protective
cover as shown in Fig. 1.7.

Fig. 1.7. A schematic view of optical fiber.

The 'sine' of the acceptance angle of optical fiber is known as the numerical aperture
(NA) of the fiber which depends on the refractive index of core and clad of the fiber and is given
by NA 

n

2
core

2
 nclad

.

For efficient coupling of laser beam through the optical fiber, there are

certain coupling conditions which are given by: (1) focused beam diameter should be equal or
smaller than the core diameter, (2) full angle beam divergence should be smaller than the 2×NA
of the fiber, and (3) beam parameter product (beam radius × half angle divergence) of the laser
beam should be less than the beam parameter product of the fiber (core radius × NA) [28].
During the beam delivery through optical fiber, the major losses, which are encountered, are (1)
losses due to misalignments of focussed laser beam on fiber core, (2) Fresnel refection losses at
each end surface of about 3.5% at the interface of fused silica to air, (3) material specific losses
such as scattering and absorption, and (4) fiber bending losses.
The attenuation of the beam after propagation through the fiber due to the above losses
are measured in dB/km [7]. The losses due to the absorption are negligible for fiber lengths of
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several meters with loss coefficient of typically less than 3 dB/km at a wavelength of 1064 nm.
Bending losses are usually expressed in terms of minimum bending radius of optical fiber and
can be minimized by avoiding small bending radius. In order to increase the laser power for
material processing, especially for welding applications, different fiber delivery channels for
beam addition are also utilized. A widely used method is to superimpose the beams of two or
more independent lasers directly onto the work piece as shown in Fig. 1.8 using several
independent fiber beam delivery channels.

Fig. 1.8. Beam addition of three fiber coupled laser beams on work piece.
Each laser beam is coupled through a single optical fiber with a processing objective at
the fiber exit end. Beam Parameter Product (B.P.P.) of the resulting beam is the sum of the
individual products or more. The spot size on the work piece increases with the cosine of the tilt
angle between the optics [27,28]. A deterioration of the beam quality occurs by the offset angle
between the optics. The kind of beam addition may be helpful for the specific applications for
example in edge welding. However, the best results for the other material processing applications
are achieved by use of a single fiber in place of multiple fiber channels. Multimode single optical
fibers enable efficient delivery of large laser powers with considerable higher coupling efficiency
[28]. The effectiveness of fiber-optic beam delivery system is strengthened by the optimal
selection of its components not only for minimizing beam quality degradation, but also for
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robustness. Further, it is essential, to ensure accurate alignment of laser beam during coupling to
the fiber otherwise damage of end face may occur. Coarse alignment of the beam launch
conditions is carried out by checking the transmitted power through the fiber. Fine alignment can
be obtained by monitoring the beam profile at the exit end of the fiber for higher order modes.
Smaller core diameter (~200 μm) fibers tend to produce less degradation in beam quality. The
spot size of the beam focused at the fiber end is determined by the quality of the laser beam,
focusing optics and numerical aperture of the fiber. For short focal length lenses, selection of
aberration-free optics is an important condition. This is also true for output optics, when small
spot sizes or high irradiances are desired. High power handling requires special connectors that
can withstand back-reflections. These high power connectors avoid the use of components such
as epoxy that are susceptible to heat. Bends in the fiber-optic cable tend to produce higher order
transmission losses. A variety of optics can be utilized to deliver a beam of the required shape
and irradiance to the work-piece. Recent developments in optical materials allow the
manufacture of aberration-free optics, which is particularly useful in the design of short focal
length lenses. With the availability of GRADIUM lenses, it is now possible to obtain very small
focal spots with minimum spherical aberrations and provide more intensity at focus position.
A general review of the study and development of fiber coupled lamp pumped pulsed
Nd:YAG laser is carried out by various researchers [1-12]. However, most of them report the
value of the slope efficiency of laser in the range of 4% to 4.5%. Thermal problems in Nd:YAG
rod not only limit the efficiency of laser but also distort the beam quality in high average power
multimode operation. Poor beam quality limits the beam delivery option of laser beam through
optical fiber. We have focussed our attention on the design of laser pump chamber for effcient
removal of heat load from the laser rod to reduce the thermal problem and enhance its slope
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efficiency up to 5.5% which is on higher side for a lamp pumped pulsed Nd:YAG lasers. We
have also focussed on the design of laser resonator for multi rod configuration for higher output
power and good laser beam quality.
From the literature survey, it is noted that the performance of ceramic Nd:YAG has
competitive advantages and the ability to replace the single crystal Nd:YAG which is currently a
dominating lasing material for the high power laser development [26]. In view of this fact we
have put our efforts for the developement of high power long pulse ceramic Nd:YAG laser.
Further, in our research work, we have also considered the problem of thermal birefringence in
the single crystal Nd:YAG laser rod which degrades the beam quality. In order to compensate
birefringence, some experiments have been performed using simpler and novel optical schemes
for the single and dual Nd:YAG rods resonator.
The other aim of this research work was to develop a more effective and safer laser
cleaning technique using short pulse duration Nd:YAG laser. For example, the cleaning of
delicate and costly gold-coated optics of synchrotron radiation source and also for the cleaning of
metals, stones, marble for industrial, nuclear and artwork applications. Recently, the use of lasers
cleaning for conservation and restoration applications is increasing continuously because of
several advantages of this non-contact cleaning method rather than the conventional cleaning
methods, which carry risks of damage to the substrate material [13-16].
Finally, to achieve good quality cutting, welding or drilling, the process parameters
required optimization for these specific applications. Our efforts on the laser material processing
work using the high peak power pulsed Nd:YAG laser in this thesis highlights the current
research area in this subject.
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Chapter 2
Study and development of high power long pulse Nd:YAG lasers

2.1 Introduction
Lamp pumped Nd:YAG laser with fiber optic beam delivery has proved to be the most
rugged and widely used laser system in industrial environments. It has been exploited
commercially for various material processing applications such as cutting, welding, surface
treatment and drilling [29-32]. Long pulse Nd:YAG lasers with high peak power still depend on
flash lamp pumping in place of diode laser pumping as the long pulse, high peak power
operation of laser diodes is limited to only few hundreds of watts due to the thermal run away
problem [19]. Further, the flash lamp is much more rugged and cost effective than the diode
lasers. In view of its potential laser material processing applications, high power lamp pumped,
long pulse Nd:YAG laser systems are still important in the present scenario and remains an
active area of research and development.
Considerable progress has been made during the past in improving the performance of
lamp pumped, long pulse Nd:YAG laser systems in terms of high power scaling, beam quality,
and efficiency [1,33]. Jiang et al. have recently demonstrated long pulse Nd:YAG laser of 2.02
kW average power and 60 J of pulse energy using four Nd:YAG rods [34]. They have used an
input pump power of 58 kW with four Xe flash lamps and achieved an electrical to laser
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conversion efficiency of 3.49%. Similarly, Yagi et al. [35] have reported the generation of 386
W average power in 5 ms pulse duration from lamp pumped Nd:YAG laser at an input average
power of 16.4 kW and a slope efficiency of 2.3%. They have used a 10 mm diameter and 152
mm long 1.1% ceramic Nd:YAG rod in a samarium doped flow tube and a Xe-filled flash lamp
placed in a gold coated elliptical reflector based pump chamber. The efficiency of their laser
system might be poor due to the fact that they have used Xe-filled flash lamp for pumping in
place of Kr filled flash lamps. Higher slope efficiency can be obtained using Kr-filled flash
lamps as compared to Xe-filled flash lamps because of its better spectral matching with the
Nd:YAG absorption band [7]. Most of the commercially available lamp pumped long pulse
Nd:YAG lasers provide maximum pulse energy in the range of 50 J - 150 J [20-24]. With this
limited pulse energy, the performance of laser, for example weld depth during laser welding is
also limited to about 2-2.5 mm in most of the metals. Hence there is still a need and also scope
for development of long pulse Nd:YAG lasers with higher pulse energy, better efficiency, and
good beam quality.
As we have discussed in Chapter 1, the basic configuration of a long pulse Nd:YAG laser
system consists of a pump chamber containing flash lamp and a Nd:YAG rod, placed in gold
coated or a diffuse reflector for optical pumping. The pump chambers are kept inside an optical
resonator. In general, thermal problem in the lamp pumped Nd:YAG laser rod, limits its
efficiency and degrades the laser beam quality. In our studies, we had analyzed the design of
cooling and pumping geometry of the pump chamber and improved it, to ensure efficient heat
removal for reduction of dioptric power of the thermal lens in the Nd:YAG rod.
The dioptric power of Nd:YAG rod increases linearly with pump power and hence acts as
a focusing element of variable power [8]. As the pump power increases, the stability point for
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resonator moves along a straight line in the stability diagram [27]. Two most commonly used
resonator geometries namely, plane-plane and hemispherical with the similar fundamental mode
spot size within the rod, will provide the same beam quality. However, for a plane-plane
resonator, the resonator stability point passes through the confocal point and it remains stable for
a long range of pump power. Hence it preferable for high average power and long pulse
operation of Nd:YAG laser with multi rod configuration.
In this Chapter, we discuss the issues related to the design and development of flash lamp
pumped long pulse Nd:YAG lasers with high slope efficiency and good beam quality. The slope
efficiency and the pulse energy achieved by us in these millisecond duration Nd:YAG lasers is
much better than the commercially available Nd:YAG lasers of similar ratings. We have
achieved this by designing a laser pump chamber with a suitable cooling scheme, and a stable
resonator configuration for the entire pumping range. Further, the laser resonator was also
designed to provide a good beam quality, accurate and stable alignment and better pulse-to-pulse
stability, so that the laser beam would be efficiently coupled to a small core diameter (~400 μm)
optical fiber for beam delivery. Several material processing applications using these high average
power, long pulse Nd:YAG lasers such as cutting, welding and drilling have been performed.
Some of the potential application areas of these long pulse lasers are the laser welding of
stainless steel, titanium and aluminium for the automotive, aerospace, and vacuum components
industries, and underwater cutting of thick stainless steel for dismantling applications in nuclear
and shipping industries.
In this Chapter, Section 2.2 presents the analysis of laser pump chamber and resonator
configurations of the long pulse Nd:YAG laser. Section 2.3 provides the details of the
experimental set-up for the development of long pulse Nd:YAG laser system. Section 2.4
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provides the study on efficient optical fiber coupling of laser beam and Section 2.5 presents the
results and discussion on the development of long pulse Nd:YAG lasers. Finally, Section 2.6
describes the conclusion of the work.

2.2 Analysis of laser pump chamber and resonator
Thermal effects in laser material is a critical issue for the design of long pulse Nd:YAG
laser system. The part of the pump power, which is converted to heat inside the material, is
considered as a heat source term Q(x,y,z) in units of power per unit volume. The unheated
surrounding, such as air, coolant or any solid-state material, cools the surface of the material, and
due to the heat conductivity of the material k(T), a temperature distribution T(x,y,z) is
established, which is described by [7]

C p .

T ( x, y, z )
 . k (T ).T ( x, y, z )   Q( x, y, z )
t

(2.1)

where ρ is the material density and Cp the specific heat at constant pressure. For high power lamp
pumped Nd:YAG laser operation, effective cooling is required for the rod. This is usually done
with a water coolant flowing along the pumped rod surface. The refractive index profile of the
Nd:YAG rod becomes parabolic because a temperature difference is created between the rod
centre and the rod surface due to the combined effect of the optical pumping and water cooling.
In the simplest case, this pumped rod is equivalent to a thick spherical lens known as thermal
lens. Thermal lensing of the Nd:YAG rod is depends on the design parameters of the laser pump
chamber namely, the geometry of pumping reflectors and cooling scheme of the rod for heat
removal.
Further, important characteristics of the laser such as beam quality factor, output power
and slope efficiency is influenced strongly by the heat removal from the laser rod. In subsection
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2.2.1 and 2.2.2, we focus our study on the design of the laser pump chamber and resonator for
long pulse Nd:YAG laser operation with output average powers up to 1 kW. In high average
power dual rod Nd:YAG laser system, with good beam quality and high slope efficiency, planeplane symmetric resonator configuration has been used, whereas for single rod, Nd:YAG laser,
hemispherical resonator configurations has been selected.

2.2.1 Laser pump chamber design
As discussed earlier, in order to achieve high average power and slope efficiency for
pulsed Nd:YAG laser, the important factor is the efficient cooling of the laser rod. Apart from
this, the pumping geometry of elliptical reflector for efficient transfer of pump light to the laser
rod is also important [7].

Fig. 2.1. A schematic diagram of the laser pump chamber used in experiments.

Fig. 2.2. A schematic of laser pump chamber (front view) and reflector geometry.
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A schematic diagram of the side view of the laser pump chamber, designed for 1 kW long
pulse Nd:YAG laser is shown in Fig. 2.1. The laser pump chamber consists of a 10 mm diameter
and 150 mm length, 1.1% at. Nd3+-doped YAG rod and two 8 mm bore diameter Krypton filled
flash lamps, placed in a double elliptical gold-coated reflector as shown schematically in Fig.
2.2.
The pump chamber is 222 mm long and 70 mm wide and is made of stainless steel (SS
304) because of its beneficial thermo physical properties like corrosion resistance, excellent
toughness and low thermal expansion. The double elliptical reflector is 140 mm long and is also
made of SS 304, and its surface is coated with 10 μm thick gold coating. Its major axis is 2a=32
mm, minor axis 2b=28 mm, distance between the rod and lamp 2c=13 mm with an eccentricity
of e=0.4. In this close coupled type elliptical reflector geometry, the laser rod absorbs pump light
emitted from the flash lamp directly as well as after specular reflection from the reflectors. A
refrigeration cooling system with 20 kW heat load capacity has been used for cooling with
proper regulation and controlling to adapt to the variation of the heat load, environmental
changes, and requirements of maintaining almost constant surface temperature of Nd:YAG rod,
and flash lamp. The coolant water temperature is maintained at 200C for 20 kW heat load. The
secondary refrigeration cooling system cooled the water of primary cooling system via plate type
heat exchanger. The primary cooling system has been directly connected to laser pump chamber
using a water pump and a water tank that supplies chilled water with a maximum flow rate of 50
lpm. Such a high water flow rate was achieved using a multi-stage centrifugal water pump
(Wilo, GmbH). Water flow rate was measured using an ultra-sonic water flow meter (EndreeHanser, Japan). Primary cooling system is also incorporated with a 10 μm size water filter
(Millipore, India), a water flow switch (Switzer, India), and a digital temperature controller
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(Selec, PID 528). The coolant water circulates in a closed loop in the laser pump chamber. Its
heat transfer coefficient h in W/cm2 0K is given by [7,36].

h  10.4 103

( D2 / D1 )0.53
( D2  D1 )( D2  D1 )

0.8

W 0.8

(2.2)

Where D1 is the diameter of the laser rod in cm, D2 is the inner diameter of the coolant flow tube
in cm, and W is the water flow rate in cm3/s. For the value of D1 =10 mm and D2 =14 mm. The
constant value 10.4 × 10-3 in the equation (2.2) has a unit of W.s0.8 /cm2.6 0K. The heat transfer
coefficient h was varied from 1.61 W/cm2 0K to 3.35 W/cm2 0K by water flow rate variation in
the range of 20 l/m to 50 l/m to optimize the heat transfer rate from the laser rod to ensure that
there is no roll-off in the average output power even at the maximum average input pump power.
An efficient heat transfer in the laser pump rod resulted in a higher slope efficiency.
Further, our studies showed that the pump light in the chamber is lost mainly due to the
absorption at the surfaces of the metallic reflector, which results in the reduction of the transfer
efficiency. It was observed that improvement in transfer efficiency is possible by changing the
gold-coated metallic reflectors by diffuse ceramic reflectors. Moreover, gold-coated elliptical
reflectors are based on specular reflection and provide highly directional reflectance and
therefore tend to create ‘hotspots’ in the laser output. On the other hand, in a diffuse ceramic
reflector the diffuse reflection of the flash lamp light, averages out the pump light and provides
uniform pumping. During last two decades, several reports have been published concerning
Nd:YAG laser operation using ceramic reflectors, but most of these are related to CW operation
of Nd:YAG lasers [37,38].
We report studies and developement of ceramic reflector based, long pulse fiber coupled
Nd:YAG laser system with 494 W of average output power and 10 kW of peak power. The
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ceramic reflectors used in laser pump chambers are made of an advanced material called ‘Sintox
AL Alumina’, (Supplied by Morgan Ceramics, UK) which is a high purity ceramic material
(99.7% Alumina) that works particularly well for pumping of Nd:YAG laser rod. Sintox AL
alumina shows reflectance figures in excess of 98% over the wavelength range of 500 nm-2000
nm [39]. These reflectors are also glazed to enhance the reflectivity and to seal the porosity. A
comparison between ceramic and gold-coated reflector based laser pump chambers for similar
input pump power is also carried out. For ceramic reflectors, no corrosion/erosion problems were
found to occur and it is expected to provide longer lifetime of operation as compared to goldcoated reflectors although the cost of the ceramic reflectors is about 2.5 times higher than that of
the gold-coated reflectors. For example, in our lab ceramic reflector is still working in long pulse
Nd:YAG laser operation for more than five years without any output power degradation.
In general, in the laser pump chamber of most of the commercial flash lamp pumped
Nd:YAG laser system, flash lamp and the laser rod are kept at the two foci of an elliptical goldcoated metallic reflector. As the transfer of pump light from gold-coated reflectors to the laser
rod is primarily by specular reflection the transfer efficiency is proportional to the ratio of rod
and lamp radii (rR / rL). However, in some cases, in order to achieve a good laser beam quality, it
is necessary to keep the laser rod radius is smaller than the pump lamp radius. In this case, the
transfer efficiency is poor for the gold-coated reflectors. This problem of poor efficiency can be
overcome in our experiment by using diffuse ceramic reflectors as the reflection of radiation by a
diffuse ceramic reflector is uniform and hence the transfer efficiency does not depend on the
ratio (rR / rL). A schematic of the geometries of gold-coated and the ceramic reflector is shown in
Fig. 2.3. A 10% samarium oxide doped glass plate is inserted between the lamp and the rod to
absorb the unwanted UV radiation from the lamp, which may create colour centres in the rod. In

24

addition, the Samarium doped glass filter enhances pumping efficiency by absorption of UV
radiation and re-emission in the pump bands of Nd:YAG rod.
Lamp
dia.10mm

Rod
Rod
dia.8mm dia.10mm

CERAMIC REFLECTOR

GOLD REFLECTOR

Fig. 2.3. Schematic of the shapes of ceramic and gold-coated reflectors.
The ceramic reflector used in the experiments has a close-coupled rectangular geometry with 30
mm × 15 mm cross-section and 7 mm wall thickness. The important physical parameters of this
Sintox AL ceramic (Morgan ceramics, UK) material are listed in Table 2.1.

Table 2.1: Some important physical properties of Sintox AL ceramic

In the ceramic reflector based laser pump chamber, we have designed a flooded typecooling scheme for efficient cooling of the laser rod [40]. In this scheme, the laser rod, flash
lamp, samarium filter, and reflectors are fully immersed in water. A closed-loop water chiller
unit providing 50 l/m of water flow rate at 200C has been used. Heat transfer coefficient h for the
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flooded cooling scheme is calculated from the Nusselt number (Nu), which is a function of the
Reynolds number (Re) as given by [41]

Nu  hD / k  0.023Re0.8 Pr1/3

(2.3)

Here, k is the thermal conductivity of the water and Pr is the Prandtl number. The duct of the
laser pump chamber for water flow was rectangular in shape and is divided in two equal
rectangular subsections angle by a samarium filter as shown in Fig. 2.3. Its hydraulic diameter is
calculated as D=4A/Pw. Here, A is the cross section area and Pw is the wetted perimeter of the
rectangle given by PW=2(a+b). For the values of two half sides of rectangle a/2=1.5 cm,
b/2=0.75 cm, the area of subsection of rectangular duct is A=1.12 cm2, perimeter Pw=4.5 cm and
D=0.99 cm. During turbulent flow of water in flooded type of laser pump chamber, the Nusselt
and other calculated numbers are Nu=150, Re=29870, Pr=7.35, k=0.569 (W/m0K), h=9800
(W/m2 0K). With these optimum values of different numbers, an efficient heat transfer coefficient
was achieved in the laser pump chamber, which resulted in high slope efficiency.These ceramic
reflectors have been tested successfully up to 5 kW pump power, as we will discuss later in
section 2.5.2. Our studies show that ceramic reflectors are more cost effective as compared to the
gold-coated reflectors. Their initial cost is higher but these ceramic reflectors provide a good
laser beam quality with high slope efficiency and also have a longer operating life.

2.2.2 Laser resonator design
A plane-plane symmetric stable resonator was designed for the dual Nd:YAG rod, high
average power and long pulse laser operation. The maximum output power from a single laser
rod is limited by the maximum input pump power due to thermal fracture limit of Nd:YAG rod.
Further output laser power can be increased by placing two or more laser rods (optically in
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series) with d:2d:d (lens like imaging) configuration in the resonator The distance (d) between
the plane mirror and the principal plane of the rods was optimized such that the resonator
remains stable for the whole range of input pump power. For 1 kW average power Nd:YAG
laser, the arrangement of the laser pump chamber in the laser resonator is shown schematically in
Fig. 2.4. The rear mirror was taken as reference for round trip ABCD matrix calculations, which
is given as
 A B   1 d  1



 C D   0 1  1/ f

0  1 2d  1


1  0 1  1/ f

0  1 d  1 d  1



1  0 1  0 1  1/ f

0  1 2d  1


1  0 1  1/ f

0  1 d 


1  0 1 

Fig. 2.4. A schematic of the laser resonator of 1 kW average power long pulse laser
using two Nd:YAG rods.

Fig. 2.5. A schematic of the equivalent resonator using two Nd:YAG rods.
The equivalent resonator consists of two flat mirrors with two internal lenses of focal
lengths (f) as shown in Fig. 2.5. The stability condition for the resonators with the resonator
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parameters g1 and g2 can be expressed by 0<g1g2<1. The value of g1g2 is related with the
elements of round trip matrix by

g1 g2  ( A  D  2) / 4

(2.4)

It was observed that for an optimum distance of d =27 cm, for 1 kW average power and d =20
cm for 500 W average power, the resonator remains stable for the whole range of input pump
power. The thermal refractive power (Df) or the overall thermal focal length (f) of the uniformly
pumped laser rod can be calculated by [7]
f 

r (n  1) 
1
kA  1 dn
 
 C( r , ) n03  0 0

Df
Ph  2 dT
L


1

(2.5)

where, Ph is the thermal power dissipated in the laser rod of cross sectional area (A) and length L,
n0 is the index of refraction, k is the thermal conductivity of the laser rod and r0 is the rod radius,
α is the coefficient of thermal expansion. Cr and C are the radial and tangential polarization
dependent elasto-optical coefficients of Nd:YAG rod. Thermal power dissipation in the rod (Ph)
is proportional to the electrical input power (PE) from the flash lamp as given by PE=K0I3/2tpfp,
here, K0 is the lamp impedance parameter having a value of 18 for the flash lamps used in our
experiments, I is lamp current, tp is pulse duration and fp is pulse repetition rate. It has been
mentioned in reference [42] that the value of Ph can be in the range of 5-10%. Thus, in order to
calculate the thermal focal length in the laser rods, the value of Ph was selected as 10% of PE.
The experimental value of thermal focal length matched well with the calculated focal length for
this value of Ph. The lamp current (I), pulse duration (tp), and repetition rate (fp) can be varied
using a microcontroller based power supply. For a plane-plane symmetric resonator, the beam
radius (w0) of the fundamental mode is related with the distance (d) and the thermal refractive
power of the laser rod (Df) by [42,43]
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w02 

2d 
1
.

dD f (2  dD f )

(2.6)

Measured value of w0 is slightly higher than calculated values for different values of pump
power since it depends on thermal focal length f and experimentally measured value of f are
slightly higher than the calculated values as per Eq. (2.5). This may be due to samarium filter
flow tube/plate, which reduces the effective heat load in the laser rod by cutting-off the UV
radiation of the flash lamp and increases the value of f and subsequently w0. The beam quality
factor (M2) of the laser beam in a plane-plane symmetric resonator can be calculated by using the
following expression [42]
2

 r  r 2
M   0   0 .[dD f 2  dD f ]1/2
 w0  2d
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(2.7)

The pulse-to-pulse stability (PTPS) is also an important factor in the laser resonator design with
respect to laser welding applications and is given by

PTPS (%) 

Emax  Emin
100
Eavg

(2.8)

The PTPS gives for a given number (for example 1000 pulses in our experiment) of pulses the
percentage spread in energy difference of the highest and lowest value normalized to the average
energy in these pulses. A small spread in the pulse energy from the average value demonstrates a
good and stable resonator and is beneficial for laser material processing.

2.3 Experimental set-up of long pulse Nd:YAG laser
A dual rod laser system was made using two identical laser pump chambers arranged in a
single laser resonator. Each pump chamber contains a 1.1% atomic doped Nd:YAG rod (Laser
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Material Inc., USA). Both the ends of the Nd:YAG rod are plane-parallel and antireflection (AR)
coated for 1064 nm wavelength, whereas cylindrical rod surface is grounded. The YAG rod is
pumped over a length of 136 mm by two-cerium doped, Kr-filled flash lamps (Heraeus
Noblelight, UK) for 1 kW average power laser and by a single flash lamp for the 500 W average
power laser. The cerium doped flash lamps absorb UV and re-emits blue fluorescence. These
lamps operate in simmer mode and are triggered by individual power supplies and serial
transformers. However, after triggering, all the lamps are fired synchronously by a single
controller for generation of high-energy laser pulses. Expected lifetime of the lamps, as
calculated from data sheet of Heraeus Noblelight is 2×109 shots at the maximum pump pulse
energy of 3740 J with 40 ms pulse duration. The laser rods were kept in 10% samarium doped
glass flow tube (Kigre, USA) of 16 mm outer diameter and 1 mm wall thickness. The resonator
consists of ~99.8% reflective plane rear mirror and 40% plane output mirror. An aperture of 10
mm diameter has been placed between the two laser rods to filter out higher order modes. The
laser pump chambers were cooled with identical closed-loop de-ionized water chillers having
water flow rate of 50 l/m at 200C temperature.

For 500 W and 1 kW average power lasers two modules and four modules of pulsed
power supplies were used, respectively. A single controller was used in each case to
synchronously drive the flash lamps. All these flash lamps have been connected electrically in
parallel. The pulse power supplies can provide maximum average electrical input pump power of
5, 10 and 20 kW for 250 W, 500 W and 1 kW laser, respectively. The current variation from
100-300 Amp, pulse duration varies from 1-40 ms and repetition rate from 1-100 Hz with
rectangular current pulse shape. Although the average electrical input to each lamp is rather
large, care was taken that the absorbed pump power per unit length of laser rod in our laser
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system is less than 150 W/cm, which is the maximum pump power limit of Nd:YAG before
fracture [9].
For experimental measurement of thermal focal length f of each rod, an expanded and
collimated He-Ne red laser was passed through the Nd:YAG rods under the flash lamp pumping.
The minimum focal spot of the thermal lens was measured using a CCD camera. The distance
between the one of the principal plane of the laser rod to the location of this focal spot is defined
as the thermal focal length f. The beam quality factor M2 was measured using a standard knifeedge method [27]. The knife edge was moved through the laser beam by means of a translation
stage. The positions x1 and x2 of the translation stage at which the average power becomes 90%
and 10% of the total average output power are recorded. The beam diameter d0 is then calculated
using the relation d0=1.561│x1- x2│. The M2 was calculated by focusing the laser beam using a
plano-convex lens of focal length 200 mm. The measured beam diameter near the focal plane
was plotted to calculate the M2 at various locations. The M2 measurements were carried out by
measured a 4% reflection of the laser beam using a wedge plate. Further, the average output
power was measured by expanding the beam to a diameter of ~20 mm. The output power up to
500 W was measured using an air cooled thermocouple based power meter FL500A-LP1 (Ophir,
Israel). The further higher output power (> 500 W) was measured using another water cooled
high rating power meter W-6000 (Laser point, Italy). The single pulse energy of the laser beam
was measured by means of an energy detector QE50ELP-H-MB-DO (Gentec, Canada). For this
a fraction of the laser pulse energy was used which was obtained using a 50% reflectivity mirror
at 45 angle of incidence in the beam path and then further taking ~4% sample of the reflected
beam energy using a wedge plate.
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2.4 Study on optical fiber coupling and time-shared beam delivery
For an ideal single mode Gaussian beam the value of M2 is equal to 1, while for a
multimode beam the value of M2 is ≥1. The beam quality factor (M2) characterizes, in general by
the smaller the value of M2 the smaller is the focal spot diameter of the laser beam. The Beam
Parameter Product (B.P.P.) is related with M2 by [27]
B.P.P.  wm .m   ( / ).M 2

(2.9)

Here, wm is the beam radius and θm is the half angle divergence for the multimode beam. It is
essential that the laser beam quality of long pulse Nd:YAG should be such that it can be
efficiently transmitted through a small core diameter silica-silica optical fibers, which is possible
only if the laser beam parameter product is smaller than the fiber parameter product (core radius
× NA) [28] where, NA is the numerical aperture of the fiber. Thus, selection of the fiber for fiber
optic beam delivery depends on laser beam quality. The optical damage threshold of pure silica
is about 10 GW/cm2, but it was observed experimentally that the damage threshold depends on
fiber end surface preparation (polishing) on both ends. Due to this in general the surface damage
threshold is lower than the bulk damage threshold. In order to launch the light beam into the fiber
core, the maximum permissible angle between the light ray and the fiber axis is determined by
the acceptance angle θmax as shown in Fig. 2.6.

Fig. 2.6. Schematic of the fiber input end with coupling lens.
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The sine of the acceptance angle is related with the numerical aperture (NA) of the fiber
and is given by θmax=sin-1(NA). The laser beam quality obtained in our lasers was adequate to
ensure efficient coupling of 1 kW, 500 W and 250 W long pulse Nd:YAG laser beams to the
600, 400 and 200 μm core diameter fiber respectively. Because as we inceases the pump power
of laser rod for higher output power exit, the laser beam quality degrades due to higher value of
thermal focal power of the rod and its difficult to couple high power laser beam in to smaller
core optical fiber (Eq. 2.7). The measured power transmission efficiency of this fiber coupling is
as high as 90%. These optical fibers are step index type having a value of numerical aperture of
0.22. For the fiber coupling in 600 and 400 μm core diameter fiber, fused silica plano-convex
lens of focal length 35 mm is used in our experiment. In case of standard spherical lenses, due to
the spherical aberrations, tight focusing of laser beam is difficult. As a result, the coupling
efficiency is reduced. Further, it is difficult to launch high power laser beams through smaller
core diameter optical fibers due to coupling of light in cladding region and hence damage of
outer coating and jacket. To overcome this issue, for the efficient and damage free coupling of
high power laser beam in small core diameter (200 μm) optical fiber, GRADIUM lens
(manufactured by Light Path Technologies, USA) were used in place of standard spherical fused
silica lenses.

Fig. 2.7. Schematic of focusing by (a) standard fused silica (b) GRADIUM lens.
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The GRADIUM lenses are made from axial gradient index glass and reduce spherical
aberrations as well as focal spot diameter as compared to the fused silica lens shown
schematically in Fig. 2.7. The material of GRADIUM lens is doped with lead oxide. The lead
oxide concentration varies within the glass to create a smoothly variable refractive index gradient
between 1.65 and 1.8 across the profile and thus corrects the spherical aberrations. The large
range in Δn provides a substantial ability to correct aberrations, especially spherical. In our
experiment, for the fiber coupling of 250 W average power laser beam a GRADIUM lens of 22
mm focal length and 12.5 mm diameter have been used. The optical fiber was a step index type
with 200 µm core diameter and 0.22 NA. The optical fiber input and output end face was
prepared using a multimode fiber cleaver (Vytran, USA) to avoid damage of the fiber end face at
high pulse energies. The input end of the optical fiber was held in a water cooled fiber holder
mount having alignment facilities in x, y and z direction, as shown in Fig. 2.8.

Fig. 2.8. A view of the input end optical fiber holder and lens mount.
Two such optical fibers were used in two seperate fiber holders for the beam delivery on
time-sharing basis. In industry, it is often required to carry out different material processing
applications at various locations or workstations. For example, at one workstation it may be
required to go for profile cutting on a CNC table and at another for spot welding. In such
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applications, a single laser system with two or more time-shared fiber optic ports is highly useful
and economical. Just by switching the laser beam to different fiber ports, different applications
can be easily performed without changing the material processing nozzle or using another laser
system. Time-shared fiber optic beam delivery in many commercial laser systems uses either
mirror rotation to switch the beam to different fiber ports or a manual plug-in and pre-aligned
technique for port selection [44,45]. Mirror rotation technique requires a precise control on
angular movement of mirror and accuracy in positioning the mirror for port selection.We have
developed a simple electronically controlled fiber port selection method, which does not require
precision motors for mirror positioning and costly optics.
A beam alignment system, consisting of a kinematic mount and bending mirror holder is
designed for the time-sharing operation. The design ensures that the alignment of mirror for best
coupling of the laser beam with the fiber and does not change even after repetitive removal and
replacement of the kinematic mount. The electronic control for fiber port selection consists of a
mechanical slide on which a 450 bending mirror has been mounted. These mechanical slide is
rigidly fixed on a laser head base as shown in Fig. 2.9. The schematic of 250 W average power
Nd:YAG laser system with time shared fiber optic beam delivery using 450 bending mirror is
shown in Fig. 2.10.

Fig. 2.9. A view of two port motorized time shared fiber port selection mechanism.
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Fig. 2.10. Schematic of Nd:YAG laser with time shared fiber optic beam delivery.

A DC motor is used to move the slide in forward and reverse directions as shown in Fig.
2.9. Linear slide has a straight-line accuracy of 10 μm with a repeatability of 2 μm. Roller
bearing of linear slide moves in a double V-groove to achieve high accuracy both in the linear
and angular movements. At the time of port selection, a shutter automatically blocks the beam
path in the resonator for safety and as soon as the port is selected, it can be opened to allow the
beam. Total time for positioning of any of the mirrors in the beam path is 30 s. The stability of
the alignment of different time-shared fiber optic ports was recorded by switching the laser beam
to different ports for a number of times and measuring the output at the exit fiber end. It was
found that power stability between different fiber ports was better than 1.5% indicating reliable
switching between the fiber ports. For the comparison of the performance and reliability of the
different time-shared fiber optics ports, some material processing experiments was also
performed. This motorized port selection technique is highly useful in remote operations, at
different locations, when the laser is kept far away from the workstations.
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2.5 Results and discussion
2.5.1 250 W average power laser
In this section, we will discuss the experimental results for the development of long pulse
Nd:YAG lasers of different average power levels. Fig. 2.11 shows a view of 250 W average
power pulsed Nd:YAG laser system using a single Nd:YAG rod and single flash lamp. The
performance of this 250 W average power laser was evaluated with and without samarium
spectral filter between the rod and lamp. It was observed that, without samarium filter the
measured thermal lens power was 0.4 Dioptre/kW and with samarium spectral filter, the
measured thermal lens power was reduced to 0.34 Dioptre/kW which is better for improving the
laser beam quality. For the whole range of input pump power (from 0- 5 kW) the resonator
remains within the stability region. The power of thermal lens of laser rod changes from 0 to 1.7
Diopter in this pumping range.

Fig. 2.11. A view of 250 W average power laser system with two time shared fiber
optic port for beam delivery.
The pulsed power supply used to pump the flash lamp is able to provide a maximum average
electrical input power of 5 kW with a temporaly recatangular current pulse in the range 50-300
Amp, pulse duration in the range 1-20 ms and repetition rate in the range 1-200 Hz. Electrical
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input pump energy to the flash lamp is given by Eelec=K0I3/2tp, where K0=18 is flash lamp
constant, I is electrical current and tp is pulse duration. Three different resonator configurations
were studied with the same fundamental mode spot size of 0.55 mm within the rod in each case
and hence the same expected beam quality. The three studied cases are as below:
Case1: R1=3m, R2=, d1=55 cm, d2=13.5 cm, with passive resonator g-values g1=0.817, g2=1
Case2: R1=5m, R2=, d1=50 cm, d2=13.5 cm, with passive resonator g-values g1=0.9, g2=1
Case3: R1=, R2=, d1=45 cm, d2=38 cm, with passive resonator g-values g1=1, g2=1
Table 2.2 shows the pulse-to-pulse stability and output laser energy for all the three cases
with different electrical input pump energy. The output laser energy and pulse-to-pulse energy
stability were measured using a pyro-electric energy meter and a display, which is able to hold
data for 500 pulses.
Table 2.2: Pulse-to-pulse stability (energy stability) according to Eq. 2.8 and average output
pulse energy for different configuration of resonator of 250 W average power Nd:YAG laser.

It is observed from the Table 2.2 that the laser pulse energy and pulse-to-pulse stability is
best in case 1 (hemispherical configuration) and worst in case 3 (plane-plane symmetric
configuration). It is expected because stability points in the gstability diagramme lie near the
marginal stable region in the plane-plane resonator as compared to hemispherical resonator [7].
Hence, hemispherical resonator configuration with one curved mirror is preferred for the single
rod resonator in place of plane-plane symmetric resonator for better pulse-to-pulse stability.
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Thus, for the material processing applications of 250 W average power laser, where pulse-topulse energy stability is important, the resonator design should ensure that its stability point is
well within the stable region in the hemisherical resonator [46,47].
Fig 2.12 shows a comparison of average laser output power with and without spectral
conversion of lamp radiation using samarium filter for 250 W lasers. In case of spectral
conversion (with samarium filter), the output power increases linearly with pump power up to
the maximum available pump power of 5 kW. A maximum average output power of 270 W has
been achieved without any drop in average output power with increase in pump power. The
threshold average input pump power was 130 W in this case. However, in the absence of a
samarium filter (no spectral conversion) a drop in the output power is observed beyond an
average output power of 174 W indicating that in this case, the resonator reaches its limit of
stability earlier due to higher thermal load. The threshold average input pump power in this case
is 170 W. Composite effect of spectral conversion of flash lamp radiation and water flow
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optimization resulted in an improved beam quality from 30 mm.mrad to 15 mm.mrad.
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Fig. 2.12. Average output power as a function of average input pump power for
single rod 250 W laser.
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Fig. 2.13 shows a variation of the measured beam parameter product with an increase in
the input pump power. The Beam Parameter Product (BPP) is maximum and the beam quality is
poorest at an input pump power of about 3 kW, and then the BPP is decreasing on both sides of
this input pump power. With this beam quality, the laser output beam has been transmitted
efficiently and reliably through a 150 m long 400 m core dia optical fiber of 0.22 NA with a
transmission efficiency of more than 90% for the whole range of pump power. The 10% loss in
the transmission may be accounted for 4% Fresnel reflection losses from each fiber end and
about 2% as attenuation and coupling loss through a long fiber.
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Fig. 2.13. Variation of BPP as a function of average input pump power.
For laser material processing applications, at the fiber exit end the laser beam is first
collimated using a plano-convex lens and is then focused using another lens with a desired
imaging ratio. The focused spot size on the job depends on the imaging ratio, i.e., the ratio of
focal lengths of the collimating and the focusing lenses. We have designed focusing objectives at
the exit fiber end of various diameters in the range of 40 mm to 12 mm and various imaging
ratios in the range 1:3 to 1:0.5 depending on the desired application and focused spot size. Using
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this 250 W average power laser system, cutting of ~14 mm thick stainless steel (SS) sheets and
welding of SS with a weld depth of penetration up to 2 mm has been achieved [48].

2.5.2 500 W average power laser
Fig. 2.14 shows a table-top view of 500 W average power pulsed Nd:YAG laser system
having two ceramic reflector based laser pump chambers in the laser resonator. Table 2.3 shows
theoretically calculated values of thermal focal length of Nd:YAG laser rod (diameter 8 mm ×
length 150 mm).

Fig. 2.14. A view of 500 W average power laser system and experimental set-up
(left) and ceramic reflector (right).
A comparison of experimentally measured values of thermal focal length of Nd:YAG rod
for different values of input pump power with ceramic and gold coated elliptical reflector is also
shown in the Table 2.3 [49]. For the 500 W average power Nd:YAG laser, the measured values
of the thermal focal length of Nd:YAG rod with gold coated reflector was found to be lower than
that with the ceramic reflector. Difference in thermal focal length is due to the difference in
pumping geometry for the gold-coated and ceramic reflectors. Due to the specular reflection
from gold-coated elliptical reflector, optical pumping of Nd:YAG rod becomes non-uniform,
which causes a slight decrease in its thermal focal length. On the other hand, with diffuse
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ceramic reflector, optical pumping is uniform due to diffuse reflection results in slightly higher
value of thermal focal length.
Table 2.3: Calculated and measured values of thermal focal length for gold-coated and
ceramic reflector based Nd:YAG rod (ϕ 8 mm × 150 mm) for different input pump power .
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Fig. 2.15. Variation of M2 as a function of input pump power for gold and ceramic
reflector based 500 W average power Nd:YAG laser.
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Fig. 2.15 shows a variation of beam quality factor M2 as a function of input pump power
for ceramic and gold-coated reflector. It is clear that the value of M2 is improved with ceramic
reflector, because of lower value of thermal refractive power of laser rod with ceramic reflector.
Hence, the value of fundamental mode spot size is higher with ceramic reflector as compared to
that for gold-coated elliptical reflector. As we have discussed earlier, a lower value of the M2
corresponds to a better beam quality of the laser in multi mode operation. For 500 W average
powers, the maximum measured value of M2 was 52 in our experiment for gold-coated reflector,
which improved to a value of 45 for ceramic reflector. In addition, laser beam profile
measurement using a CCD camera (Wincam-D, Gentec) at the maximum input pump power (10
kW) shows that the beam profile of Nd:YAG laser with ceramic reflectors is smoother compared
to the beam profile obtained using gold-coated elliptical reflector as shown in the Fig. 2.16. This
can be explained by the fact that the distribution of absorbed pump power is more uniform in
case of ceramic reflectors as compared to the gold-coated reflector since in case of gold-coated
reflectors hot spots may be generated due to the specular reflection.

(a)

(b)

Fig. 2.16. 3D view of laser beam profile (a) ceramic reflector based Nd:YAG laser shows
smoother profile (b) gold-coated elliptical reflector based Nd:YAG laser shows some peaks.

Figure 2.17 show variation of average laser output power as a function of electrical input
pump power for the ceramic and gold-coated reflector based 500 W average power Nd:YAG
lasers in the dual rod plane-plane symmetric resonator configurations. It shows that the average
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output power and efficiency was slightly higher for the ceramic reflector as compared to goldcoated reflector. This is due to the fact that the gain of the laser medium is slightly higher with
ceramic reflectors due to the uniform pumping and the threshold of laser was also reduced
slightly. A maximum average output power of 500 W has been achieved with 5.14% slope
efficiency for 10 kW average electrical input pump power (5 kW in each rod) in case of ceramic
reflector based Nd:YAG laser. The threshold input average pump power was 144 W. Whereas, in
case of gold coated elliptical reflector based Nd:YAG laser, a maximum average output power of
478 W was achieved for the same average electrical input pump power with a slope efficiency of
4.85%. The threshold input average pump power was 272 W.
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Fig. 2.17. Variation of average output power with average input pump power
for ceramic and gold coated reflector based Nd:YAG lasers.
Further, we have compared two different water-cooling schemes in ceramic reflector based laser
pump chambers as shown in Fig. 2.18. In scheme A, water flows through the rod and the flash
lamp simultaneously in the pump chamber. In scheme B, water first cools the flash lamp and
then goes through the rod in series. The flow pattern was made U-shaped in scheme B and it was
found to cool both lamp and rod more effectively as compared to scheme A.
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Cooling scheme A

Cooling scheme B

Fig. 2.18. Two different cooling schemes of ceramic reflector based Nd:YAG laser.
Figure 2.19 shows that because of better cooling rate in scheme B, average output power
increases almost linearly with the input pump power without experiencing any drop in power as
compared to scheme A, where cooling was not effective at higher pump power. Better cooling
rate in scheme B is due to higher water flow rate over the laser rod, resulting in better heat
removal. In scheme A the threshold input average pump power was 294 W and in scheme B the
threshold input average pump power was 272 W.
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Fig. 2.19. Output power variation with input power for ceramic reflector in scheme A & B.
Output laser beam of the 500 W average power laser system was efficiently and reliably
coupled through an optical fiber of 150 m length, 400 μm core diameters and 0.22 NA, with a
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transmission efficiency of more than 90% for the whole range of pump power. The ceramic
reflector based laser is found highly suitable for material processing applications. Some of the
potential applications of this 500 W average power laser are cutting of thick section stainless
steel for the automotive, nuclear, shipping and heavy machinery industries.

2.5.3 1 kW average power laser
Figure 2.20 shows a table-top view of 1 kW average power pulsed Nd:YAG laser system
and Figure 2.21 shows variation of thermal focal length of the Nd:YAG laser rod (diameter 10
mm × length 150 mm) as a function of input pump power up to 10 kW pump power for this
laser.

Fig. 2.20. A table-top view of 1 kW average power pulsed Nd:YAG laser system.

It is found that the experimentally measured value of the thermal focal length of Nd:YAG rod is
slightly higher than the calculated value. This may be due to the use of samarium filter flow tube
on the rod, which reduces the effective heat load in the rod by cutting-off UV radiation from the
flash lamp.
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Fig. 2.21. Variation of measured and
calculated thermal focal length (f) with
variation in average input pump power for
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Fig. 2.22. Variation of g1g2-parameter of the
resonator with variation in average
electrical input pump power showing
stability of resonator.

The beam quality factor M2 was measured for the maximum pump power of 10 kW per rod, and
its value was M2~91 for the multimode operation. This value of the beam quality was suitable for
laser beam delivery through a 600 μm core diameter and 0.22 numerical aperture optical fiber for
the entire range of pump power. Figure 2.22 shows a plot of the values of g1g2 calculated from
the ABCD round trip matrix using the measured values of thermal focal length f for different
values of electrical input pump power. It shows that the resonator remains stable for a wide range
of the average electrical input pump power from 0-10 kW in each rod.
The average output power of dual rod Nd:YAG laser system was measured for different values
of heat transfer coefficient h as shown in Fig. 2.23. Heat transfer coefficient (h) was varied by
increasing the coolant water flow rate in the range of 20 - 50 l/m. At the lower value of water
flow of 20 l/m providing h=1.61 W/cm2 0K, the variation of laser output power did not remain
linear at higher input pump power due to inefficient heat removal from the laser rod. Whereas,
for the higher value of water flow rate of 50 l/m providing h=3.35 W/cm2 0K, the laser output
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power varies almost linearly with input pump power. It indicates better heat load removal at
these values of water flow rate. This flow rate was found to be optimum and safe for the
operations of the laser. However, at higher flow rates of water beyond the optimum value,
erosion of gold coating of elliptical reflectors was observed.
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Fig. 2.23. Variation of average output power with average input pump power for
different values of heat transfer coefficients (h) for dual rod Nd:YAG laser resonator.

(a)

(b)

Fig. 2.24. (a) Temporal evolution of the laser beam (b) Spatial profile of the laser beam.

48

Figures 2.24 (a) and (b) show the typical temporal evolution, and spatial profile of the
laser beam at the maximum average input pump power of 10 kW. The temporal evolution of the
laser was measured at 40 ms pulse duration using a broadband photodiode (New focus make)
with an RG 850 filter (Coherent make), and a 1 GHz oscilloscope (Lecroy make). On the other
hand, the spatial laser beam profile was measured at maximum pump power using a CCD camera
(Wincam-D, Gentec).
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Fig. 2.25. Variation of single shot pulse energy with pulse duration at 300 A of flash lamp
current.
Figure 2.25 shows variation of single shot pulse energy for the dual rod symmetric laser
resonator, which shows a linear variation of pulse energy up to a pulse duration of ~22 ms with a
some drop in the linearity for longer pulse durations (up to 40 ms). A maximum pulse energy of
540 J was achieved at 40 ms pulse duration [50]. Further, pulse energy of 402 J was measured at
20 ms pulse duration, which is equivalent to 20 kW peak power. This peak power is highly
suitable for laser welding applications. The marginal saturation in pulse energy for pulses which
are longer than ~22 ms is due to the fact that at higher average input pump power and higher
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pulse duration, the resonator stability point moves to the boundary of the stability diagram and
reaches close to marginally stable points. In this case some higher order modes filter out from the
resonator, resulting in reduction in the single shot pulse energy for longer pulses (> 22 ms).
Maximum average pump power to each lamp is 5 kW and each lamp has been pumped by
3740 J of maximum pulse energy in 40 ms duration to achieve 540 J of laser pulse energy in a
single pulse. This corresponds to the operation of this laser at 1.4 Hz of repetition rate at the
maximum pulse energy of 540 J with 40 ms pulse duration. The slope efficiency for the average
power of up to 1 kW with pulse duration up to 20 ms is 5.4% (Fig. 2.25) and reduces slightly for
pulses larger than 20 ms pulse duration due to filtering of higher order modes as expained earlier.
Pulse-to-pulse stability was also measured for 1000 pulses and it was found that the pulse-topulse stability is better than ±3% for maximum output pulse energy of 540 J.
Some of the potential applications of this 1 kW average power system are the laser
welding of titanium and aluminium for the automotive, nuclear, aerospace, and vacuum
components industries. Using this laser system, 4 mm deep penetration welding has been
performed in titanium and aluminium under optimized conditions of output power, pulse energy,
and pulse duration. Laser drilling in rocks is also performed with this 1 kW average power laser
system that we will discuss in detail later in Chapter 6.

2.6 Conclusions
In conclusion, design, fabrication and demonstration of highly efficient long pulse
Nd:YAG lasers of 1 kW, 500 W, and 250 W average powers have been carried out.
Improvement in laser beam quality and slope efficiency by appropriate design of the laser pump
chamber and resonator with a slope efficiency of more than 5% was also achieved. This
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efficiency is one of the highest achieved efficiency for lamp pumped Nd:YAG lasers operated in
the long pulse duration regime. The laser beams have been efficiently transmitted through a 0.22
NA silica-silica optical fiber with a transmission efficiency of more than 90% in the whole range
of operation. A simple motorized fiber port selection technique has also been developed for
material processing using several time-shared work stations. This long pulse Nd:YAG laser can
be effectively used for material processing applications such as cutting of thick section of
stainless steel and deep penetration welding of titanium, aluminium and stainless steel.
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Chapter 3
Performance study of ceramic Nd:YAG rod for generation of long
pulse and high average power laser output

3.1

Introduction
Importance of high average power millisecond (ms) pulse duration Nd:YAG lasers in

various industrial and scientific applications [2,50-53] has already been discussed in Chapter 2.
In these lasers, single crystal Nd:YAG rods are the most widely used laser material. However,
single crystal Nd:YAG rods are grown by conventional Czochralski (Cz) method and has its own
insurmountable disadvantages such as expensive and time-consuming crystal growth process,
limited size, and low doping concentration of Nd3+-ions [7]. Although, it is easy to fabricate
large size of Nd:Glass with high concentration, but its thermal conductivity and gain is quite
poor and hence laser efficiency is not satisfactory compared to single crystal Nd:YAG for CW or
high repetition rate pulse operation. Novel ceramic Nd:YAG material combines the advantages
of single crystals and glasses. Ceramic rods have good thermal, mechanical, and spectral
properties (like crystalline laser materials) and can be made in large sizes with high doping
concentrations (like laser glasses) [54].
However, the major advantage of ceramics over single-crystals is its simple fabrication
process. To grow single crystals, the process is complicated and slow at melting temperatures
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above 2000°C. Further, it can take several weeks to grow single-crystals by melting the raw
materials and their growth requires expensive iridium crucibles. For ceramics, it is usually only
necessary to heat up the raw materials to two thirds of the melting temperature. Further, single
crystals also suffer from limited doping concentration and composition, whereas powder based
processing technique for ceramic provides higher flexibility in doping concentration and
composition. Thus, in comparison with single crystal Nd:YAG, these ceramic Nd:YAG laser
material has several advantages, such as: (1) Ease of fabrication; (2) Less expensive; (3)
Fabrication of large size and high neodymium concentration; (4) Multi- layer and multifunctional ceramic structure; (5) Mass production, etc.
In view of these advantages, polycrystalline Nd:YAG ceramic lasers have received much
attention recently as the quality of Nd:YAG ceramics has been improved greatly and highly
efficient laser oscillation seems to be easily possible. Thus, highly doped ceramic Nd:YAG rods
appear to be a better option to replace single crystal Nd:YAG rods, if one can generate higher
pulse energies (~100 J) with higher peak power (~few kW) in long pulse laser operation. Under
normal operating conditions at room temperature, Nd:YAG laser generates 1064 nm of emission
wavelength using strongest transition of 4F3/2 → 4I11/2. However, direct absorption to the upper
laser level of 4F3/2 is weak as compared to higher level of 4F5/2 [7]. The parasitic quantum defect
between the 4F5/2 and 4F3/2 level is of the order of 900 cm-1 and it contributes to the reduction in
performance of single crystal Nd:YAG materials [54]. Weak absorption of 4F3/2 level is due to
low doping concentration (~1%) of Nd3+-ions by substituting Yb3+-ions. As the radii of two rare
earth ions differ by ~3%, increase in doping concentration of Nd3+-ion results in strained crystals
with distortion in crystal lattice. Hence, increase in doping concentration of Nd3+-ions in single
crystals is avoided [7]. In contrast, Nd:YAG ceramics can have high doping concentration of

53

Nd3+ ions and a reduction in pump quantum defect with direct transition Z1→R2, and hot-band
direct pump transitions Z2→R1 and Z3→R2 in 4I9/2→4F3/2 transition is possible. These absorption
transitions are indicated as (b), and (c) in the energy level diagram of Nd:YAG ceramic shown in
Fig. 3.1 [8]. Absorption transition (a) indicates transition to higher energy level 4F5/2.

Fig. 3.1. Energy level diagram of Nd:YAG ceramic showing (a) conventional, (b) direct,
and (c) hot-band direct pump transitions [8].
Fig. 3.2 shows a comparison of the absorption spectra in the wavelength range of 780 to
840 nm for a Nd:YAG single crystal with 1 at.% and ceramic Nd:YAG rod with 4.8 at.% doping
[55]. The absorption coefficient of 4.8 at.% ceramic Nd:YAG is 4.8 times higher as compared to
the 1 at.% single crystal Nd:YAG because of higher doping of Nd3+-ions. Emission spectra of 1
at% and 6.6 at.% ceramic Nd:YAG rods are similar to that of a 1 at.% Nd:YAG single crystal,
as observed by Shoji et al. and is shown in Fig. 3.3 [56]. It indicates that ceramic Nd:YAG is a
promising laser material to replace single crystal for the development of high power Nd:YAG
lasers using either lamp or diode pumping.
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Fig. 3.2. Absorption spectra for 1 at.% single
crystal Nd:YAG and 4.8 at.% ceramic Nd:YAG in
the range of 780 nm to 840 nm [55].

Fig. 3.3. A comparison of emission
spectra of 1 at.% single crystal Nd:YAG
and 6.6 at.% ceramic Nd:YAG in the
range of 1050 nm and 1080 nm [56].

In the case of lamp pumped ceramic Nd:YAG lasers, removal of heat load from laser
material is an important issue. Heat generation in flash lamp pumped laser rod is characterized
by the fraction of absorbed pump power transformed into heat by non-radiative processes [7].
Optical pumping in levels above the emitting level induces a parasitic upper quantum defect
between the pump energy levels and the emitting laser level, which is transformed completely
into heat. If the heat load is not removed efficiently, temperature as well as the gradient of
temperature in the lasing medium may rise and degrade the laser output power, efficiency, and
beam quality. From the point of view of power scaling, solid-state laser medium should have
high thermal conductivity and good tensile strength. Thermally induced rupture or catastrophic
failure is then the primary limiting factor for the attainment of higher average power in solidstate laser material. In typical side pumped rod-type lasers, the maximum extractable power (Pex)
available is given by Pex ≤ (8πRTL)/χ, where L is the rod length and χ is the heating parameter
defined as heat deposited per unit of stored energy [57]. It is clear that the maximum extractable
power is directly proportional to the thermal shock parameter RT, which is roughly proportional
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to k/Lα2 (Lα is the thermal expansion coefficient). The value of thermal conductivity k for ceramic
Nd:YAG (9 W/m0K for 6.6 at.% Nd doped) is close to the value for a single crystal Nd:YAG
(10.4 W/m0K for 1 at.% Nd doped) [58].
In 1990, Sekita reported the optical properties of Nd-doped YAG ceramics fabricated by
a urea precipitation method [59]. Optical properties of the YAG ceramic were almost the same as
that of single crystals grown by Cz method, except for higher background absorption of 2.5-3
cm-1. The breakthrough happened in 1995, when Ikesue et al. [60] fabricated a highly transparent
neodymium doped YAG ceramic for the first time with a solid-state reaction method. CW lasing
was demonstrated in this ceramic Nd:YAG rod using a diode laser as a pump source. Laser
output of ~70 mW was obtained with a slope efficiency of ~28%. This was the first laser
demonstration using ceramic Nd:YAG.
In 1999, Yanagitani et al.[61] fabricated high quality and highly transparent ceramic laser
materials using a vacuum-sintering method. Its absorption spectrum, emission spectrum and
fluorescence lifetime were almost identical to the single-crystal Nd:YAG. Using this ceramic
material, an output power of 357 mW was obtained with a slope efficiency of 53% using diode
laser pumping, which was almost at the same level as that from single crystal Nd:YAG with a
slope efficiency of 54.5%. In 2002, Lu et al.[62] demonstrated generation of 1.46 kW of CW
output power using diode pumping of ceramic Nd:YAG rods. Since then, a tremendous amount
of efforts have been made to realize high power ceramic Nd:YAG lasers suitable for various
industrial and defense applications. Further, Heller et al.[63] demonstrated the generation of 67
kW of output power from ceramic Nd:YAG laser at Lawrence Livermore National Laboratory.
Bishop et al.[64] demonstrated the generation of 100 kW of output power from ceramic
Nd:YAG laser. However, these lasers were operated in heat capacity mode. Recently, Liu et al.
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have generated 2.44 kW of CW output power using diode pumping in ceramic Nd:YAG disc
[65]. A detailed review of ceramic laser materials has been found in references [26, 66-68]. Most
of the reports on high power ceramic Nd:YAG lasers are based on diode pumping. In 2006, Yagi
et al. [35] reported the generation of 386 W average power from lamp pumped ceramic Nd:YAG
laser at an input average power of 16.4 kW with a maximum slope efficiency of 2.3%. This laser
was operated with 5 ms pulse duration and up to 20 Hz repetition rate. They have used a 10 mm
diameter and 152 mm long 1.1% doped ceramic Nd:YAG rod and a Xe-filled flash lamp placed
in a laser pump chamber with gold coated elliptical reflectors and samarium doped flow tube.
The reason for poor slope efficiency in their design seems to be the use of Xe flash lamp for
pumping in place of Kr flash lamp and higher heat load due to high pumping of a single rod.
Long pulse (several tens of ms duration) and high peak power Nd:YAG lasers still
depend on flash lamp pumping in place of diode laser pumping [19]. Further, flash lamp pumped
lasers are more rugged and cost effective than the diode pumped lasers. Hence, lamp pumped
long pulse duration Nd:YAG laser systems are still important in the present scenario for various
material processing applications. The aim of this work has the following objectives: (1) to
develop a lamp pumped long pulse ceramic Nd:YAG rod based laser, (2) to compare the
performance of ceramic laser with single crystal laser in terms of slope efficiency, output
average power, and beam quality. We have generated 520 W of average output power at an
average input pump power of 10 kW using two numbers of 2 at.% doped ceramic Nd:YAG rods
of size (10 mm × 152 mm) and Krypton filled flash lamps with a slope efficiency 5.4% and a
beam parameter product of 16 mm.mrad (M2~47). This laser has been operated with pulse
duration in the range of 2-20 ms and repetition rate in the range of 1-100 Hz. The laser beam was
efficiently delivered through a 400 μm diameter optical fiber. A comparison was also made
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between the performance of ceramic and single crystal Nd:YAG rod of the same size. It was
found that these two types of laser rods provide almost similar laser output power in long pulse
operation at the same electrical pump power to flash lamps. To the best of our knowledge, this is
the highest average power, pulse energy, and efficiency in long pulse operation of flash lamppumped ceramic Nd:YAG lasers. The potential applications of this laser include laser cutting and
welding of metals for the automotive, nuclear, shipping, and heavy machinery industries.

3.2

Laser pump chamber and resonator design
As discussed earlier, heat generation in flash lamp pumped laser rod is characterized by

the fraction of absorbed power transformed into heat by non-radiative processes. This not only
influences negatively the laser emission parameters (slope efficiency, emission threshold), but
also reduces the output power range and resonator stability. In flash lamp-pumped systems, the
broad spectral distribution of the pump source in visible and ultraviolet (UV) region further
increases the heating of laser rod during optical pumping. In our set up, we have used a 10%
doped samarium glass filter between the rod and the lamp to cut-off UV radiation from the flash
lamp and hence to protect solarization of ceramic Nd:YAG rod by UV radiation [35]. In
addition, samarium doped glass filter enhances pumping efficiency by absorption of UV
radiation and re-emission in the pump bands of Nd:YAG rod. For the design of laser pump
chamber, important factors which need utmost attention are the efficient cooling of the laser rod
and close coupled pumping geometry of elliptical reflectors for efficient pumping. A schematic
diagram of the single flash lamp pumped laser pump chamber used for experiments is shown in
Fig. 3.4.
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Fig. 3.4. A schematic diagram of the single flash lamp pumped laser pump
chamber (side view).
In this pump chamber, a ceramic Nd:YAG rod of 10 mm diameter and 152 mm length
has been side pumped by using a single Kr flash lamp of bore diameter 8 mm and an arc length
of 136 mm. The laser pump chamber has an overall length of 180 mm with a total width of 68
mm and is made of stainless steel (SS304) because of its beneficial thermo-physical properties
like corrosion resistance, excellent toughness, and low thermal expansion. The elliptical reflector
has a length of 140 mm and is also made of SS304 with a 10 μm thick gold coating. It has been
designed to have a closed coupled pumping geometry [7] with major axis 2a=28 mm, minor axis
2b=24 mm and distance between the two focii 2c=14 mm with an eccentricity of e=0.5. Figure
3.5 shows a schematic diagram of reflector used in the experiments. With this close coupled
elliptical reflector geometry; the laser rod efficiently absorbs light emitted from the flash lamp
directly as well as after specular reflection from the reflector surface.
In general, the electrodes of the flash lamp in a pump chamber are cooled with de-ionized
water since the normal water has a higher electrical conductivity and causes problems in
triggering of the flash lamp. In our design, the electrodes are air cooled and have been kept out of
water contact, and hence it is also possible to use normal water for cooling of pump cavity. It
eliminates use of de-ionizer unit from the cooling system. Flash lamp has been fitted in the pump
chamber in such a way that there is no need to open the complete laser pump chamber for
replacement of flash lamp.
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Fig. 3.5. A schematic diagram of the close coupled gold coated elliptical reflector (front view).
Cooling system of laser pump chamber consists of primary and secondary cooling units.
Primary cooling unit is directly connected to the laser pump chamber and provides a closed loop
water flow at a rate of 50 lpm with 4 bar inlet pressure using a water pump (Wilo make). Water
flow rate was measured and optimized using an ultrasonic water flow meter (Endree-Hanser
make). Primary cooling unit contains a 10 μm size water filter, a water flow switch (Switzer
make), and a digital temperature controller (Selec, PID 528). A secondary cooling unit with a
refrigeration unit is connected with primary cooling unit via a water to water plate type heat
exchanger to maintain secondary cooling unit water temperature. In the conventional cooling
scheme, the laser rod surface is cooled by a water flow through a concentric flow tube. In this
scheme, heat transfer coefficient h is a function of flow tube diameter, and coolant water flow
rate as given in Eq. 2.2. On the other hand, in a flooded type cooling scheme, the laser rod, flash
lamp, samarium filter flow tube, and reflectors are fully immersed in water [36]. The heat
transfer coefficient for the flooded cooling scheme was calculated from the Nusselt number (Nu),
which is a function of the Reynolds number (Re) as explained by Dalkilic et al. [41] and is given
in Eq. 2.3 of Chapter 2.
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The duct of the laser pump chamber used for water flow was not circular in shape and
was divided in two equal subsections of an ellipse by a samarium filter as shown in Fig. 3.5. Its
hydraulic diameter can be calculated as D=4A/Pw. Here, A is the cross section area and Pw is the
wetted

perimeter

of

the

semi

ellipse,

and

is

given

by

A=(πab)/2

and Pw  ( / 2)[3(a  b)  (3a  b)(a  3b)] , respectively. For the typical values of 2a=28 mm,
2b=24 mm, A=2.63 cm2, P=40.8 mm and D=25.7 mm, during the turbulence flow of water in
flooded laser pump chamber, the Nusselt, Reynolds, Prandt and other calculated parameters are
Nu=400, Re=87660, Pr=7.35, k=0.569 (W/m0K), h=9800 (W/m2 0K). With these optimum
values, an efficient heat transfer was achieved in the laser pump chamber, which resulted in
better heat transfer coefficient and higher slope efficiency.
A plane-plane symmetric stable resonator was designed for the high average power and
long pulse laser operation [27,43]. Two ceramic Nd:YAG rods placed in two laser pump
chambers were arranged optically in series with d:2d:d (lens like imaging) configuration as
shown in Fig. 3.6.

Fig. 3.6. Symmetric plane-plane resonator with d:2d:d configuration.

The distance (d) between the plane mirror and principal plane of the rods was optimized
such that resonator remains stable for the whole range of input pump power. As mentioned
earlier, for a plane-plane symmetric resonator, beam radius (w0) of the fundamental mode is
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related with the distance (d) and the thermal refractive power of the laser rod (Df) as given in Eq.
2.6. In this case, beam quality factor (M2) and BPP of the laser beam can be calculated by using
the expression of Eq. 2.7 and Eq. 2.9. For beam quality improvement, the distance 2d in the laser
resonator can be increased, but with an increase in value of d, a corresponding decrease in the
range of pump power for stable resonator operation is observed [42]. We have carried out
experiments for beam quality improvement with optimization of distance 2d in symmetric planeplane resonator. The optimum value of distance 2d was found to be ~66 cm for single crystal
Nd:YAG rod and ~54 cm for the ceramic Nd:YAG rod for the entire range of pump power
operation from 0-10 kW. Further from Eq. (2.7), it is clear that the value of M2 depends on the
value of w0 and hence on dioptric power (Df) of the laser rod. For good beam quality, w0 should
be as large as possible but it is limited by the thermal refractive power (Df) of the rod. The value
of fundamental mode spot radius w0 in the rod can not be increased without reducing the value of
Df. The value of Df can be reduced by the effective heat removal from the laser rod.
As mentioned earlier, the thermal refractive power (Df) or the overall thermal focal length
(f) of the uniformly pumped laser rod can be calculated using Eq. 2.5 of Chapter 2. It is clear
from Eq. 2.5 that for a small diameter laser rod, the thermal refractive power (Df) will be more as
compared to large diameter rods for the same amount of heat dissipation. Hence, large diameter
(10 mm) ceramic Nd:YAG and single crystal Nd:YAG rods were selected for the experiment.
Further, thermal power dissipation in the rod (Ph) is proportional to the electrical input pump
power (PE) from the flash lamp. In order to calculate the thermal lensing in laser rods, the value
of Ph was selected as 10% of PE for the lamp pumped system. The measured value of K0 is 18 for
the flash lamp used in this experiment. The lamp current (I), pulse duration (tp), and repetition
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rate (fP) can be varied using a microcontroller based power supply. Electrical average input pump
power (PE) can be varied from 0-5 kW in each rod. The output power (Pout) is given by [36]

Pout  s .( PE  PTh )

........... (3.1)

where, PTh is the threshold pump power, and ηs is the slope efficiency.
For an efficient transmission of laser beam through a small core diameter silica-silica
optical fibers, the laser beam parameter product should be smaller than the fiber parameter
product (core radius × NA) [28]. Here, NA is the numerical aperture of the fiber. Thus, the fiber
selection for fiber beam delivery depends on the laser beam quality. The optical damage
threshold of pure silica fiber is about 10 GW/cm2 [7], but the experimentally observed damage
threshold depends on fiber end preparation at both ends, as the end faces are more prone to
damage by any dust particle sticking on the surface.
Further, we have performed a study on the pulse-to-pulse stability (PTPS) of laser, which
is an important factor in the resonator design and is given by Eq. 2.8. It shows the percentage
spread of energy between the highest and lowest values for a certain number of pulses, for
example 1000 pulses. A smaller spread of the pulse energy from the average value shows a better
stability of the resonator. These formulations have been used in the Results and Discussion part
of this Chapter.

3.3

Experimental details

For experimental study, two identical laser pump chambers having a single flash lamp and a
ceramic Nd:YAG rod were placed symmetrically in the laser resonator as shown in Fig. 3.6 and
3.7.
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Fig. 3.7. A table top view of dual rod lamp pumped ceramic Nd:YAG resonator.
Both the ends of the ceramic Nd:YAG rod are antireflection (AR) coated at 1064 nm. The
laser resonator consists of ~99.8% reflectivity rear mirror and 30% output coupler mirror. The
mirror-to-mirror distance or the geometrical length of the resonator was 152 cm. Closed-loop
water chillers, with an identical and optimized water flow rate of ~50 lit/min were connected to
each pump chambers. For experimental measurement of thermal focal length f of each rod, an
expanded and collimated 632 nm He-Ne probe beam of ~5 mW power was passed through the
Nd:YAG rod under flash lamp pumping. The minimum spot size of the beam due to rod thermal
lens was measured using a CCD camera. The distance from the principal plane of the laser rod to
the location of this minimum spot size has been taken as the thermal focal length of the rod. An 8
mm diameter aperture has been placed between the two laser rods in the resonator to cut off
higher order transverse modes and improve the beam quality. The beam quality factor M2 was
measured using a standard knife edge method [27] by focusing the laser beam using a lens and
then plotting the measured beam diameter using knife edge near the focus at different locations
near the focal plane as explained in Section 2.3 of Chapter 2.
Two modules of the pulsed power supplies have been used to synchronously drive two
Kr-filled flash lamps in each pump chamber using a single controller. Both the flash lamps have
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been connected electrically in parallel. These power supplies can provide maximum average
electrical input pump power of 5 kW for each lamp with current variation from 100-300 Amp
(rectangular pulse shape), pulse duration from 2-20 ms and repetition rate from 1-100 Hz
respectively. The temporal profile of the laser was measured using a photodiode, a RG 850 filter,
and a 1 GHz oscilloscope. The average output power was measured using a thermocouple based
power meter with variation of average electrical input pump power to the lamp. The single pulse
energy was also measured using an energy detector. The experiments were repeated with the
1.1% doped single crystal Nd:YAG rod for a comparison of its performance with respect to
ceramic Nd:YAG rod. The optimum output coupler reflectivity for the single crystal was 40% as
compared to 30% for ceramic Nd:YAG rod, indicating that ceramic Nd:YAG rod has a slightly
higher small signal gain as compared to single crystal Nd:YAG rod. Output laser beam was
focused at the optical fiber tip for beam delivery by using a plano-convex fused silica lens of 35
mm focal length. The optical fiber input and output end surface was cleaved using a large
diameter fiber cleaver (Vytran make). In order to perform material processing applications, beam
at the exit fiber end was first collimated using a plano-convex lens and then it was focused using
another lens with a desired imaging ratio.

3.4

Results and Discussion

Table 3.1 shows a comparison of theoretically calculated values and experimental measured
values of thermal focal lengths for different values of input pump powers for 2% at. doped
ceramic Nd:YAG rod and 1.1 % doped single crystal Nd:YAG rods. It was observed that
experimentally measured values of thermal focal lengths of these laser rods are slightly higher as
compared to the calculated values using Eq. 2.6. It may be due to the insertion of a samarium
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filter between the rod and lamp, which reduces the effective heat load in the rod by cutting off
the UV radiation of flash lamp as discussed earlier.

Table 3.1: Calculated and measured values of thermal focal length in meters.

0.85
2% at. ceramic Nd:YAG rod
1.1% at. single crystal Nd:YAG rod

Fundamental mode radius (mm)

0.80
0.75

For d=27 cm

0.70
0.65
0.60
0.55
0.50
0.45
0.40
0

1

2

3

4

5

Electrical input pump power (kW)

Fig. 3.8. Variation of calculated values of fundamental mode radius (w0) with input pump
power for the ceramic and single crystal Nd:YAG rods.
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Average output power (W)
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Fig. 3.9. Output average power variation with input pump power for different values
of heat transfer coefficient for dual ceramic rod resonator.

Fundamental mode radius in the laser rod was also calculated using Eq.3.3 for different
values of thermal focal lengths. Its comparison for ceramic and single crystal Nd:YAG rods is
shown in Fig. 3.8. The values of w0 for ceramic and single crystal Nd:YAG rod was in the range
of 0.69-0.42 mm and 0.66-0.41 mm, respectively. The value of w0 is slightly more for the single
crystal as compared to that for ceramic Nd:YAG rod because of the long thermal focal length f in
single crystal Nd:YAG rod. Next, the optimization of the flow rate of coolant was carried out to
achieve linear variation in the output laser power for the entire pumping range. The average
output power from dual ceramic Nd:YAG rod laser resonator set up was measured for different
values of heat transfer coefficients (h).
Fig. 3.9 shows variation of average output power as a function of average input pump
power for three different heat transfer coefficients [69]. Three different values of h were selected
in our experiment by increasing the coolant water flow rate W in the range of 20 l/m to 50 l/m. At

67

a lower value of flow rate of 20 l/m providing h=3800 W/m2 0K, the output laser power variation
is not linear for the entire range of input pump power due to inefficient heat removal from the
laser rod at higher input pump powers. However, for the higher value of water flow rate of 50 l/m
providing h=9800 W/m2 0K, the output laser power was found to vary almost linearly with input
pump power.
600

Average output power (W)

2% at. doped ceramic YAG
1% at. doped single crystal YAG

500

400

300

200
Threshold pump power 410 W
Threshold pump power 360 W

100
0

1
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3
4
5
Input electrical pump power per rod (kW)

Fig. 3.10. Variation of average output power with average input pump power for dual
rod resonator of ceramic and single crystal Nd:YAG rods.

Fig. 3.10 shows the variation of average laser output power as a function of electrical
input pump power for the ceramic and single crystal Nd:YAG rod in dual rod resonator
configurations, for the maximum water flow rate and heat transfer coefficient. It shows that the
average output power is slightly higher for the ceramic Nd:YAG rod as compared to single
crystal Nd:YAG rod, which is in accordance with the report by Lu et al. [62]. For dual rod
ceramic resonator, the maximum average output power of 520 W was achieved with 5.4% slope
efficiency for a total average electrical input pump power of 10 kW, which is the highest for such
laser systems. Whereas, in case of dual rod single crystal Nd:YAG rod, a maximum average
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output power of 498 W was achieved for the same average electrical input pump power with a
slope efficiency of 5.1%. The efficiency of ceramic Nd:YAG laser in our experiments is much
higher than that reported by Yagi et al., possible reasons behind this is the efficient heat removal
from the laser rods in newly designed water-cooled pump chamber and use of Kr flash lamps in
place of Xe flash lamps. The measured threshold pump power for the ceramic rod was ~410 W
and that for single crystal was ~360 W. The threshold pump power was slightly higher for the
ceramic Nd:YAG rod since it is inversely proportional to the σ.τ product, where σ is the
stimulated emission cross-section of the rod and τ is spontaneous emission life time. Although σ
is almost similar for ceramic Nd:YAG and single crystal Nd:YAG rods, spontaneous emission
lifetime τ has a value of 230 μs for the 1.1% atomic doped single crystal Nd:YAG rod and 174 μs
for 2% atomic doped ceramic Nd:YAG rod [70].
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Fig. 3.11. Measured value of beam quality factor (M2) as a function of input pump power
variation for dual rod resonator configuration of ceramic and single crystal Nd:YAG rods.
The variation of laser beam quality factor (M2) as a function of the pump power was also studied.
Figure 3.11 shows measured values of M2 as a function of average input pump power for the
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multimode operation with the maximum value of M2~45 for dual rod resonator of single crystal
Nd:YAG, which is slightly better than that for dual rod ceramic Nd:YAG with a maximum value
of M2~47.
The reason for better M2 in the case of single crystal rod is the higher value of fundamental mode
spot size within the rod as compared to fundamental mode spot size within the ceramic Nd:YAG
rod (see Fig. 3.8). The beam quality of dual rod ceramic Nd:YAG was found to be suitable to
couple the beam effectively through a 400 μm core diameter optical fiber for the entire pumping
range (0-10 kW).

Fig. 3.12. Beam profile of the ceramic Nd:YAG laser (a) 2D view, and (b) 3D view.

Fig. 3.13. Beam profile of the single crystal Nd:YAG laser (a) 2D view, and (b) 3D view.

Figures 3.12 and 3.13 show the beam profiles of ceramic and single crystal Nd:YAG rods,
respectively using a CCD camera (Wincam-D, Gentec) at a maximum electrical pump power of
10 kW. The laser beam profile measurements show that the beam profile of ceramic Nd:YAG
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laser is more smooth than for the single crystal laser. This can be explained by the fact that the
absorption coefficient of 2% doped ceramic Nd:YAG rod is almost 3 times higher as compared
to 1.1% doped single crystal Nd:YAG rod due to higher doping concentration of Nd3+ ions [55].
Hence, a more smooth multimode beam profile is obtained for ceramic Nd:YAG laser. The beam
profile also shows that the real beam extracted from the laser system will actually be a mixture of
the higher order cavity modes.
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Fig. 3.14. Measured value of single shot pulse energy of dual rod resonator
configuration of ceramic and single crystal Nd:YAG rods.

Figure 3.14 shows the single shot pulse energy for the ceramic and single crystal
Nd:YAG rods, which shows a linear variation in pulse energy with variation in pulse duration
from 2-20 ms. The pulse energy of ceramic Nd:YAG laser is slightly higher due to the higher
doping concentration of ceramic rod. In this case, maximum single pulse energy of 180 J was
achieved at 20 ms pulse duration with 9 kW of peak power, which is suitable for several material
processing applications.
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Finally, the laser beam from ceramic and single crystal Nd:YAG rod was efficiently and
reliably coupled in a 150 m long, 400 μm core diameter and 0.22 NA optical fiber with a
transmission efficiency of more than 90% for the whole range of pump power. The transmission
loss of 10% may be accounted for 4% Fresnel reflection losses from each end of fiber and about
2% attenuation and coupling losses. Pulse-to-pulse stability (PTPS) was measured for 1000
pulses and it was found that the PTPS is better (± 4%) for the ceramic Nd:YAG rod as compared
to that for single crystal Nd:YAG rod (± 6%) for 20 ms pulse duration. This is due to the fact that
thermal focal length is slightly lower for the ceramic Nd:YAG rod even for single shot operation,
which results in better pulse stability of the resonator for the ceramic rod for single shot
operation in plane-plane symmetric resonator, where the resonator stability point lies just near
the limits of stability.

3.5

Conclusions
In conclusion, we have studied the performance of ceramic Nd:YAG rod for high average

power and long pulse laser generation. By appropriate design of the laser pump chamber and
resonator, a maximum average output power of 520 W has been achieved with 5.4% slope
efficiency using ceramic Nd:YAG rod. This was comparable to the generation of 498 W from
single crystal Nd:YAG rod with 5.1% slope efficiency at the same electrical input pump power.
The theoretical considerations and experimental results show that ceramic Nd:YAG rod can be
used as a potential replacement for single crystal Nd:YAG rods for the development of high
average power solid-state lasers. It is more economical to use ceramic Nd:YAG rod as compared
to single crystal Nd:YAG rod because its method of fabrication is simpler as compared to single
crystal Nd:YAG which reduces its fabrication cost. Ceramic rods with large diameters and sizes
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with higher doping concentrations can be fabricated as compared to single crystal for generation
of high average output power with good beam quality. This ceramic Nd:YAG laser can be
effectively used for material processing applications such as cutting of thick section of stainless
steel and deep penetration welding of the vacuum grade components like alluminium, titanium,
stainless steel, and its alloy for the automotive, nuclear, shipping, and heavy machinery
industries.
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Chapter 4
Study and development of short pulse Nd:YAG laser

4.1

Introduction
Application of pulsed Nd:YAG lasers for cleaning or ablation of material surface,

particularly for artworks restoration is well known. Laser cleaning has been reported as a wellestablished and specific technique for conservation of marble, variety of stones, and metals. It
involves thermal ablation process using an Nd:YAG laser beam of short pulse duration and high
energy density. Thus, Nd:YAG lasers operating either in Q-switched (QS) mode or short pulse
free-running (FR) mode have been utilized for such applications. At present, both of these modes
are being used for cleaning application with their own advantages and drawbacks. Although QS
mode allows a higher ablation rate than FR, however, it generates intense shock waves, which
may result in micro-cracking of delicate surfaces and it is also difficult to deliver QS mode lasers
through optical fibers [71]. Difficulty in fiber optic beam delivery of QS regime is a major
drawback, as it denies flexibility in access to work place and uniform cleaning with
homogeneous beam profile at the exit from multi-mode fiber.
On the other hand, FR mode Nd:YAG lasers with pulse duration of the order of hundreds
to tens of microsecond (μs) can be easily delivered through optical fibers and are preferred to
remove surface contaminations from different materials like marbles, stones, and other variety of
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materials due to flexibility [72-76]. Surface cleaning by laser irradiation involves complex
mechanisms such as photo-thermal, photo-chemical, and mechanical effects on the target
material. Thus, cleaning of different materials requires different laser parameters. For example,
Nd:YAG laser with pulse duration in the range of 20-50 μs has been found to be highly suitable
for marble and stones cleaning [77-79]. Similarly, 50-100 μs duration FR Nd:YAG laser pulses
have also been found to be highly suitable for cleaning of deposition, corrosion, and oxide layer
from the surface of metals such as copper, bronze, carbon steel, and mild steel [73,74].
Generation of short pulses (μs) from FR Nd:YAG lasers with high peak power still
depend on lamp pumping in place of diode pumping, since the high peak power operation of
laser diodes is restricted by thermal run away problem [19]. However, lamp pumped FR
Nd:YAG lasers with pulses shorter than the upper level lifetime of 230 μs are difficult to realize,
since a higher pumping rate is required to maintain the population inversion at the upper lasing
level. This requires a large value of dI/dt for lamp current I to reach the threshold of lasing and
requires high peak current power supply for lamp pumping [78]. Moreover, these high peak
current and shorter pulses reduce the life time of flash lamps.
In literature, flash lamp pumped FR Nd:YAG laser with pulse duration as short as 20 μs and
pulse energy of 0.5-1 J has already been reported for marble cleaning [80]. However, the laser
beam was delivered through a 600 μm core diameter optical fiber. Beam delivery using a 600 μm
fiber may not be suitable for uniform cleaning of selective area of smaller size objects with high
accuracy [80,81]. It is well known that the coupling of laser beam through smaller core diameter
(~200 μm or less) optical fiber is difficult as it depends on laser beam quality, which in turn
depends on the design of a laser pump chamber and laser resonator [27].
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Wazen [81] have shown that cleaning process with a laser beam having a Gaussian shape
spatial profile is less selective, inhomogeneous, and cleaning efficiency is also low in
comparison with a uniform top-hat beam profile. As a result, a top-hat beam intensity
distribution is preferable for uniform laser cleaning application. A schematic view of Gaussian
and top-hat beam profiles is shown in Fig. 4.1 for the sake of comparison. In general, most of the
commercial grade short pulse Nd:YAG lasers provide Gaussian shape spatial beam profiles with
a maximum intensity at the center of the beam and an exponential decrease towards the edges
[7]. In direct laser beam delivery, the top-hat beam intensity distribution can only be achieved by
using expensive variable reflectivity mirrors of a super-Gaussian reflectivity profile as an output
coupler mirror in the laser resonator [82].

Fig. 4.1. A schematic view of (a) Gaussian and (b) top-hat spatial beam profiles
(profile intensities are not at the same scale).

In this Chapter, we have focused on the study and development of good beam quality,
fiber coupled, FR short pulse (μs) Nd:YAG laser for cleaning of marble, zircaloy, and inconel
materials for conservation. It contains an investigation of the design of laser pump chamber and
resonator to obtain good beam quality for delivery through 200 μm core diameter optical fiber to
achieve almost top-hat uniform spatial beam profile. To the best of our knowledge, there is no
other published report on µs pulse duration high peak power (~22 kW) Nd:YAG laser cleaning
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system with 200 μm fiber optic beam delivery. Further, the laser resonator has been designed to
provide a better pulse-to-pulse stability for effective laser cleaning. Performance of this laser
system was also evaluated successfully for cleaning of marble, stones, zircaloy, and inconel. Our
results show that laser cleaning efficiency using this fiber coupled and almost top-hat uniform
beam is close to 100%. The details of the laser pump chamber, resonator and power supply are
given in Section 4.2. Experimental details have been provided in Section 4.3 and the results are
given in Section 4.4. Section 4.5 outlines the conclusion of this work.

4.2

Design of short pulse Nd:YAG laser system
As discussed earlier a well designed laser pump chamber and resonator provides good

beam quality for efficient fiber coupling of the laser beam. To obtain higher pulse energy and
peak power, a pump chamber with double flash lamp pumping arrangement has been used.
Further, the laser pump chamber has been designed for large value of heat tranfer coefficient for
efficient heat removal from the laser rod, which reduces thermal lensing effect and subsequently
improves laser beam quality. Moreover, a close-coupled elliptical reflector geometry in the laser
pump chamber improves transfer efficiency of the useful pump radiation from flash lamp to laser
rod [7]. The laser resonator designed to obtain good beam quality, pulse-to-pulse stability and
alignment stability to ensure uniform laser cleaning of surface.

4.2.1

Laser pump chamber and resonator design
The laser pump chamber consists of a 6 mm diameter and 85 mm long Nd:YAG rod and

two 6 mm bore diameter flash lamps placed in a double elliptical gold-coated reflector as shown
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schematically in Fig. 4.2. The pump chamber is 150 mm long and 60 mm wide and is made of
stainless steel (SS 304). The double elliptical reflector is 90 mm long and made of SS 304 with
10 μm thick gold coating on the internal surface. The elliptical reflector has following
parameters: major axis 2a=25 mm, minor axis 2b=23 mm, distance between the rod and lamp
2c=10 mm with an eccentricity of e=0.4. In this close coupled elliptical reflector geometry, the
laser rod absorbs pump light emitted from the flash lamp directly as well as after specular
reflection from the reflectors.

Fig. 4.2. Schematic of laser pump chamber (front view) and reflector geometry.

Fig. 4.3. A schematic of hemispherical resonator with dual flash lamp pumped Nd:YAG rod.
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The laser rod is kept in a 10% doped samarium glass flow tube of 8 mm inner diameter to
cut-off UV radiation from the flash lamp. In addition, the samarium doped filter enhances
pumping efficiency by absorption of UV radiation and fluorescent re-emission in the pump
bands of Nd:YAG rod [35]. The arrangement of laser pump chamber in laser resonator is shown
schematically in Fig. 4.3.
A nearly hemispherical stable resonator was designed for the high peak power generation
in the short pulse laser operation. The hemispherical resonator configuration was chosen for its
better alignment stability and pulse-to-pulse stability for operation at higher as well as lower
repetition rates as compared to other resonator configurations [46]. The distances d1 between the
rear mirror of radius of curvature R1 and the principal plane of the laser rod and d2 between front
mirror and principal plane of the laser rod was optimized in such a way that resonator remains
stable for the entire pumping range. The equivalent resonator consists of one internal lens (laser
rod) of focal lengths f. The rear curved mirror was taken as reference for round trip ABCD
matrix which is given as
0   1 d1  1
 A B  1




 C D   2 / R1 1   0 1  1/ f

0  1 d2  1 d 2  1



1  0 1  0 1  1/ f

0
0  1 d1   1



1  0 1   2 / R1 1 

The stability condition for the resonators with the resonator parameters g1 and g2 can be
expressed by 0<g1g2<1. The value of g1g2 related to the elements of round trip ABCD matrix is
given as [27]

g1 g2  ( A  D  2) / 4

(4.1)

For a hemispherical resonator, beam radius (w0) of the fundamental mode is given by [42]
w02  (2d1 / )[1  d1D f  (d1  d2  d1d2 D f ) / R1 ]
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(4.2)

and beam quality factor (M2) of the multimode laser beam in a hemispherical resonator can be
written as [42]

M 2  (r02 / w02 )  (r02 / 2d1) / [1  d1D f  (d1  d2  d1d2 D f ) / R1 ]

(4.3)

Here, Df is the thermal refractive power of the laser rod and r0 is the rod radius. It is clear that for
a hemispherical resonator, beam quality factor M2 of the multimode beam can be improved using
larger values of d1 and R1 for which the resonator remains stable. The design parameters of the
resonator were choosen so that the output beam quality will ensure efficient transmission through
a 200 μm core diameter optical fiber, which is possible only if the laser beam parameter product
is smaller than the fiber parameter product (core radius × NA) [28]. Although the bulk optical
damage threshold of pure silica is about 10 GW/cm2, but it was observed experimentally that the
damage threshold depends on fiber end preparation on both ends and is much more prone to
damage by any dust particle sticking on the surface.

4.2.2

Laser power supply
A microcontroller based double-lamp power supply was used for pumping of pulsed

Nd:YAG laser. Both the flash lamps have been connected electrically in parallel. A schematic
diagram of the power supply is shown in Fig. 4.4. The flash lamp power supply is a single phase,
230V, 50 Hz AC mains supply. The power supply specifications and component list is given in
Table 4.1. The flash lamp works in simmer mode of operation, and uses a single-mesh
inductor/capacitor (L/C) pulse-forming network (PFN) with a capacitance value of 40 μF and
inductance value of 7.6 μH. Capacitor voltage reaches a value of 1225 V and the peak value of
the discharge current is 868 A with a pulse width of 55 µs measured at 1/3 of the peak value.
Once the PFN energy storage capacitor (C0) is charged to the required voltage corresponding to
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the desired energy by the capacitor charging power supply, firing of SCR numbered Q5 is
initiated and the stored energy of the capacitor is delivered to the flash lamp through the PFN
inductor in the form of a current pulse. Profile of the current pulse was determined by the PFN
capacitor and inductor values. The pump energy per pulse per lamp was 28 J (56 J total pump
pulse energy). At an input voltage of 1225 V and 20 Hz repetition rate, the maximum average
input pump power is 560 W per lamp (1120 W for both the lamps).

Table 4.1: Specifications and component list of power supply.

Fig. 4.4. A schematic diagram of the pulsed power supply for flash lamp pumping,
which shows PFN and simmer-trigger unit.
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A high simmer current is important in a short pulse flash lamp pumped laser to obtain
sufficiently long lamp lifetime and increase the overall efficiency of laser. Thus, a separate
simmer current power supply is used, to provide 400 mA of constant current for simmer. A touch
screen type micro-controller swithes controls the voltage, repetition rate, synchronization of
charge and discharge, and fires the laser at user command.

Fig. 4.5. Flash lamp discharge current (IDISCH) with V0 set at (1) 1200V
(2) 1000V, (3) 800V and (4) 600V. X – Scale: 20µs/div, Y - Scale: 100A/div.

Fig. 4.5 shows the waveforms of discharge current (IDISCH) when charged capacitor
voltage is 1225V. The damping parameter γ is given by γ=K0/√ZV [49]. Here, Z=√L/C and K0 is
the lamp impedance parameter. The measured value of K0 for flash lamp used in the experiment
was found to be 18. The input voltage V and the pulse repetition rate (f) can be varied in the
ranges of 100-1225 V and 1-20 Hz, respectively. It is well known that γ=0.8 corresponds to
critically damped pulse at which PFN shows the best efficiency. However, a value in the range of
0.7 to 1.2 is acceptable in practical operation. An under-damped pulse beyond this value can
shorten the life of the flash lamp, on the other hand over-damped pump pulse results in a low
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value of output laser peak power. Input voltage for the PFN at laser threshold was 450 V with a
value of γ =1.2 and at the maximum output laser energy, it was 1225 V with γ =0.78.

4.3

Experimental set-up
A table-top view of in-house developed 1.25 J pulse energy short pulse Nd:YAG laser is

shown in Fig. 4.6. In this set up, laser pump chamber consists of two krypton (Kr) filled flash
lamps of 6 mm bore diameter and 82 mm arc length (Heraeus Noblelight, UK) and a 1.1%
atomic doped Nd:YAG rod of size ϕ 6 mm × 85 mm (Laser Material Inc., USA). Both the ends
of the Nd:YAG rod are plane-parallel to each other and is antireflection (AR) coated for 1064 nm
wavelength, whereas the cylindrical rod surface is grounded. Envelope material of flash lamp is
cerium doped quartz, which absorbs UV and re-emits blue fluorescence. A closed-loop water
chiller, which circulates de-ionized water at a flow-rate of 20 l/m, removed the heat from the
laser pump chamber.

Fig.4.6. Table-top view of 1.25 J pulse energy short pulse Nd:YAG laser.

The laser pump chamber was placed in a hemispherical resonator, which consists of ~99.8%
reflective concave rear mirror and 40% plane output mirror. The measured overall geometrical
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length (mirror-to-mirror) of this hemispherical resonator was 26 cm. Experiments were
performed using different radius of curvature (R.O.C.) concave rear mirrors to obtain better
beam quality (M2), so that the laser beam can be efficiently delivered through a 200 μm core
diameter optical fiber. For experimental measurement of thermal refractive power of the laser
rod, an expanded and collimated He-Ne red laser was passed through the Nd:YAG rods under
the flash lamp pumping. The minimum focal spot of the thermal lens was measured using a CCD
camera. The distance from the principal plane of the laser rod to the location of this focal spot
was the thermal focal length f and its inverse is the thermal focal power Df. The average output
power of laser beam was measured using an air-cooled thermocouple based power meter and
single pulse energy of the laser beam was measured using an energy detector. The beam quality
factor M2 was measured using a standard knife-edge method as described in Chapter 3 [27]. A
plano-convex fused silica lens of 30 mm focal length was used for coupling of this laser beam to
a 150 m long, 200 μm core diameter step index optical fiber having NA of 0.22. The optical fiber
input and output end face was prepared using a multimode fiber cleaver (Vytran, USA) to avoid
damage of the fiber end face at high values of pulse energies. Two such optical fibers were used
for the beam delivery on time-sharing basis as described in Chapter 2 [48].
In order to perform laser cleaning experiment, a focusing nozzle was designed as shown
in Fig. 4.7. It consist of a plano-convex fused silica collimating lens having a focal length of 40
mm and a cylindrical focusing lens of 40 mm focal length, which are mounted in the lens
imaging assembly. It generates a line focus spot of size 0.2 mm × 6 mm and is more suitable for
cleaning of large surface area as compared to a circular focal spot. Focus position was kept ~2
mm away from the tip of focusing nozzle. For cleaning application, this nozzle was mounted on
a three-axis, computer controlled CNC machine as shown in Fig.4.8.
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Fig.4.7. A view of focusing nozzle.

Fig.4.8. A view of the focusing nozzle mounted
on CNC machine.

Laser focusing nozzle was kept at an angle of 100 with respect to plane of the given
material to prevent the damage of optical fiber exit face due to the back reflected laser beam
from the surface of the material. The focusing nozzle is equipped with a coaxial gas jet of argon
gas with a constant flow rate of ~30 l/m to protect the cleaned surface from oxidation by creating
an inert atmosphere and also to protect the damage of focusing lens from the vapour of ablated
material. Cleaning efficiency was evaluated by counting the surface densities of particles before
and after laser cleaning in a given area of the sample using Scanning Electron Microscope
(SEM) (Sigma, Carl Zeiss FE-SEM) in combination with a particle counting, image processing
computer software programme. For the evaluation of the cleaning effectiveness, colour analysis
was performed using an optical microscope (LEICA, GmbH). Laser cleaned surface was also
studied and analyzed using X-ray photoelectron spectroscopy (XPS) before and after laser
cleaning.
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4.4 Results and discussion
Variation of thermal focal length (f) of the Nd:YAG laser rod ( ϕ 6 mm × 85 mm) was measured
to be in the range of 11 m to 0.90 m for change of input pump power from 0.1 kW to 1.12 kW.
Experimentally measured value of thermal focal length of Nd:YAG rod was slightly higher than
the calculated value due to the samarium flow tube, which reduces the effective heat load in the
rod by cutting-off the UV radiation from flash lamp. Further, pulse-to-pulse stability (PTPS) is
also an important factor in the laser resonator design with reference to laser cleaning application
and is given by PTPS (%) = ± (Emax - Emin)/Eavg.×100. Small deviation of the pulse energy from
its average value indicates a good and stable resonator, which is highly beneficial for good
quality of laser cleaning. In view of this, beam quality factor M2, PTPS, and misalignment
sensitivity were measured for maximum average input pump power of 1.12 kW by using
concave rear mirrors of different ROC (1 m to 10 m) and a fixed plane output coupler mirror.
The values of d1 and d2 were fixed at 50 cm and 17 cm, respectively. These optimum values of d1
and d2 were calculated from the measured value of thermal focal length, so that the resonator
remains stable for the entire pumping range. Fig. 4.9 shows a plot of the beam quality factor M2
for the multimode beam with variation in R.O.C. of the rear concave mirror for the maximum
average electrical input pump power of 1.12 kW. It was observed that the beam quality for
multimode opration improves with increase in R.O.C. of the rear concave mirror.

However, selection of higher value of R.O.C. of the rear mirror for beam quality
improvement is limited by the stability criteria of laser resonator. Results of our experimental
measurements in the variation of M2, PTPS, and misalignment sensitivity of the resonator with
R.O.C. are listed in Table 4.2. It was observed that 10 m R.O.C. mirror provides best beam
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quality (M2~24), but at the same time it has smaller value of misalignment sensitivity of only 110
μrad, which affects the resonator stability. PTPS and misalignment sensitivity of the laser
resonator were found to be better for lower value of R.O.C. ( from 1 m to 5 m R.O.C.), but for
these lower values of R.O.C., beam quality M2 was not suitable for coupling the laser beam
through 200 μm optical fiber. Finally, 8 m R.O.C. rear mirror was selected, which provided
M2~28, PTPS= ±2.5% and misalignment sensitivity ~258 μrad. These values were found to be
suitable to couple the laser beam efficiently through a 200 μm core diameter fiber with stable
operation of laser resonator for the entire pumping range.
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Fig. 4.9. Variation of beam quality factor (M2) with R.O.C. of the rear mirror.
Table 4.2: Variation of M2, PTPS and misalignment sensitivity of the laser
resonator with R.O.C. of the rear mirror at maximum input pump power.
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Fig. 4.10 shows the variation of M2 as a function of input pump power using 8 m R.O.C.
rear concave mirror. The value of M2 varies in the range of 7 to 28 for the entire pump power
range. With this beam quality, an overall power transmission efficiency of 91% was achieved.
The major losses (4%) per surface of the optical fiber are due to Fresnel reflection losses. For a
given pulse duration tp, and output pulse energy E, the peak power of pulsed Nd:YAG laser can
be calculated as Ppeak=E/tp.
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Fig. 4.10. Variation of beam quality factor (M2) with input pump power for
8 m R.O.C.of rear concave mirror.
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Fig. 4.11. Variation of output single pulse energy with input single pulse pump energy.
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Fig. 4.11 shows linear variation of output single pulse energy with average input pump
pulse energy to the flash lamp. Maximum single pulse energy of 1.25 J and ~ 22 kW maximum
output peak power was achieved for ~56 J total pump pulse energy. Electrical-to-optical
conversion efficiency of 2.23% was achieved at the maximum pump pulse energy. At the
maximum input voltage of 1225 V and 20 Hz of repetition rate with an average combined input
pump power of 1120 W for both the lamps (560 W per lamp), a maximum average output power
of 25 W was achieved. Fig. 4.12 shows typical temporal evolution of the laser pulse at the
maximum pump power. The temporal profile of the laser was measured at maximum pump
power using a broadband photodiode (New focus, USA) incorporated with a RG 850 filter
(Coherent, USA) and an oscilloscope (Lecroy, USA).

20s/div
10 mV/div

Fig. 4.12. A view of temporal shape of current pulse (yellow), flash lamp
pump pulse (pink) & laser output pulse (blue).

Measured value of laser pulse width was 55 µs at one third of the peak value of intensity
in temporal domain. Pulse width was measured at one third of the peak value due to following
reason. In a critically damped pulse forming network power supply rise time tr=√LC is the time
required for voltage or current to rise from zero to its maximum value. Here, L is the value of
inductance and C is the value of capacitance in the pulse-forming network. Current pulse
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duration tp at 10% points is T, written as 3T=3√LC (during this time about 97% energy has been
delivered to lamp). In view of the above, it is customary to take pulse width at one third of the
peak value in such lamp pumped systems instead of full-width at half maximum (FWHM). The
spatial laser beam profile was also measured for maximum pump power using a CCD camera
(Wincam-D, Gentec). Fig. 4.13 (a) and (b) show the typical spatial profile of direct laser beam
and laser beam after exit from fiber.

Fig. 4.13. Spatial profile of the laser beam 2D (left) and 3D (right) view (a) Before fiber
input end (direct laser beam) shows some hot spots (b) After fiber exit end beam profile
becomes much more smooth.
It was found that the spatial beam profile becomes much more smooth and uniform after
delivery through the fiber. The hot spots in the laser beam profile get minimized at the exit fiber
end as compared to the direct beam. The spatial profile of the laser beam becomes top-hat like
after exit from the fiber since the fiber has a step-index profile with a constant refractive index in
the core and an abrupt step transition to a different refractive index in the cladding. Total internal
reflection in the fiber occurs at the core cladding interface for all modes. As the fiber used is
highly multi-moded, when all the modes are filled, the output profile at the fiber end face will be
a superposition of the intensity of all the modes, which results in a familiar “top-hat’’
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distribution. This “top-hat’’ distribution provides a relatively homogeneous beam with a stable
spot size. The spatial profile of the output laser beam also depends on the length of the multimode fiber. In a long length of the fiber, all the modes get excited and mix properly resulting in
almost a top-hat like beam profile as explained by Zhu et al. [83] in their recent study.
Conversion of beam intensity to a top-hat like profile depends on several factors, which includes
beam to fiber launching conditions, input spatial profile distribution, fiber in homogeneities, and
fiber bending [84].
For testing of performance and evaluation of this short pulse Nd:YAG laser for
conservation applications, some experiments have also been performed to remove surface
contamination on marble, stones (berea gray sand stone, and shale), zircaloy, and inconel-600.
The effect of laser process parameters such as laser fluence, number of laser shots, and laser spot
overlapping were also investigated. The utilization of this short pulse Nd:YAG laser for efficient
cleaning of surface contaminations on marble, stones, zircaloy, and inconel materials for
conservation will be explained in Chapter 7.

4.5 Conclusions
In conclusion, a 200 μm, fiber-coupled short pulse Nd:YAG laser was designed and
developed for laser cleaning applications. An output peak power of 22 kW with 55 μs pulse
duration was achieved with an M2 value of ~28 in multimode operations. This laser has been
tested successfully for cleaning of surface contamination of marble for the conservation of
historical buildings and artworks. It has also been tested for cleaning of the surface
contamination of zircloy and inconel for potential use in different parts of nuclear facilities such
as pressure tubes and steam generator tubing of PHWR (Pressurized Heavy Water Reactors). The
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performance of this laser shows that it can be used for surface cleaning of contamination over a
wide range of other materials also like concrete, stones, stainless steel, copper, niobium,
titanium, and aluminium.
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Chapter 5
Study on novel birefringence compensation schemes for single rod
and dual rod long pulse Nd:YAG laser resonators

5.1

Introduction
Linearly polarized, high power Nd:YAG laser is used for different applications such as

laser material processing, electro-optic Q-switching, and second harmonic generation (SHG)
[13,85-87]. Polarization state of the laser beam has a strong influence on its absorption in the
material [88]. For example, in the case of iron, percentage absorption of un-polarized light is
~35%, for p-polarized light it is ~65%, and for s-polarized light it is ~10% at 700 angle of
incidence [89]. Thus, p-polarized Nd:YAG laser beam is highly beneficial for grooving and
welding applications in metals due to its high absorption at a large angle of incidence [90].
Laser operation in pulsed mode is more suitable for material processing as compared to
continuous wave (CW) mode in terms of minimum thermal distortion and small heat affected
zone [32]. Hence, development of p-polarized and long pulse duration lamp pumped Nd:YAG
laser is of potential importance.
In order to generate linearly polarized beam, a polarizer is generally inserted in the
resonator. However, it leads to a significant reduction in the output power. This reduction in the
output power occurs due to thermally induced stress birefringence in the Nd:YAG rod. It limits
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linearly polarized output power by introducing depolarization losses and also distorts the laser
beam spatial profile.
A number of techniques have been reported to compensate the effect of thermally
induced birefringence and for enhancement of linearly polarized output power in single and dualrod Nd:YAG lasers [91-93]. In single rod Nd:YAG lasers, most commonly used optical element
for birefringence compensation is either a 45° Faraday rotator (FR) or a quarter-wave (λ/4) plate
[94-95]. A 450 FR located between the laser rod and the rear mirror is more effective for
compensation, but FR is based on magneto-optic effect and has a bulky magnetic assembly.
Moreover, a FR uses a Terbium Gallium Garnet (TGG) crystal, which has a low bulk damage
threshold of ~5 J/cm2 for 10ns pulses of 1064 nm. Hence, it is not suitable for commercial grade
high peak power pulsed Nd:YAG lasers.
A 450 quartz rotator (QR) is a simple, cost effective optical element with a high damage
threshold of ~20 J/cm2 for 10 ns pulses. It may provide a good alternative. However, it will not
be effective when it is placed between the laser rod and the rear mirror since the rotation of the
polarized light is cancelled when the beam passes second time through the rotator on its way
back to the rod [27]. On the other hand, a λ/4-plate at an appropriate location could reduce the
depolarization losses and compensate the birefringence. However, it has been observed that this
scheme of birefringence compensation is satisfactory for TEM00 mode of operation, but is not
adequate in high power multimode lasers [96-97]. Thus, novel and simpler schemes of
birefringence compensation in place of 45° FR are still required for single rod Nd:YAG laser
operation. In dual rod Nd:YAG laser, a widely used birefringence compensation optical element
is a 90° quartz rotator (QR) placed between two identically pumped rods [27,98]. Using this
method, linearly polarized output power of the order of kW in diode pumped continuous wave
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(CW) Nd:YAG laser operation,has already been reported [99-100]. However, there are only a
few reports on the generation of linearly polarized output in pulsed operation of Nd:YAG laser
with high average and peak power [101].
In this chapter, we have focused on the investigation of novel birefringence compensation
schemes for single and dual Nd:YAG rod laser resonator. These schemes are based on the use of
simple optical elements in the laser resonators for efficient birefringence compensation,
reduction of depolarization losses, and enhancement of p-polarized output power.We have
analyzed and optimized resonator configuration for long pulse operation to achieve high average
power, higher slope efficiency, better alignment stability, good beam quality, and better pulse-topulse stability.
In single Nd:YAG rod laser resonator, as compared to conventional schemes, we have
introduced a novel approach to compensate birefringence which uses a tilted Glan-Taylor
polarizer (GTP) in the resonator. This innovative method is advantageous in the sense that it
avoids separate use of polarizer and quarter-wave plate to compensate depolarization loss in
Nd:YAG laser. It performs better than quarter-wave plate scheme in high power multimode
operation. However, this scheme was found to work well only up to a limited pump power level
of ~3 kW. As cutting and welding application of thick metals require Nd:YAG lasers of much
higher power and pulse energy, we have further investigated another simple and novel optical
scheme for birefringence compensation in single Nd:YAG rod resonator. In this scheme, a 90°
QR tilted at Brewster’s angle has been utilized in the laser resonator between the output coupler
mirror and the laser rod for effective birefringence compensation even at higher pump powers of
up to 5 kW. Re-entrance of rejected beam (at Brewster’s angle) in the resonator using a highly
reflective (HR) plane mirror, further improves the p-polarized power in the output beam. Using
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this scheme, generation of 215 W of p-polarized average output power with 4.5% slope
efficiency has been demonstrated. To the best of our knowledge, this is highest reported slope
efficiency in long pulse (1-20 ms), linearly p-polarized operation of a lamp pumped single rod
Nd:YAG laser.
Similarly, for dual-rod laser resonator, we have introduced a folded resonator
configuration with a simple optical scheme for effective birefringence compensation. Using this
scheme, a maximum of 415 W of p-polarized average output power with a slope efficiency of
4.3% has been demonstrated. Some of the potential applications of this dual-rod, long pulse,
linearly p-polarized Nd:YAG laser include laser welding, cutting, and grooving of titanium and
aluminium for automotive, aerospace and vacuum components industries.
In Section 5.2, we describe theoretical background for birefringence and its
compensation. In Section 5.3, we give the details of birefringence compensation in single rod
laser resonator using tilted Glan-Taylor polarizer and 90 QR at Brewster's angle in subsections
5.3.1 to 5.3.4. In Section 5.4, we provide details of birefringence compensation in dual rod laser
resonator in subsections 5.4.1 and 5.4.2 and in Section 5.5 we have given the conclusions.

5.2

Theoretical background
Heating of Nd:YAG laser rod due to broadband emission from flash lamps and quantum

defect leads to a non-uniform temperature distribution in the rod. Thermal lensing and stressinduced birefringence are the two important thermal effects, which occur in the Nd:YAG laser
material. Change in the refractive index of Nd:YAG rod can be separated into a temperature and
a stress-dependent variation given as n(r )  n0  n(r )T  n(r ) , where n(r) is the radial
variation of the refractive index, n0 is the refractive index at the center of the rod, and ∆n(r)T,
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∆n(r)ԑ are the temperature and stress dependent changes of the refractive index, respectively.
Stresses give rise to thermal strains in the Nd:YAG laser rod which in turn generate refractive
index variations via photo-elastic effect [7]. Thus, a pumped Nd:YAG laser rod behaves like a
thick lens. The principal birefringence axes lie along the radial (r) and tangential (ϕ) directions in
the cross-section of cylindrically symmetric laser rod. The overall thermal focal length f(r,ϕ) of the
rod is given by [7].
f ( r , ) 

r (n  1) 
1
KA  1 dn

 C( r ,) n03  0 0


D( r ,)
Ph  2 dT
L


1

(5.1)

where, Ph is the thermal power dissipated in laser rod of cross sectional area A and length L. Dr,
is the thermal refractive power of the rod, r0 is rod radius, α is the coefficient of thermal
expansion, and Cr, are the radial and tangential polarization dependent elasto-optical coefficients
of Nd:YAG rod. Thermal power dissipation in the rod (Ph) is proportional to the electrical input
pump power (PE) to the flash lamp and is given by PE=K0I3/2tpfp. Here, K0 is the lamp impedance
parameter having a value of 18 for the flash lamps used in our experiments. In order to calculate
thermal lensing in laser rods the value of Ph is selected as 10% of PE for the lamp pumped
system. The lamp current (I), pulse duration (tp) and repetition rate (fp) can be varied using a
microcontroller based power supply. In a cylindrical coordinate system, the photo-elastic
changes in the refractive index for r and φ polarizations are given by nr   1 n03Br and
2

1
n   n03B . A considerable amount of tensor calculation is required to determine the
2

coefficients ∆Br and ∆Bϕ in a plane perpendicular to the [111]-direction of the Nd:YAG crystal.
Stress or strain in the laser rod is characterized by the elasto-optical coefficients into the matrix
form pnm of the photo-elastic tensor (m, n=1, 2, 3, 4, 5, 6), stress tensor σkl and strain tensor εkl (k,
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l=1, 2, 3). For Nd:YAG crystal, approximate values of the elasto-optical coefficients are given by
p11=−0.0290, p12=0.0091, and p44=−0.0615. The induced birefringence in the Nd:YAG rod is
determined from [7]
Q
CB r02
K

(5.2)

1 
 p11  p12  4 p44  .
48(1  )

(5.3)

nr  n  n03

where,

CB 

Inserting the values of the photo-elastic coefficients and the material parameters of Nd:YAG,
α=7.5×10−6/0C, K = 0.14 W/cm 0C, ν = 0.25, n0 = 1.82 into Eq. (5.3), the induced birefringence
in the Nd:YAG laser rod is given by [21]

nr  n  (3.2 106 )Qr02

(5.4)

Here, Q is proportional to the absorbed pump power Pa dissipated as heat in the Nd:YAG rod of
length L with total heat load A0, and is given by Pa  A0 (r02 L) . The principal axes of the induced
birefringence are radially and tangentially directed at each point in the laser rod cross-section and
the magnitude of the birefringence increases quadratically with rod radius. Birefringence is
always zero at the centre of the rod (r0=0). Birefringence is also zero if the heat dissipated in the
laser rod is zero.

Fig. 5.1. A schematic view of experimental set-up for recording of conoscopic pattern.

98

Birefringence effects in pumped laser rods can be studied using conoscopic method in which an
expanded and collimated linearly polarized beam of He-Ne laser serves as an illuminator for the
observation of rod between two crossed polarizers (Fig. 5.1).
Polarized He-Ne probe beam suffers depolarization due to thermally induced
birefringence in the rod and hence it is only partially transmitted by the analyzer. The transmitted
beam forms the so-called isogyres, which display the geometrical locus of constant phase
differences. This pattern is known as conoscopic birefringence pattern. Fig. 5.2 shows
conoscopic patterns of single crystal 1.1 at.% Nd:YAG rod (ϕ 10 mm × 150 mm length) for
different input pump powers. There are hyperbolic isogyres with cross and rings in the
conoscopic pattern. Hyperbolic isogyres illustrate that single crystal rod has become biaxial and
crosses correspond to those regions of the crystal where an induced (radial or tangential) axis is
along a polarizer axis, so that the induced birefringence results only in a phase delay and not in a
polarization rotation. Rings in the conoscopic pattern show the radial dependence of
birefringence and it corresponds to an integral number of full waves of retardation.

(a)

(b)

(c)

Fig. 5.2. The experimentally recorded birefringence pattern of single crystal
Nd:YAG rod for (a)1 kW, (b)3 kW, and (c)5 kW of average input pump power,
respectively from left to right.
When a birefringent crystal is placed between a polarizer and analyzer that are crossed, the
transmitted intensity It is given by [7]
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It 

I out
 1  sin 2 (2)sin 2 ( / 2)
I in

(5.5)

where ϕ is the angle between the polarizer and one of the principal birefringent axes and δ is the
polarization phase shift of the light emerging from the crystal. A linearly polarized beam after
passing through a pumped Nd:YAG laser rod, experiences a substantial depolarization.
Depolarization loss is defined as the ratio of the depolarized output power to the initially linearly
polarized power. The total amount of depolarization dp at each point (r, ϕ) in the plane
perpendicular to the direction of the beam propagation (z-axis) in the cylindrical Nd:YAG rod is
given by [102]


d p  sin 2  2       sin 2  
2

(5.6)

Here, θ indicates the angle between polarization direction and one of the birefringence
eigenvectors (r, ϕ), γ represents the angle between y-axis and the direction of initial polarization
and δ is the phase difference between radial and tangential polarization components as shown in
Fig. 5.3.

Fig. 5.3. Relationship of angle θ, ϕ, and γ with polarization direction and rod crosssection in x-y plane, beam propagates in the z-direction.
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5.3

Birefringence compensation in single Nd:YAG rod resonator
As discussed earlier, there are only a few reports on the generation of linearly polarized

beam of high average power long pulse Nd:YAG laser. For example, Bhusan et al. [103] have
reported the generation of 100 W of average p-polarized output power in long pulse, single rod
Nd:YAG laser operation. We have performed some experiments using simple and novel optical
schemes to generate high average power p-polarized laser beam in single rod Nd:YAG laser
resonator for long pulse operation and these schemes will be described in the following
subsections.

5.3.1 Study of birefringence compensation using tilted GTP
In the first scheme, a Glan-Taylor polarizer (GTP) of size 10 mm × 10 mm × 10 mm has
been used for birefringence compensation in a flash lamp pumped, long pulse single rod
Nd:YAG resonator. Crystal orientation and ray propagation in GTP is shown in Fig. 5.4. GTP is
composed of two symmetric calcite prisms cemented with 1 mm of air gap in between. Here,
GTP acts as a phase retarder and as a Brewster’s plate in its tilted position. To obtain required tilt
(see Fig. 5.5), the GTP is given a rotation of angle θ with respect to face normal and another
rotation by ϕ with respect to an axis perpendicular to the optic axis.

Fig. 5.4. Crystal orientation and ray
propagation in Glan-Taylor polarizer.
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Fig. 5.5. Glan-Taylor polarizer tilted with
respect to x-axis of laboratory frame.

Working of GTP can be analyzed by using Jones matrices of various components of resonator.
Jones matrix (see Appendix 1) of a GTP for transmission of a beam can be written as [104]
 S 0
GTPB  

 0 1

(5.7)

At Brewster angle, all the p-polarized light will pass through GTP and s-polarized light will pass
only by a factor S. For a single pass, S can be calculated by [105]

 2 n   
S   2 e

 ne    1 

2

(5.8)

which amounts to 0.857 for calcite crystal with ne (ϕ) = 1.4888 at 1064 nm. Where,
1

ne2  



sin 2  cos 2 

ne2
no2

(5.9)

Jones matrix for phase retardation of GTP is given by
 ei /2
GTP( )  
 0

0 

e 
i /2

(5.10)

Here, we allow only p-polarization to oscillate (in laboratory frame, y-axis) in the resonator. The
phase  introduced by the GTP for an e-polarized (also p-polarized) normally incident beam, can
be determined as [27]

 ( y) 

2



(ne    1)(2 y  a)

(5.11)

here, y is the entrance height of the beam in the GTP, a is the length of GTP in the z direction.
Jones matrix of a pumped Nd:YAG rod with the birefringence phase difference of Γ is written as
 ei /2
0 
(5.12)
Rod ()  
 i /2 
e
 0

If θ is the angle between the laboratory frame and the thermally induced dielectric axes in the

transverse plane of the rod, the transformation matrix is given by
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 cos  sin  
(5.13)
R( )  

  sin  cos  
According to Jones matrix formulation, the round-trip matrix starting from the output coupler to

the rear mirror and back, when there is no compensating element can be written as
 ei cos 2   e i sin 2 
M unpol  R( ).Rod ().Rod ().R( )  
 2i sin  cos  sin 

2i sin  cos  sin  

e cos 2   ei sin 2  
 i

(5.14)

Therefore, selecting x-polarization (with respect to laboratory frame) as loss by inserting an
0 
intra-cavity polarizer of matrix   , the uncompensated depolarized component Exuncomp is given
1 
by
(5.15)
Exuncomp  2i sin  cos  sin 
And hence the uncompensated depolarization loss fraction for thermal birefringence at (r, θ) in
the transverse plane of the rod will be,

lDuncomp  Exuncomp  Exuncomp †   sin 2  sin 2 2

(5.16)

The total uncompensated depolarization loss can be derived by integrating over the cross section
of the rod as,

Luncomp

D

1
 r02

2

r0

0

0

 

1
lDuncomp rdrd  [1  sin c(2CT Ph )]
4

(5.17)

For compensation, the round-trip matrix M would be the multiplication of all the matrices of the
components in the path taken in appropriate order with tilted-GTP as a compensating element
inside the resonator placed in between the laser rod and the output coupler, which can be written
as
M  GTPB .GTP( ).R( ).Rod ().Rod ().R( ).GTP( ).GTPB

i
i
(  )
 i 2 i 2

2
2
2
2
e
(
e
cos


e
sin

)
e
(ei  1) S sin  cos  

__   i




 e 2 (  ) (ei  1) S sin  cos  ei 2 (e  i 2 S cos 2   ei 2 sin 2  ) 



Therefore,
103

(5.18)

E

comp
x

e

i
(  )
2

(ei  1)S sin  cos 

(5.19)

and hence the depolarization intensity loss will be

lDcomp  Excomp  Excomp†  2(1  cos )S 2 cos2  sin 2 
where,

CT Ph r 2

r02

CT 

(5.20)

2n03 CB
K

and α is the thermal expansion coefficient, K is the thermal conductivity, Ph is the power
dissipated from the laser rod as heat. CB depends on Young’s modulus, poisson ratio and photoelastic tensor elements. The total depolarization loss LD for a plane-polarized light due to the
stress birefringence by the laser rod can be obtained by integrating the above equation over the
cross-section of the rod and can be written as

1 2 r0
(2(1  cos ) S 2 sin 2  cos 2  )rdrd
 r02 0 0
After integration and simplification of the above Eq., we get
LD 

LD 

S2
4

 sin  CT Ph  
1 

CT Ph 


(5.21)

(5.22)

The calculated value of total depolarization loss using the above equation was found to be 0.1804
with the values of n0=1.82, α= 6.9×10-6/°C, CB= -0.0099, λ=1064 nm, K=14 W/m0K, r0=4 mm,
Ph=100 W, and S=0.857 for [111]-cut Nd:YAG rod.
In the experimental set-up, laser pump chamber contains an antireflection (AR) coated,
1.1 at. % doped Nd:YAG rod of diameter 8 mm and length 150 mm (Laser Material Inc., USA).
The rod is kept in a pump chamber consisting of a close coupled gold-coated elliptical reflector
and a 10 mm bore diameter and 136 mm arc length Kr-filled flash lamps. A 10% Samarium
oxide doped glass filter plate with a 1 mm wall thickness is kept between the rod and lamp to
absorb the unwanted UV radiation from the lamp and to re-radiate in the pump band of Nd:YAG.

104

A plane-plane symmetric resonator (Fig. 5.6) has been designed using a 99.9% HR (High
Reflectivity) plane rear mirror and 60% plane output coupler. An aperture of diameter 4 mm was
inserted to reduce the beam diameter in the cavity so that the beam is accommodated within the
clear opening of the tilted GTP of size 10 mm × 10 mm × 10 mm. The average electrical input
power (PE) of the flash lamp was varied by means of variation in pulse width from 1 to 20 ms
and repetition rate from 1 to 50 Hz, respectively. The maximum value of PE is 5 kW. GTP with
antireflection coated faces at 1064 nm was placed on a Goniometer mount near the output
coupler mirror within the cavity to generate polarized laser output. Experimentally, it was
observed that with two angular rotations at the calculated angles with respect to the x and zdirection in the laboratry frame, z-being the resonator axis the GTP acts as a compensating
element in the laser resonator. When the pump power is varied, the rotation of GTP needs to be
adjusted for optimized compensation. The polarization of the output beam from the laser cavity
was analyzed using another polarizer.

Fig. 5.6. Experimental set-up of resonator for compensation of birefringence.

5.3.2 Results and analysis with GTP in the resonator
Let P1 be the output power measured without any polarizing element or compensating
element inside the cavity and P2 be the output power measured when a polarizer is introduced in
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the cavity to select a particular polarization. P3 be the output power measured when both the
polarizer and a compensating element is present in the resonator. Then the experimentally
measured depolarization loss is calculated by

DWC 

DC 

P2  P1
100 % (Without compensation)
P1

P3  P1
100 % (With compensation)
P1

(5.23)

(5.24)

Output power P1 is recorded without the GTP in the resonator, and P2 is recorded with
GTP in the resonator. When the GTP is placed inside the cavity with its surface normal to the
cavity axis, the output power P2 reduces. Measurement of compensation was also performed
using a quarter-wave plate and thin film polarizer. A comparison of compensated output power
with input pump power for different optical compensating elements is plotted in Fig. 5.7.

Fig. 5.7. Output power versus input pump power from single Nd:YAG rod resonator
with different optical components GTP, λ/4-wave plate, and plate polarizer.
It is clear that tilted GTP compensates better than other component at high pump power. Fig. 5.8
shows that a single optical element (GTP) reduces the depolarization loss quite efficiently. This
scheme reduces the depolarization loss from 29% to 13.3% at 1.83 kW of input pump power
[92]. After birefringence compensation with tilted GTP, an average output power of 30 W was
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achieved as compared to 17 W of average output power on using only a plate polarizer in the
resonator without birefringence compensation.
At low input pump power, plate polarizer provides more output power as compared to
normal GTP whereas the situation is reversed at higher input pump power. This experimental
observation can be explained by considering thermo-optic effect of the polarizer’s material. The
plate polarizer works on the principle of Brewster’s effect, whereas GTP works on the principle
of total internal reflection. The variation of Brewster’s angle with temperature (dθB/dT) for fused
silica based plate polarizer is 3.8 × 10-6 rad/0C; whereas the variation of dθB/dT for calcite based
GTP is 1.3 × 10-6 rad/0C. This clearly accounts the crossing over of the curves for normal GTP
and plate polarizer, as the angular position of the polarizer has not been adjusted at each value of
input pump power.

Fig. 5.8. Deporization loss versus heat dissipation in the rod. Theoretical values of losses are
shown by solid and dotted line. Experimental values are shown by closed circle and closed
square.
Ordinary and extra-ordinary refractive indices of Calcite at 1064 nm are 1.658 and 1.47964.
Using these data, calculated value of the critical angle for ‘o’ ray is ~ 370. Ordinary rays
experience total internal reflection, when they are incident on the prism-air interface at ~420
under normal position of GTP. When a tilted GTP was placed in the resonator, output power was
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found to vary with the tilting of GTP along the axis of the beam propagation as well as
perpendicular to it. It was found that when the GTP angular position corresponds to =120 and

=220, depolarization loss reduces significantly. To explain the process of depolarization
compensation, we can refer to the schematic of a Glan-Taylor polarizer as shown earlier in Fig
5.5, where the polarizer has been tilted by an angle of 120 with respect to x-axis. This rotation
helps to obtain the required Brewster’s angle for the incidence beam at the interface between the
air-gap and the second prism of the GTP. This tilt also suppresses the total internal reflection for
the ordinary beam. Using Sellmeier’s coefficients, refractive indices of ordinary and extraordinary beam were calculated including the angle θ=120 for calcite [106]. Another tilt of 22
with respect to the face normal of the GTP effectively contributes to obtain the required phase
difference to compensate the depolarization loss due to thermal birefringence of the Nd:YAG
rod. This innovative method of birefringence compensation is advantageous in the sense that it
avoids separate use of polarizer and quarter-wave plate to compensate the depolarization loss in
Nd:YAG laser. It performs better than quarter-wave plate scheme in high power and
compensates well even for multimode operation.

5.3.3 Study of birefringence compensation using 900 QR
Koechner and Rice [107] have analyzed depolarization loss as a function of the rod axis
orientation in a uniform lamp pumped single Nd:YAG rod resonator. Their investigation
illustrates that the depolarization loss depends on the direction of initial polarization represented
by angle γ as shown in Fig. 5.3 in the case of [100]-and [110]-cut Nd:YAG crystals, however, it
is independent of angle γ in the case of [111]-cut crystal. Shoji et al. [108], Punken et al. [109],
and later Tünnermann et al. [110] have also investigated that the depolarization loss changes
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with the angle γ for [100]-and [110]-cut Nd:YAG crystals. They have shown that the relation
θ=ϕ in any plane as given by Koechner is true only for the [111]-direction cut crystals. The
relation of θ and ϕ for the [100]- and [110]- plane of Nd:YAG crystal is given by [107,108]
tan(2) 

2 p44
tan(2)
p11  p12

tan(2)  8 p44 tan(2)[3( p11  p12 )  2 p44  ( p11  p12  2 p44 )(2  r02 / r 2 )(1/ cos(2)]1

(5.25)
(5.26)

Sun et al. [111] have found that the overall depolarization loss of the [111]-cut rod is about 2
times higher than that of the [100]-cut rod at the angle γ=π/4. Similarly, Puncken et al. [109]
found that the depolarization could be reduced by a factor of 6 in [100]-cut crystals for a suitable
value of angle γ. Thus, it is clear from the literature that the depolarization loss in Nd:YAG laser
rod can be minimized if the beam enters the rod at a suitable angle γ in the case of [110]- and
[100]- cut Nd:YAG crystals.
In our experiments, it has been observed that the depolarization loss can be reduced
significantly with suitable angle γ even for the [111]-cut Nd:YAG rod if the laser rod is nonuniformly pumped, which has not been pointed out earlier [107-111]. For a single lamp pump
chamber the assumption of non-uniform pumping of the laser rod is justified as the laser rod and
flash lamps are kept at the two focii of the close coupled, gold-coated elliptical reflector one half
of the laser rod is pumped directly by the flash lamp and the other half is pumped after reflection
from the elliptical reflector. Hence, the optical pumping of the rod is non-uniform and the photoelastic coefficient tensor of the rod and subsequently the depolarization losses are different in
different directions of the rod and depend on the angle γ. A typical simulated cross-sectional
view of non-uniform pumped [111]-cut Nd:YAG crystal rod of 8 mm diameter is shown in Fig.
5.9.
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Fig. 5.9. A simulated cross-sectional view of non-uniform pumped Nd:YAG
rod on placing it in pump chamber with an elliptical gold-coated reflector.

For experimental study, a plane-plane symmetric resonator has been designed using a
plane 99.9% HR rear mirror and plane 60% output coupler mirror. The single crystal Nd:YAG
rod (ϕ 8 mm × 150 mm long) with [111]-cut crystal direction was pumped by a Kr-filled flash
lamp (ϕ 8 mm × 136 mm arc length). The ends of the laser rod were anti-reflection coated for
1064 nm. In the initial part of the experiment, output power was measured without placing a
polarizer in the resonator.

Fig. 5.10. A 900 QR placed between plate polarizer and Nd:YAG rod.
The output power was measured in four different configurations (a) First, a plate polarizer (CVI
Melles Griot) with polarization extinction ratio (PER) ( Tp / Ts ) of ~700:1 at Brewster angle
(θB=55.40) was inserted between laser rod and the output coupler mirror. (b) Then a 38 mm
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diameter, 900 quartz rotator (QR) (Fujian Castech, China) was placed between the plate polarizer
and Nd:YAG rod (VLOC, USA) as shown in Fig. 5.10. (c) Further, plate polarizer was removed
and 900 QR tilted at Brewster’s angle (θB=55.40) was placed in the resonator. It works both as a
polarizer as well as polarization rotating element and saves an additional optical element (plate
polarizer) in the resonator (Fig. 5.11). (d) Finally, a plane highly reflective (HR) re-entering
feedback mirror was placed in the resonator (Fig. 5.11) for further enhancement of the ppolarized output power.

Fig. 5.11. A 900 QR placed at Brewster’s angle (θB=55.40), which works both as a
polarizer as well as polarization rotating element. A HR re-entering mirror provides
feedback for the rejected beam.
First we consider the configuration with only a polarizer at Brewster angle in the
resonator. Starting from the rear mirror, an unpolarized laser beam having two polarizations
states s and p passes through the laser rod and is incident on the polarizer at Brewster’s angle.
According to Fresnel’s relation, the polarizer rejects 15% of s-polarized part of the laser beam.
Hence, 85% part of the s-polarized beam and 100% of p-polarized beam pass through the
polarizer. On the return path the laser beam 100% p-polarized and 85% s-polarized after
reflection from the partial (60%) output coupler mirror, again passes through the polarizer and
15% of the s-polarized part is once again rejected by the polarizer. After few round trips, only ppolarized part of the laser beam will sustain in the resonator. Without using any birefringence
compensation, this p-polarized laser beam suffers significant depolarization losses by the
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pumped Nd:YAG laser rod due to stress induced birefringence. Hence, in this case, only 118 W
of the p-polarized laser output was obtained for 5 kW of average input pump power.
When a 900 QR tilted at the Brewster’s angle is placed between the output mirror and
laser rod in place of the plate polarizer, it works both as a polarizer as well as a polarization
rotating element. Starting from the rear mirror, an unpolarized laser beam having two
polarizations s and p, first passes through the laser rod and is then incident on the 900 QR at
Brewster’s angle. According to the Fresnel’s relation, due to incidence of beam on QR at
Brewster's angle, p-polarized part of the beam will be transmitted fully (~100%), while 85% of
the s-polarized part of the beam will be transmitted and ~15% will be rejected. At the same time,
transmitted p-polarized and s-polarized parts of the laser beam will also get rotated by an angle
of ~1000 from the original position, as it has passed through the tilted 900 QR as in cofiguartion
c. In this case, 100% p-polarized part of the laser beam becomes almost 100% s-polarized part
and 85% s-polarized part of the laser beam becomes almost 85% p-polarized part. After
reflection from the 60% output coupler mirror, laser beam is again incident on the 900 QR at
Brewster’s angle in the return path. Now, 85% p-polarized part is converted into 85% s-polarized
part after passing though the 900 QR. On the other hand, out of 100% s-polarized part of the laser
beam, 15% of s-polarized part is rejected by tilted 900 QR and the remaining 85% s-polarized
part is transmitted though the 900 QR and is converted into 85% p-polarized part. Hence, 85% spolarized and 85% p-polarized part of laser beam will now pass through the pumped Nd:YAG
laser rod. Now, the 85% part of the s-polarized laser beam (which is actually ~1000 rotated
original p-polarized part of the laser beam) suffers minimum depolarization loss on passing
through the laser rod. On the round trip, this s-polarized laser beam (~1000 rotated p-polarized)
becomes p-polarized before exit from the output mirror as it passes through the 90 0 QR second
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time before facing the output coupler mirror. This occurs in every round trip of laser beam in the
resonator and p-polarized part of the laser beam is enhanced. In this case, 198 W of the ppolarized output power was achieved for 5 kW of average input pump power. Further, when an
HR re-entering feedback mirror was introduced in the resonator (configuration d as shown in
Fig. 5.11), 215 W of the p-polarized output power was achieved because the rejected part of the
s-polarized component now re-enters in the resonator and is converted in the p-polarized
component after four passes. Jone matrix analysis for the resonator having 900 QR tilted at the
Brewster’s angle can be found in appendix at the end of this thesis.
For the round trip depolarization loss measurement, pump-probe method was used
[27,108]. A collimated and linearly polarized probe beam of 1.5 W CW Nd:YAG laser was
passed through the laser rod under different pumping conditions. An analyzer was placed in the
crossed condition after the Nd:YAG rod and a power meter was placed behind the analyzer to
measure the power of the depolarized component of the probe beam as shown in Fig. 5.12.
Depolarization loss from the thermally induced birefringence in the laser rods is defined as the
ratio of the depolarized power to the initially polarized power [102].

Fig. 5.12. Experimental scheme for the measurement of depolarization loss using
Glan Taylor (GT) polarizer and analyzer.
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5.3.4 Results and analysis with 900 QR
For the observation and comparison of conoscopic patterns of non-uniformly and
uniformly pumped Nd:YAG rods, a gold-coated elliptical reflector and a circular diffuse ceramic
reflector based laser pump chamber was used. Flash lamp pumped Nd:YAG rod was placed
between the crossed polarizer and collimated He-Ne beam was passed through it under different
pumping conditions and conoscopic pattern was recorded using a CCD camera (Watec, Japan).
For the variation of angle γ of the polarized He-Ne laser beam, a λ/2-wave plate was placed
between the polarizer and laser rod as shown in Fig. 5.13. The angle γ can be changed by
rotating the λ/2-wave plate around its fast axis. For example, if λ/2-wave plate rotates by an
angle α with respect to fast axis, the plane of polarization of the linearly polarized beam rotates
by an angle 2α. Hence, for the change in angle α from 0 to π, the polarization angle γ changes
from 0 to 2π.

Fig. 5.13. Experimental set-up using λ/2-wave plate for the recording of conoscopic pattern.
Fig. 5.14 shows the conoscopic pattern of Nd:YAG rod under the uniform (with circular
ceramic reflector) and non-uniform (with gold-coated elliptical reflector) pumping conditions at
different angles γ. It shows that the conoscopic pattern for the non-uniformly pumped rod
changes with variation in angle γ. On the other hand, no significant change is observed in the
conoscopic pattern for the uniformly pumped laser rod. Hence, it is clear that for the non-
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uniformly pumped rod, depolarization loss can be minimized with the selection of a suitable
angle γ even for the [111]-cut Nd:YAG rod.

Fig. 5.14. Conoscopic pattern of Nd:YAG rod for different angle γ using gold coated and
ceramic reflector. The patterns were recorded for 3 kW and 5 kW average input pump
powers.
From the above analysis, it was found that a 900 QR is a good option for enhancing ppolarized output power, if it is placed at the Brewster’s angle (θB=55.40) between the laser rod
and output coupler mirror in the resonator. In this condition it works both as a polarizer as well
as a polarization rotating element for birefringence compensation. At Brewster angle, it rotates
the polarization by ~1000 before the laser light enters the laser rod during a round trip in the
resonator. Rotation ρ through quartz rotator depends on the optical path length d and is expressed
by the Fresnel formula [112]

  d (nL  nR ) / 

(5.27)

where nL and nR are the refractive indices for the left and right circularly polarized rays,
respectively. For the QR used in this experiment d has a value of 14 mm and the path length
becomes 16 mm, when QR is tilted at Brewster’s angle. The sense of rotation is reversed, if the
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propagation vector is reversed. This fact can be observed in the conoscopic pattern for different
values of angle γ for which the linearly polarized light enters the rod during the round-trip in the
laser resonator. Figure 5.14 shows that for a variation of angle γ, from 900 to 1200, the
conoscopic pattern contains minimum isogyres, which indicates that depolarization loss in the
rod becomes minimum between these angles. QR cancels the polarization rotation during the
round trip of the beam in the resonator and the beam passes through QR without any significant
p-polarized power losses. Further, on using a plane HR re-entering feedback mirror in the
resonator, the maximum average output power in the p-component was enhanced up to 215 W
from 198 W at 9 ms pulse duration and 10.9 Hz repetition rate with 4.52% slope efficiency as
shown in Fig. 5.15.

Unpolarized (without polarizer)
With plate polarizer
0
With 90 QR at Brewester's angle
0
With 90 QR and feedback mirror
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Fig. 5.15. Variation of output power with input pump power using different
optical components in the resonator.

An increase in the p-polarized output power of more than 80% was achieved as compared with
p-polarized output of 118 W with only one polarizer placed in the resonator. The maximum
single pulse output energy in p-polarized beam was 80 J at 20 ms pulse duration. Experiment
were also performed using 450 QR, 220 QR and a plane window (00 QR) placed at Brewster’s
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angle in the same resonator in place of 900 QR. The measured enhancement in p-polarized power
was only 20%, 14% and 2%, respectively for these three cases. Hence, 900 QR was found more
suitable for p-polarized power enhancement as compared to the QR’s of other angles. A detailed
explanation of p-polarized output power enhancement with use of re-entering mirror is already
available in literature [93,113].
It was observed that re-entering HR mirror not only enhances the p-polarized power, but
it also improves the value of polarization extinction ratio (PER) of the laser beam. Polarization
extinction ratio (PER) of the output laser beam was measured by transmitting the beam through a
polarizer mounted on a rotating stage. When the polarizer is rotated, output power of transmitting
beam is changed. If Pmax and Pmin are the maximum and minimum power transmission through
the polarizer, then the PER (measured in dB) is given by PER=10 log (Pmax/Pmin). PER of the
output laser beam was measured in different conditions using two intra-cavity optical elements:
(i) with 90° QR at the Brewster angle and (ii) with 90° QR and HR re-entering feedback mirror.
The measured values of polarization extinction ratio (PER) in the above cases were (a) 9.8 dB
and (b) 12.2 dB, respectively at the maximum average output power, which shows that the value
of PER is substaintially enhanced with a re-entering mirror.
Depolarization losses were measured before and after placing 900 QR at Brewster’s
angle. It was observed that the depolarization loss increases almost linearly with the pump power
and reduces significantly on placing the 90° QR in the resonator. The depolarization loss was
~34% at the maximum pump power of 5 kW, when only a polarizer was placed in the resonator
(before compensation) and it reduced significantly to a value of ~9% after placing a 90° QR
(after compensation) as shown in Fig. 5.16 [114]. Fig. 5.17 shows the variation of M2 as a
function of input pump power before and after the birefringence compensation. A lower value of
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the M2 means a better beam quality of the laser in multimode operation. It was observed that the
beam quality in multi mode operation was improved after placing 90° QR at Brewster angle. The
value of M2 was found to be 52 for maximum pump power (5 kW), when only a polarizer was
placed in the resonator (for the birefringence uncompensated resonator), which improved to a
value of 45 when 90° QR was placed at the Brewster’s angle (for the birefringence compensated
resonator). The value of M2 improves further after placing a re-entering HR mirror in the
resonator and reaches a value of 43 [114]. This improvement in beam quality is highly beneficial
in laser material processing applications.
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Fig. 5.16. Variation of depolarization loss with input pump power, before compensation
(with polarizer) and after compensation (with 90° QR).
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Fig. 5.17. Variation of M2 as a function of pump power with and without 900 QR.
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Laser output beam profile measurements using a CCD camera (Wincam-D, Gentec) shows that
after placing 900 QR at Brewster’s angle, beam shape distortion was found to be reduced as
compared to placing only polarizer in the resonator as shown in the Fig.5.18 and 5.19.

Fig. 5.18. Laser beam profile on placing
only a polarizer in the laser resonator
shows a distortion in the beam shape.

Fig. 5.19. Laser beam profile after placing a
900 QR at Brewster’s angle shows reduction
in distortion of beam shape.

In conclusion it was shown that the depolarization losses can be reduced significantly
from a value of ~34% to ~9% using a tilted 900 QR. Further, this scheme has resulted in a
significant enhancement (more than 80%) of p-polarized output power as compared to the use of
only a polarizer in the resonator. It was found that laser beam quality also improves with 900 QR
in the resonator. Thus, we have investigated a cost effective, simple and novel optical scheme for
generation of high power p-polarized beam in long pulse single rod Nd:YAG laser.

5.4

Birefringence compensation in dual Nd:YAG rod laser resonator
In dual rod Nd:YAG laser resonators, a widely used birefringence compensation

technique is the use of a 90° quartz rotator (QR) between two identically pumped laser rods.
Using this technique, linearly polarized output power in diode pumped continuous wave (CW)
Nd:YAG lasers in kW range has already been reported [93,99]. However, there are only a few
reports on the generation of linearly polarized output in pulsed operation of dual rod Nd:YAG
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laser [101]. Lu et al. [115] have demonstrated effective birefringence compensation scheme
using an intra-cavity 90° QR and a dual lens imaging system in a linear resonator configuration
for 1 ms long pulses in a lamp pumped dual rod Nd:YAG laser. This scheme was found to
reduce depolarization losses significantly from a value of 26% to a value of 5% for 6 kW of
electrical input pump power per rod. This effective birefringence compensation scheme has also
been utilized by Moshe et al. [93] and Wang et al. [116] for efficient generation of linearly
polarized output power. Using almost similar scheme, Ostermayer et al. [101] have demonstrated
182 W of average output power in quasi-CW operation of dual rod Nd:YAG resonator with pulse
duration of 250 μs which was operated at 980 Hz of repetition rate. However, the schemes
proposed in references [93], [101] and [115] have used linear resonator geometry and the length
of the resonator is long due to use of intra-cavity lens imaging system. Such a long and linear
resonator geometry is affected strongly by drift in optical alignment due to the long length of
support structure. This in turn affects the misalignment sensitivity of the laser resonator. One of
the possible solutions to overcome this problem is the introduction of folding resonator
geometry, which reduces the deflection of support structure because of its shorter length in each
arm and it also improves the misalignment sensitivity and stability of the laser system.
We carried out experimental investigation of z-fold laser resonator geometry for effective
birefringence compensation to generate high average power linearly polarized laser output. We
have analyzed the z-fold resonator geometry in terms of average p-polarized output power,
depolarization losses, beam quality, pulse-to-pulse stability, and misalignment sensitivity. For
the z-fold resonator design, a simple optical scheme using concave mirrors has been utilized,
which acts as a folding mirror as well as a rod-imaging configuration for birefringence
compensation. These concave mirrors have been kept at small angles with respect to each other
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for the minimization of astigmatism from mirrors. Average output power of p-polarized light was
enhanced further by using a plane high reflectivity re-entering feedback mirror in the resonator.
Using this scheme, a maximum linearly p-polarized average output power of 415 W with 150 J
of pulse energy and 4.3% slope efficiency has been demonstrated. To the best of our knowledge,
this is the highest average output power, pulse energy, and slope efficiency reported in long
pulse (1-20 ms) linearly p-polarized operation of a flash lamp-pumped dual-rod Nd:YAG laser.
This linearly p-polarized Nd:YAG laser will be highly suitable for laser material processing
applications.

5.4.1 Study on birefringence compensation using z-fold resonator
Design and analysis of dual-rod linear resonator geometry for generation of high average
power long pulse Nd:YAG laser has already been presented in Chapter 2. This chapter describes
the design of folded resonator geometry in z-fold configuration for long pulse Nd:YAG laser
operation.

Fig. 5.20. An equivalent schematic diagram of the z-fold resonator having two Nd:YAG
rods with thermal focal lengths (f) and two concave mirrors for rod imaging.
The proposed z-fold resonator geometry consists of a plane output coupler and rear
mirror along with two concave mirrors of radius of curvature (R.O.C.) R for folding the
resonator. The distance (d) between the plane mirrors and principal planes of the rod was
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optimized such that the resonator remains stable for the whole range of input pump power. The
distance between the concave mirrors (z) were also optimized. Figure 5.20 shows equivalent zfold resonator geometry.
For dual-rod z-fold resonator geometry, single pass ABCD matrix can be written as [117]
 A B   1 d  1



 C D   0 1  1/ f

0  1 R / 2  1
0  1 z  1
0  1 R / 2  1






1  0
1  2 / R 1  0 1  2 / R 1  0
1  1/ f

0  1 d 


1  0 1 

Stability condition for the resonator is expressed by 0g1g21 and the value of g1g2 is
related with the elements of round trip ABCD matrix by
g1 g2  ( A  D)2 / 4

(5.28)

For example, for 5 kW of input pump power per rod the values of different parameters are d=30
cm, f=36 cm, R=50 cm, z=30. With these values, the explicit expression for the single pass
ABCD matrix is given by

 A B   0.2933 38.8 



 C D   0.0236 0.2933 
Thus, A+D=-0.5866, which provides a value of g1g2 for the resonator as 0.08, indicating that the
resonator remains stable for the chosen values of different parameters even up to the maximum
input pump power of 5 kW per rod.
Long length resonators are in general strongly affected by the small misalignment or
deviation of the support structure as compared to a short resonator. Misalignment in long
resonator geometry may occur due to the temperature gradient or thermal expansion of optomechanical components. Sensitivity of the resonator to the support structure instability scales as
a function of the resonator length L approximately by L3/2 [118]. Since a folding geometry
maximizes tolerance to structural misalignment, overall resonator length and geometry is an
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important factor while designing a laser resonator. Transverse displacement of the beam on
imaging concave mirrors due to slight misalignment of the resonator may also change the
imaging condition for birefringence compensation and thereby result in additional depolarization
losses. Misalignment of one of the concave mirrors by angle θ results in the shift in axis by an
amount of R2θ/(2R-z), where R is the R.O.C. of the mirrors and z is the distance between them.
Overall resonator length L in z-fold geometry can be reduced if we select a smaller value of
distance d or z. A smaller value of d degrades the laser beam quality, since the beam quality
factor (M2) of the laser beam in a plane-plane symmetric resonator depends on d and is given by
[69]
M2 

r02
[dD( r ,) (2  dD( r ,) )]1/2
2d

(5.29)

Hence, value of d should not be reduced below a certain optimized value for which the
resonator remains stable for the entire pumping range of up to 5 kW per rod. The length L of the
resonator can also be reduced by selecting a smaller value of R of the folding concave mirrors,
but it affects the resonator stability and beam quality. Further, the distance between principal
plane of the rod and the concave mirror is also fixed at R/2 to meet the imaging condition.
Hence, we cannot select smaller value of R of the concave mirrors for reduction of the length L.
Thus, reduction in the value of distance z is the only possible way to reduce the overall length of
the z-fold resonator as well as to ensure its stable operation. It is possible to reduce the value of z
to a value much smaller than 2f, where f=R/2. In references [101] and [115], it has been pointed
out that the distance between the intra-cavity imaging lenses should be fixed at 2f distance for
better imaging of the laser rods. However, it has been found experimentally that the value of z
smaller than 2f or R in the case of concave mirror imaging system of z-fold resonator does not
affect birefringence compensation and resonator stability. Thus, the value of z was reduced from
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a value of 50 cm (which is equal to R in our experiment) to a value of 30 cm for the reduction of
total resonator length L and also to minimize the alignment criticality of the laser system.
A major problem associated with the use of concave folding mirrors is astigmatism. It is
associated with the difference in focal length of the concave mirror in tangential and sagittal
planes as shown in Fig. 5.21.
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Fig. 5.21. Ray tracing diagram to show
astigmatism of a concave mirror with fs and fM as
the focal lengths for tangential and sagittal rays
and θ as the incident angle of the input rays with
respect to optic axis.

Fig. 5.22. Variation of the ratio fS/fM as
a function of angle θ.

Focal length of the concave mirror for tangential and sagittal rays are given by [119]
f s  R / 2cos  and f M  R cos  / 2 , respectively. Here, θ is the incident angle of the input rays

with respect to optical axis of concave mirror. Ratio fs/fM as a function of angle θ has been
evaluated and its variation as a function of θ is as shown in Fig. 5.22. It can be seen that for
values of incident angles θ ≥150, the ratio fs/fM >1, and focused beam becomes elliptical. For
θ=450, fS/fM=2, hence circularity of the beam is completely distorted. Hence, for minimization of
astigmatism in the resonator, the value of angle θ should be selected such that θ<150.
A table top view of the experimental set up of z-fold resonator for birefringence
compensation is shown in Fig. 5.23. Two identical laser pump chambers have been arranged in
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z-fold resonator configuration. Each pump chamber contains an 8 mm diameter and 152 mm
long 1.1% at.% Nd3+-doped YAG laser rod (Laser Material Inc., USA) and an 8 mm bore
diameter, Kr-filled flash lamp (Heraeus Noblelight, UK). Both the ends of the Nd:YAG rods are
antireflection (AR) coated at 1064 nm. The rod and lamp have been placed in a diffuse ceramic
reflector chamber having a close-coupled rectangular geometry with 30 mm × 15 mm crosssection and 7 mm wall thickness. A 10% samarium oxide doped glass filter plate having 1 mm
wall thickness is kept between rod and lamp. A flooded type cooling scheme has been used for
efficient removal of heat load from the laser pump chamber. In this scheme, laser rod, flash
lamp, samarium filter, and reflector inner surface are fully immersed in water. A closed-loop
water-cooling unit providing 50 lpm of water flow rate at 200C has been used. Calculated value
of heat transfer coefficient is h= 9800 (W/m2 0K). With this optimum value of h, an efficient heat
transfer was achieved, which resulted in high slope efficiency.

Fig. 5.23. A table top view of the experimental set-up of z-fold resonator.

The z-fold resonator consists of a plane rear mirror of ~99.8% reflectivity and 40% plane
output coupler at 1064 nm. Two identical power supplies for flash lamps were used, which
deliver maximum electrical average input pump power (PE) up to 5 kW per lamp with current
variation in the range of 100-300 Amp., pulse duration in the range of 1-20 ms, and repetition
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rate in the range of 1-100 Hz, respectively. The temporal profile of the current pulse has a
rectangular shape. Two concave mirrors of 50 cm R.O.C. were used as folding mirrors in the
resonator. These mirrors have been kept at angles of θ=150 with respect to each other. Further
reduction in angle θ was not possible in our experiment due to practical difficulties in keeping
the laser pump chambers of finite width in optical path as the laser beam path is obstructed
during the alignment of the resonator for angles θ<150. Concave mirrors used in this experiment
have ~99.8% reflectivity at 1064 nm for 150 angle of incidence. For an optimum distance d=30
cm, the resonator remains stable for the whole range of average input pump power from 0-5 kW
per rod. The distance z between the two concave mirrors was varied from z=50 cm to z=30 cm.
For z=30 cm, the overall geometrical length of the resonator from output mirror to rear mirror
was 168 cm.

Fig. 5.24. A schematic view of birefringence compensation scheme of z-fold resonator
having two concave mirrors, two Nd:YAG rods, a polarizer, a 900 QR, and a re-entering HR
mirror.

Initially, the average output power from the resonator was measured without placing any
polarizer in the resonator. Further, the output power was measured by placing different optical
components in the resonator, namely; a plate polarizer having an extinction ratio ( Tp / Ts ) of
~700:1, a 900 QR along with plate polarizer, and a plane highly reflective (HR) re-entering
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feedback mirror along with plane polarizer and QR. Figure 5.24 shows a schematic of the
birefringence compensation scheme in z-fold resonator configuration.
For measurement of depolarization losses, a probe beam of a collimated and linearly
polarized 1.5 W CW Nd:YAG laser has been passed through the laser rods under different
pumping conditions. An analyzer was placed in the crossed condition and a power meter was
placed behind the analyzer to measure the power of the depolarized component of the probe
beam as shown in Fig. 5.25.

Fig. 5.25. A schematic view of experimental set-up for measurement of depolarization losses
using Glan-Taylor (GT) polarizer and analyzer.
The power was measured, without placing a 900 QR (before birefringence compensation) and
after placing a 900 QR in the resonator. The depolarization loss caused by the thermally induced
birefringence in the laser rods is defined by the ratio of the depolarized power to the initially
polarized power.

5.4.2 Results and analysis of z-fold resonator
For z-fold resonator geometry, variation of g1g2 as a function of input pump power using
ABCD round trip matrix is as shown in Fig. 5.26. It shows that the resonator remains stable for a
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wide range of average electrical input pump power in the range of 0-5 kW in each rod for two
different values of distance z between the concave mirrors. For a change of the distance z from
z=50 cm to z=30 cm, the resonator still remains stable. It indicates that a reduction in the length
of z-fold resonator can be carried out without any change in its stability. A short length resonator
is advantageous in terms of misalignment sensitivity and structural stability of the laser system as
compared to unfolded linear resonator configuration. It was observed that for a value of z >50 cm
or z< 30 cm, the resonator did not remain stable over the full range of pump power. Thus, a value
of z=30 cm was selected in our experiments.
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Fig. 5.26. Variation of g1g2 for z-fold resonator as a function of average electrical input
pump power.
Figure 5.27 shows variation of average output power as a function of average input pump
power using different optical components in z-fold resonator. Without any intra-cavity polarizer,
a maximum average output power of 503 W was achieved for an average input pump power of 5
kW per rod. When an intra-cavity polarizer was introduced in the resonator, output beam
becomes p-polarized and the maximum average output power drops to a value of 234 W.
Further, on placing a 900 QR between the two Nd:YAG rods, p-polarized average output power
is enhanced to a value of 362 W. When a plane HR re-entering feedback mirror is introduced in
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the resonator, the output power in the p-component is enhanced to a value of 415 W with 4.3%
slope efficiency.
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Fig. 5.27. Variation of average output power as a function of average input pump
power using different optical components in z-fold resonator.
An increase in p-polarized average output power of more than 80% was achieved as compared to
the p-polarized average output power of 234 W with only a polarizer placed in the resonator.
Maximum output single pulse energy in p-polarized beam was 150 J at 20 ms pulse duration.
Pulse-to-pulse stability (PTPS) was measured for 1000 pulses and was better than ± 3%
for the birefringence compensated z-fold resonator as compared to ± 5% for uncompensated
resonator. This improvement in PTPS is due to the fact that before birefringence compensation,
the stability zone of the resonator is divided in radial and tangential components. The
overlapping part of this radial and tangential zone is small, and the stability points lie near the
limit of the radial and tangential stability zones. After birefringence compensation, radial and
tangential zones are merged and the stability points move slightly inside the stability zone there
by improving the PTPS stability of the resonator. It was found that before birefringence
compensation, the value of misalignment sensitivity was 230 μrad and after compensation, it
improved to a value of 450 μrad. This improvement in misalignment sensitivity is expected since
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it is directly related with the losses due to the displacement of the mode axis with respect to the
mode spot diameter [46]. For a plane-plane symmetric resonator, the fundamental mode spot
radius w is given by [42]
w(2r ,) 

2d 
1
.

dD( r ,) (2  dD( r ,) )

(5.30)

From Eq. (5.30), it is clear that the fundamental mode spot radius within the laser rod is different
for the radial and tangential polarization components and hence an uncompensated resonator is
more sensitive to the misalignment. When a 900 QR is placed between two identical Nd:YAG
rods, the polarization components are rotated by 900. Hence, the radial and tangential
polarization components are exchanged and the mode spot radius w in radial and tangential
directions becomes equal, which improves the misalignment sensitivity of the resonator. Further,
two different focal distances in the radial and tangential directions causes a split in the stability
zones of the graph of fundamental mode beam size versus focusing power of the thermal lens for
the uncompensated resonator as shown in Eq. (5.30).
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Fig. 5.28. Variations of M2 as a function of input pump power before and after birefringence
compensation. Standard deviation of the data is presented as error bar in the curve.
After birefringence compensation, the radial and tangential zones merged and enhance the
fundamental mode spot radius. It improves the beam quality factor (M2) of the laser beam in
130

multi mode operation as it is given by M2≈ (r0/wr,)2. Figure 5.28 shows the variation of M2 as a
function of input pump power before and after birefringence compensation in z-fold resonator.
After compensation, the measured value of M2 for maximum average input pump power was
reduced to a value of 40 from a value of 47 for an uncompensated laser resonator. The
polarization extinction ratio (PER) was also measured before and after birefringence
compensation. The measured value of PER before birefringence compensation was 440:1 and
690:1 after compensation. A list of important measured parameters of z-fold resonator geometry
is given in Table 5.1.
Table 5.1: Parameters of the z-fold resonator geometry.
Parameter

Value

Input electrical pump power (per rod)

5 kW

Unpolarized avg. output power (maximum)

503 W

p-polarized output power (without compensation)

234 W

p-polarized output power (after 90° QR)

362 W

p-polarized output power (with 90° QR and re-entering
mirror)
Slope efficiency (with 90° QR and re-entering mirror)

415 W
4.3%

Polarization extinction ratio (PER)
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(a) Before birefringence compensation

440:1

(b) After birefringence compensation

690:1

Maximum p-polarized output pulse energy

150 J

Maximum p-polarized output peak power

7.9 kW

M2 (before compensation)

47

M2 (after compensation)

40

PTPS (for 1000 pulses)

±3%

Misalignment sensitivity (10% power drop)

450 μrad

Depolarization losses were measured using schemes as shown in Fig. 5.25. The
depolarization loss increases almost linearly with the input pump power without birefringence
compensation. Whereas, depolarization loss reduces significantly after placing the 90° QR and
re-entering feedback mirror in the resonator. When only a polarizer was placed in the resonator,
the measured value of percentage depolarization loss for the maximum average input pump
power of 5 kW per rod was 35%, but it reduced to a value of 1.8% after placing a 90° QR and a
HR re-entering feedback mirror in the resonator as shown in Fig. 5.29.
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Fig. 5.29. Variation of measured value of depolarization loss as a function of average
input pump power using polarizer, 900 QR, and re-entering feedback mirror in the
resonator.

Fig. 5.30. Comparison of spatial profile of laser beam for dual-rod z-fold resonator
at different values of average input pump power.
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Spatial profile of the laser beam was also measured using a CCD camera (Wincam-D, Gentec).
Table 5.2: A comparison of resonator geometry and results of the earlier reported work
Method
proposed by

and present work
Resonator
configuration for
experiment

Laser
operation
mode

Plane–plane
Pulsed
resonator with
(lamp
Lu et al.
linear
geometry
and
pumped)
[115] in 1996
lens imaging
Koji Yasui
Concave resonator
CW (lamp
[121] in 1996
with plane folded
pumped)
mirror

Output
power
or
energy

Efficiency

Depolarizatio
n losses after
compensation

Beam
quality
factor (M2)

40 J

Not
reported

~5%

Multimode

2.72%
500 W

Inon Moshe
[93] in 2002

Plane–plane linear
resonator with reentrance mirror and
lens imaging

Ostermeyer
et al. [101] in
2002

Plane–plane
Quasi CW
resonator with
(lamp
linear geometry and
pumped)
lens imaging

Maik Frede
et al. [98] in
2005

Plane–plane ring
resonator geometry
and lens imaging

CW (diode
114 W
pumped)

Yi-Ting Xu
et al. in 2010

Convex–concave
L-shaped rsonator
geometry

CW (diode
101.4 W
pumped)

Qing-Lei Ma Plane-Plane
In 2010 [122] resonator

Our present
experiment
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z-fold resonator
with concave
mirror imaging

Pulsed
(lamp
pumped)

114 W

182 W

(overall
Not reported
efficiency)
3%
(overall
~5%
efficiency)
7%
(electrooptical

19

Multimode

~1%

1.2

23%
(optical to
optical)

Not reported

1.05

29.4%
(optical to
optical)

Not reported

1.14

efficiency)

CW (diode
Pumped)
108 W

28.1%
(slope
Not reported
efficiency)

Multimode

Pulsed
(lamp
pumped)

4.3%
(slope
~1.8%
efficiency)

40

415 W/
150 J

Figure 5.30 shows a comparison of the spatial profile of the output laser beam before and after
birefringence compensation for different values of average input pump power. It shows that the
shape of the beam is distorted at higher average input pump power in the rod, when a plate
polarizer is introduced in the resonator [120]. However, introduction of a 90° QR for
birefringence compensation improves the beam shape and uniformity in dual-rod z-fold
resonator. Finally, we have achieved an efficient birefringence compensation in z-fold resonator
geometry using a simple optical scheme consisting of concave mirrors, an intra-cavity 90° quartz
rotator, and a re-entrant feedback mirror. This scheme resulted in an enhancement of p-polarized
output power to more than 80% as compared to the p-polarized output power without
birefringence compensation. Depolarization loss in the resonator has also been reduced
significantly from a value of 35% to a value of ~1.8% after birefringence compensation. Table
5.2 shows a comparison of our present work on the z-fold resonator geometry with the previous
works in terms of p-polarized average output power, slope efficiency, depolarization losses and
beam quality [120]. It can be seen that the performance of proposed z-fold resonator geometry
for the birefringence compensation in dual Nd:YAG rod laser system is much better as compared
to the linear resonator geometry in terms of beam quality, depolization losses, alignment stability
and pulse-to-pulse stability as proposed by Moshe et al. [93], Frede et al. [98], Ostermeyer et al.
[101], Lu et al. [115], Yasui et al. [121] and Ma et al. [122].

5.5

Conclusions
In conclusion, we have investigated and achieved various novel and simple optical

schemes for birefringence compensation and for the generation of high power p-polarized beam
in long pulse operation of single and dual-rod Nd:YAG laser. An experimental verification for
enhancement of p-polarized output power and reduction in depolarization loss using a GTP and
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90° QR tilted at the Brewster’s angle in the single Nd:YAG rod laser resonator has been
performed. A single GTP at tilted angular position provides Brewster’s angle at interface as well
as required phase-retardation for the compensation. The compensation scheme using GTP
performs better than quarter-wave plate scheme in high power multimode laser operation. This
scheme has been found to work even up to 3 kW of input pump power. For further higher input
pump power, tilted 90° QR is simpler, novel and cost effective method for birefringence
compensation in single Nd:YAG rod. It has been verified experimentally that by using tilted 90°
QR, the depolarization loss can be reduced significantly from a value of ~34% to ~9%. Further,
this scheme has resulted in a significant enhancement (more than 80%) of p-polarized output
power as compared to placing only a polarizer in the resonator.
For dual Nd:YAG rod resonator, we have achieved an efficient birefringence
compensation in z-fold resonator configuration using a simple optical scheme consisting of
concave mirrors, an intra-cavity 90° quartz rotator, and a re-entrant feedback mirror. Concave
mirrors used in the resonator work as folding mirror in the resonator as well as imaging optical
system for the laser rods. It was found that z-fold resonator geometry is a potentially good option
for birefringence compensation and generation of high average power p-polarized beam. Using
this configuration, generation of 415 W of p-polarized average output power with 150 J of pulse
energy in long pulse operation of Nd:YAG laser was carried out. A slope efficiency of 4.3% has
also been achieved, which is on the higher side for a typical lamp pumped long pulse Nd:YAG
lasers. This scheme can also be applied for the enhancement of p-polarized output in high power
diode or lamp pumped CW lasers. It has potential applications in welding, cutting, and grooving
of stainless steel, titanium, and aluminium for the automotive, aerospace, and vacuum
component industries.
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Chapter 6
Study on some important material processing applications of long
pulse Nd:YAG laser

6.1

Introduction
Material processing with Nd:YAG lasers is a well accepted and established technology in

industry [1,8,32,51,123,124]. It is being used worldwide for cutting, drilling, welding, forming,
hardening and various types of surface treatment of metals in modern industries such as
automotive, aerospace, shipbuilding, and vacuum component fabrication as well as nuclear
facilities. Laser material processing requires extensive empirical research and the development of
accurate, robust mathematical models to understand the involved physical phenomena for
example in cutting [125-127], welding [13,128-130] and drilling [131-133]. In this chapter, first
part focuses on our investigation of laser cutting of thick stainless steel sheets using long pulse
Nd:YAG lasers.
In laser material processing, an understanding of the fundamental absorption mechanisms
in material plays a vital role in determining the optimum processing parameters and conditions.
The absorptance, which is the fraction of the incident laser light, which is absorbed, depends on
the laser parameters such as wavelength, polarization, the angle of incidence etc. as well as
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material properties such as composition, temperature, surface roughness, oxide layer, and
contamination. General treatment of laser absorption mechanisms has been given by Gamaly
[134]. Bergstrom and Kaplan [135] have provided a detailed review of laser absorption
mechanism in metals. During processing of metals, when the laser beam is incident on the
material surface, free electrons dominate optical absorption through a mechanism known as
inverse bremsstrahlung [134]. The laser energy is subsequently transferred to the lattice phonons
by collisions and from there it is transferred by the molten layer. The melt surface movement and
the melt ejection are driven by the pressure differences, which consist of two contributions: one
from the cutting gas jet, and the other from the pressure of the evaporated or the decomposed
material.

Fig. 6.1. A schematic view of the cut front during laser cutting by melting.
Cutting of old equipments and structures for dismantling and decommissioning is an
important application in nuclear facilities and shipping industry. For dismantling work, the
requirement of cutting tool is such that it should be remotely operated from a large distance
either in a highly radioactive environment and/or in underwater environments. Thus, long pulse
Nd:YAG laser systems with a high average and peak power, good beam quality, and fiber optic
beam delivery have a great potential in dismantling work. Further, the speed of laser cutting in
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underwater environment is important for dismantling of structures in nuclear facilities and ships
due to several advantages in terms of the environmental, technical, and economical aspects.
During the propagation of the laser beam through water it is attenuated according to Beer–
Lambert’s law. For 1064 nm wavelength (Nd:YAG laser) the absorption coefficient of water is
0.14 cm-1. Hence the attenuation of the beam is significant even in small propagation distances in
water [136,137]. Thus, the beam delivery through an optical fiber is essential to avoid direct
interaction of the beam with water. Water also provides natural and better thermal convection as
compared to air, which results in reduction of the heat affected zone (HAZ), temperature
gradient, and thermal stress in the material, and thereby reduces the possibility of crack
formations during the laser cutting. Pulsed Nd:YAG laser cutting provides certain advantages
over CW Nd:YAG lasers cutting such as minimum distortion in the material and lower HAZ. In
the case of pulsed Nd:YAG laser cutting of thick sections (4 mm to 20 mm thickness) of
stainless steel, millisecond (ms) duration pulses are preferable as melting time of most of the
materials is of the order of a few ms [8].
For laser cutting of thicker materials, depth of focus is also an important factor. To
achieve a straight cut edges without any taper angle, a large depth of focus is required. In fiber
coupled Nd:YAG lasers, a dual lens imaging configuration is used at the output end of the fiber.
The first lens (collimating lens) collimates the beam and the second lens (focusing lens) focuses
the beam to generate an image of the fiber core at the focus point. The diameter of the focused
spot (S) is calculated with fiber core diameter Dcore multiplied by the ratio of the focal length of
the two lenses (imaging ratio) as [28]
S  ( f 2 / f1 ).Dcore

(6.1)

where f1 is the focal length of first lens, and f2 is the focal length of the second lens. On the other

138

hand, when a direct laser beam (without optical fiber delivery) is focused by a single lens, the
diameter S of the focus spot is given by the expression [13]
S  M 2 .(4 / )( f / D).

(6.2)

and the depth of focus (D.O.F.) for direct beam focusing is given by [13]
D.O.F .  (8 / ).M 2 ( f / D)2 

(6.3)

where, f is the focal length of the focusing lens, D is the diameter of direct laser beam on the
lens, and λ is the laser wavelength. From Eq. 2.9 (in Chapter 2), the relation of laser beam
parameter product (B.P.P.) and beam quality factor M2 is given by B.P.P.  wmm   ( / ).M 2
For the laser beam exiting from the fiber end, its B.P.P. can be written as a product of fiber core
radius (Dcore/2) and numerical aperture (NA) of the fiber. Thus, the relation between B.P.P. of the
beam coming out of the fiber and its M2 is given as
( Dcore / 2).NA  ( / ).M 2

(6.4)

On using Eqs. (6.1), (6.2) and (6.3), the depth of focus for the laser beam exiting from the fiber
end and imaged at focus using a dual lens imaging system with an imaging ratio of f2/f1 can be
written as
D.O.F.  ( f 2 / f1 )2 .( Dcore / NA)

(6.5)

It is clear from the above relation that the depth of focus of laser beam exiting from the optical
fiber, depends strongly on the imaging ratio. Hence, for the processing of thick materials with
fiber-coupled laser, a high value of the imaging ratio is required.
During laser cutting, material loss in the form of debris is also an important issue. In
general, laser cutting with Nd:YAG laser is a melt and blow process, where the laser beam melts
the material and an assist gas blows out the molten material (debris) from the cut channel. If the
debris are ejected into the open air, it is many times harmful for health. Hence, it is necessary to
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reduce the ejection of debris in open air. One possible solution to this problem is the reduction in
kerf width. With a smaller kerf width, the ejection of debris reduces significantly. In this
Chapter, we describe the studies of a simple optical scheme to reduce the ejected debris by using
the half imaging ratio of optical fiber. Details of the laser cutting experiments have been
discussed using these schemes in section 6.2 and 6.3 of this Chapter.
We have also carried out studies on laser welding using in-house developed fiber coupled
long pulse Nd:YAG lasers. Laser welding is characterised by a large number of process
parameters which influence welding performance. These parameters can be grouped into a
diagram, as shown in Fig. 6.2, which shows various factors affecting the quality of pulsed laser
welding.

Fig. 6.2. A chart showing important process parameters affecting the quality
of laser welding.
Laser power density or intensity is a major parameter that defines the temperature
distribution in the material during the processing with near infrared lasers [8]. Other important
parameters used to characterize the process of pulsed laser welding are pulse energy, peak
power, average power, focal spot diameter, and pulse duration. A large depth of penetration is a
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key requirement for industrial welding applications. Laser welding can be performed either in
conduction mode or in keyhole mode [138-140]. It is observed that the conduction mode is
characterised by a low penetration depth. However, a rapid increase in penetration depth is
observed on establishing a keyhole mode of welding. Conduction mode welds are usually
produced at a power density of ~105- 106 W/cm2, whereas keyhole mode welds are usually
produced at a higher power density (~ 107 W/cm2 or more). In keyhole, welding, molten metal
rapidly solidifies behind the moving keyhole creating the joint between the welding parts. In
laser matter interaction the keyhole is established when the laser intensity overcomes a certain
value of threshold intensity. The keyhole induces two main absorption mechanisms: Fresnel
absorption and plasma absorption. Jin et al. [141] have studied the Fresnel absorption and
reflection in keyhole welding. On the other hand, Solana and Negro [142] have studied the effect
of multiple reflection and plasma absorption on the keyhole profile. The stability of keyhole
depends on the force balance between the vapor pressure and the surface tension pressure. The
vapor pressure tends to open the keyhole, whereas the surface tension pressure tends to close it.
For sustained keyhole laser welding process, kW-class continuous wave (CW) lasers are
generally used. However, there are a few disadvantages in keyhole laser welding of metals using
CW lasers, which include distortion, undercut on the surface and larger HAZ as compared to that
with long pulse laser welding. Large HAZ modifies the base material properties, which may
degrade the ductility of the material. On the other hand, the combined keyhole and conduction
mode welding is possible with pulsed lasers using long duration pulses so that sufficient time is
available for the diffusion of heat in the material. There is a rapid increase in weld penetration
using the combination of conduction and keyhole mode of welding. We have studied long pulse
Nd:YAG laser welding of titanium, aluminium, and stainless steel in the combined mode of
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conduction and key hole welding. Details of our laser welding experiments and their results are
illustrated in Section 6.4 of this Chapter.
Finally, we have also performed some studies on laser drilling in rocks using long pulse
Nd:YAG laser. A comparison of conventional drilling techniques like rotary drilling and flamejet spallation with laser rock drilling has been presented by Ikeda et al. [143]. Pulsed laser
drilling provides advantage of energy deposition in the rock for a short time duration with
smaller specific energy. Moreover, with the use of pulsed lasers, process parameters such as
pulse duration, number of laser shots, and pulse energy can be varied in a controlled way to drill
precise holes of larger depth. When rock drilling process is combined with gas purging and
suction mechanism for removal of molten or vapourized material, laser beam always finds a new
rock surface for interaction. The purpose of our study was to determine Nd:YAG laser process
parameters to drill holes in the rocks to a maximum possible depth and the removal of maximum
volume of the rock using minimum average power and laser energy. The details of the
experimental work of rock drilling using long pulse Nd:YAG laser is described in Section 6.5.

6.2

Laser cutting of stainless steel in dry air and underwater
Stainless steel structures are widely used in nuclear and shipping industries due to high

strength and stiffness. In nuclear industry the dismantling or decommissioning of these structures
is essential after a certain number of years of operation depending on their structural conditions
and radiological status. The steel structures which are required to be dismantled are the vessels of
the nuclear reactor, reactor internals, cooling tubes, steel fittings, steel blocks, and different steel
equipments of nuclear reactor plants [144,145]. Since, most of these steel structures have a
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thickness in the range of 4 to 20 mm, studies have been performed on laser cutting for this range
of thicknesses.
In the shipping industry the dismantling of old ships is carried out for recycling purposes.
For example, the shipyards at Alang in India recycle approximately half of all the ships salvaged
around the world [146]. Dismantling of ships involves cutting of different parts such as deck and
side plating, ship hulls and offshore structures, legs of production jack ups, container, oil tankers,
and steel cylinders with wall thickness in the range of about 10 to 20 mm [147,148].
In this Section 6.2, our investigation is focused on the cutting of thick section of SS 304
using ms duration long pulse Nd:YAG laser in dry air and in underwater environment. Unlike
laser cutting usually performed in the manufacturing industry, where cut quality such as kerf
width, surface roughness, oxide layer on the surface, HAZ, etc. is an issue, there are no such
quality issues in dismantling process. Performance of dismantling process is evaluated by
capability to cut thick parts speedily. The aim of our work is to achieve larger cutting depth and
higher cutting speed for thick section of SS 304. Study of the effect of pulse duration, spot
overlapping, pulse repetition rate, and assist gas pressure on cutting speed and HAZ during
cutting of SS304 in dry air and underwater environment has also been performed.

6.2.1 Experimental work
Laser cutting experiments were carried out using a fiber coupled long pulse Nd:YAG
laser of 500 W average power, as described in Chapter 2. Laser beam was delivered through a
400 µm core diameter optical fiber and is focused to a diameter in the range of 0.4 mm to 1.25
mm using imaging optics. Throughout the experiments, the laser beam was focused on the upper
surface of the work-piece. The important specifications of the laser system developed and
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deployed for this cutting experiment are listed in Table 6.1. The temporal pulse shape of the laser
is approximately rectangular with an initial peak as shown in Fig. 6.3. Variation of the pulse
energy with pulse duration is almost linear as shown in Fig. 6.4.
Table 6.1: Important specifications of the long pulse Nd:YAG laser
deployed for cutting operation.
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Fig. 6.3. Temporal shape of pulse from
500 W average power Nd:YAG laser.

Fig. 6.4. Variation of laser pulse energy with
pulse duration.

Stainless steel (AISI SS304) plates having thickness of 4, 8, 10, 15 and 20 mm were used
as sample material for cutting experiments. For experiments in dry air, these samples were
clamped in a fixture mounted on a Computer Numeric Control (CNC) table providing speed
variation in a wide range of 10 mm/min to 1500 mm/min. Laser cutting fixture holds the plate in
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such a way that a gap is maintained between the bottom surface of sample and top of CNC table
so that it allows free flow of molten material from the kerf during laser cutting. For underwater
laser cutting experiments, the samples were placed in a water jar, which was mounted on the
CNC table.The samples were kept at a depth of ~300 mm from the water surface. The laser spot
overlapping factor was varied in a range from 20% to 80% and the pulse duration was varied in
the range of 4 ms to 20 ms for all sets of experiments. In all these experiments, oxygen was used
as assist gas with outlet pressure varying in the range of 4-12 kgf/cm2. The kerf width was
measured using a Starrett HB 350 optical comparator. In order to determine the HAZ, samples
were cut from the cut edge and then polished to produce a cross-section of the cut edge. These
samples were etched with 2% nital (a solution of methanol and nitric acid) and then imaged
using an optical microscope (Leica, Germany) and also studied using a scanning electron
microscope (SEM) (Philips, 30 kV).

Fig. 6.5. A schematic view of laser cutting objective used for cutting of thick section of steel.
A water leak tight focusing objective of 180 mm length and 36 mm outer diameter was
developed for cutting in dry air and in underwater environment. This focusing objective (nozzle)
with 2 mm orifice diameter was tested for gas pressure in the range of 4-15 kgf/cm2
corresponding to a laminar or turbulent flow pattern of the exit gas from the nozzle. The focusing
objective consisted of two fused silica lenses, one of them is used for collimation and has a focal
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length of 40 mm and the other one is used for focusing and has a focal length of 125 mm. With
this optical geometry a focal spot diameter of 1.25 mm was achieved. The lenses were mounted
in lens imaging assembly as shown in Fig. 6.5. Variation in single shot spot diameter on the
material surface with different pulse duration was measured using an optical microscope. During
underwater cutting the coaxial gas from the nozzle removes the water below the nozzle and
forms a local dry cavity (LDC) as shown in Fig. 6.6. A schematic view of LDC is shown in Fig.
6.7.

Fig. 6.6. A view of local dry cavity
in underwater environment.

Fig. 6.7. A schematic diagram of local dry cavity.

For estimation of LDC, back-reflected IR signal was collected from the work-piece with
the help of the same optical fiber, which has been used for beam delivery. A fraction of this
back-reflected IR signal from the work piece was recorded by a photodiode (New focus, USA)
and oscilloscope. A RG 850 optical filter was mounted on the photodiode to filter out the
unwanted visible radiation. The stability of LDC could be determined by IR signal stability. If
the LDC is unstable, the IR signal fluctuates and its value reduces when water enters the LDC.
For dry air environment, the reflected IR signal was measured to be 440 mV for the SS 304
material at the optimum nozzle to work piece stand-off distance of 1.5 mm. The same value of
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reflected signal was measured during the underwater laser cutting process after the formation of
stable LDC. Any disturbance in the IR signal during the underwater cutting shows that LDC is
not stable and the laser cutting should be stopped immediately.

6.2.2 Results and analysis
Pulse repetition rate (f), laser spot diameter S, and percentage overlapping of laser focus
spot determines the cutting speed (v) during pulsed laser cutting process. For 0% spot
overlapping or without spot overlapping, cutting speed is given by the relation v=(S× f). For N%
spot overlapping, the cutting speed can be written as v=(S×f). (1-0.01N). From this relation, it is
clear that the cutting speed can be enhanced with an increase in pulse repetition rate f. However,
the repitition rate is limited by the maximum average output power of the laser system used in
the experiment. For a given pulse duration tp, pulse energy E, and the average output power Pavg,
the maximum value of f and the output peak power of a pulsed Nd:YAG laser are given as f=Pavg
/E and Ppeak=E/tp. Using a 500 W average power Nd:YAG laser the maximum repetition rate f
for cutting of five samples of SS304 with thickness 4,8,10,15 and 20 mm for the optimum value
of pulse energy E were 41.6, 16.6, 9, 6.2, and 4 Hz, respectively. The optimum value of the laser
pulse energy and pulse duration for different sample thicknesses is listed in Table 6.2.
Table 6.2: List of optimized process parameters for laser cutting of SS 304 samples of
different thicknesses.
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If a 1 kW or 2 kW average power laser is deployed for this present experiment, the
available repetition rate for a given pulse energy will be two to four times higher as compared to
that with a 500 W average power laser. Hence, a more general expression can be given for
cutting speed v for 1 Hz of repetition rate, as v=S × (1-0.01N). For a one minute time duration,
60 pulses are available and cutting speed v can be written in terms of cutting length (l) per
minute for sixty pulses as l=60×S×(1-0.01N). This expression explicity shows that cutting speed
can be scaled to higher values using higher repetition rates. It is clear that, if focus spot
diameter S increases for a fixed laser power density (~105 W/cm2), then the minimum required
spot overlapping N can be reduced and the laser cutting speed v or cutting length l per minute can
be enhanced. If the pulse repetition rate increases, the numbers of pulses also increase and
subsequently cutting length also increases. This is advantageous for dismantling applications in
restricted and radioactive areas of nuclear facilities and underwater environment, where large
speeds of cutting can reduce the time duration of operation and hence the dose for personnel.
In general, a spot overlapping of 80% has been reported in the laser cutting experiments
by many researchers [149,150]. In our experiments, the calculated value of cutting speed for one
Hz repetition rate using a focused laser beam diameter of 1.25 mm and spot overlapping of 80%
is only ~15 mm/min. However, we have achieved much higher cutting speed per Hz (see Table
6.2) using smaller values of spot overlapping as compared to the value of 80%. For this
enhancement in cutting speed, we have studied the effect of laser pulse duration on effective
laser spot diameter on melt surface of material. It was found that the effective spot diameter
increases with increase in the laser pulse duration since longer pulse duration results in higher
diffusion of heat on the material surface. This leads to an increase in the effective spot diameter
which in turn reduces the requirement of spot overlapping and enhances the cutting speed. The
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variation of effective spot diameter on the material surface was measured using optical
microscope for different pulse duration at constant pulse energy of 30 J.
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Fig. 6.8. Variation of single shot effective spot diameter on melt surface with increase
in pulse duration for dry air and underwater environment.
Fig. 6.8 shows variation of measured value of single shot effective spot diameter on the melt
surface of 8 mm thick sample as a function of pulse duration. It shows that there is an increase in
effective spot diameter with increase in pulse duration. The trend of increase in spot diameter in
underwater conditions was similar. However, the effective spot diameter is slightly less in
underwater environment as compared to that in air since water cooling restricts heat diffusion on
the surface.
Further studies were carried out on the relationship between the spot overlapping and the cutting
speed. It was observed that the value of minimum required spot overlapping N for a fixed pulse
duration and pulse energy can be reduced if pressure of assist gas (oxygen) is increased. It is due
to the fact that extra energy is released due to the exothermic reaction in the presence of oxygen
and this energy is mainly depends on the gas pressure. The amount of energy released during the
exothermic reaction is of the order of kJ [151]. A variation of minimum required spot
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overlapping with variation in oxygen gas pressure for 8 mm thick sample at 30 J of pulse energy
and 10 ms of pulse duration is shown in Fig. 6.9.
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Fig. 6.9. Variation in required spot overlapping with variation in oxygen gas pressure for
cutting of 8 mm thick SS304.
It can be seen that the spot overlapping required for the cutting reduces to a value of
~25% at 12 kgf/cm2 pressure of oxygen as compared to a value of 80% for 4 kgf/cm2 of gas
pressure. With further increase in oxygen gas pressure beyond a value of 12 kgf/cm 2, an
uncontrolled blasting occurs at the cut edge of the material and results in a very poor cut surface.
Hence, further experiments with increase in oxygen pressure were not carried out. It was also
observed that when argon is used as assist gas in place of oxygen the above reduction in the
minimum required spot overlapping to achieve laser cutting was not possible. This clearly shows
that the exothermic reaction with oxygen assist gas is one of the factors which can lead to the
reduction in the minimum required spot overlapping during the cutting process and enhancement
in the cutting speed. The other factor is the pulse duration dependent effective spot diameter,
which we have discussed earlier in this section (see Fig. 6.8). The enhancement in cutting speed
is useful for dismantling work in highly radioactive and underwater environment as it reduces the
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time required for particular cutting operation and thus reducing the total exposer to radioactive
environment.

70
Dry air environment
Under water environment
Pulse energy = 12 J
Material thickness = 4 mm

50

40

30

Pulse duration 4 ms- 8 ms

20

Cutting speed (mm/min)

Cutting speed (mm/min)

60

Dry air environment
Under water environment

60

50

Pulse energy = 55 J
Material thickness = 12 mm

40

30

20

Pulse duration 12 ms - 14 ms

10

10
80

70

60

50

40

30

20

Required spot overlapping (%)

Fig. 6.10. Variation in cutting speed for 1 Hz
with reduction in spot overlapping in the
pulse duration range of 4 ms-8 ms for 4 mm
thick SS sample.
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Fig. 6.11. Variation in cutting speed for 1 Hz
with reduction in spot overlapping in the pulse
duration range of 12 ms- 14 ms for 12 mm
thick SS sample.

Further, it was observed that cutting of 20 mm thick plate was possible with a spot overlapping
of 40% for 20 ms long pulses as compared to 80% spot overlapping required for 14 ms pulses for
the same amount of pulse energy of 125 J. In this case, the measured cutting speed for 1 Hz
repetition rate was 45 mm/min in dry air and 43 mm/min in underwater. Thus, it is clear that the
laser cutting speed is enhanced by about three times for long duration pulses with smaller
required value of spot overlapping. For SS 304 samples of different thicknesses, experimentally
optimized values of minimum required spot overlapping, pulse duration, spot diameter, pulse
energy, and cutting speed at 1 Hz repetition rate is listed in Table 6.2. Variation of cutting speed
in mm/min for 1 Hz with required minimum spot overlapping for all the stainless steel samples
(4 mm to 20 mm thickness range) are shown in Figures 6.10, 6.11, 6.12 and 6.13, respectively.
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Fig. 6.12. Variation in cutting speed for 1
Hz with reduction in spot overlapping in the
pulse duration range of 13 ms-16 ms for15
mm thick SS sample.
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Fig. 6.13. Variation in cutting speed for 1 Hz
with reduction in spot overlapping in the pulse
duration range of 14 ms-20 ms for 20 mm thick
SS sample.

All the process parameters are also listed in Table 6.3 of this chapter. These figures show
that at constant pulse energy the cutting speed can be increased with reduction in spot
overlapping if the pulse duration is increased. Cutting speed in underwater environment is
slightly less as compared to the dry air environment due to the loss of some portion of the heat
due to heat conduction by water.
The minimum spot overlapping is determined by the condition that a regular cut kerf
becomes a kerf of irregular shape and finally separate drilled holes are observed on the surface in
place of regular cut. Thus, further reduction in spot overlapping is not possible beyond a certain
value. For example, during cutting of 20 mm thick sample, it was found that with reduction in
the value of spot overlapping below 40%, the cut edges initially became irregular and later on a
sequence of drilled holes appear in the cut profile in place of regular cutting as shown in Fig.
6.14. Other important cut quality parameters such as surface roughness has not been considered
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here due to the presence of fine striations on the cut surface, which is expected during the cutting
of thick SS section with oxygen as assist gas [152]. Although the achieved surface quality may
not be acceptable for engineering applications, however it is acceptable for dismantling
applications.

(b)

(a)

Fig. 6.14. (a) A sequence of drilled holes on the surface of 20 mm thick SS with
reduction in spot overlapping factor below 40% showing separated holes, and (b)
continuous cut kerf on the surface at 40% of spot overlapping.

(a)

(b)

Fig. 6.15. A view of laser cutting of 20 mm thick steel in (a) dry air, and (b) underwater.

Fig. 6.15 (a) and (b) show a view of laser cutting process for 20 mm thick stainless steel
sample in dry air and underwater environment. Figures 6.16 (a) and (b) show the laser cut
surface of 20 mm thick sample in dry air and in underwater cutting. Fine striations were
observed on the laser cut surface in both dry air and in underwater conditions. The cut surface
was observed to be significantly smooth in underwater environment as compared to dry air. An
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oxide layer is formed on the cut surface in both the cases due to exothermic reaction with
oxygen.

(a)

(b)

Fig. 6.16. (a) Cut surface of 20 mm thick SS304 in dry air, and (b) underwater cutting.
Figure 6.17 shows the metallographic cross section of the laser cut surface in dry air and
in underwater environment. In the re-melting zone, there is no other noticeable change in the
microstructure of the stainless steel either in dry air or in underwater cutting. Microstructure of
the laser cut zone was also studied to determine the heat affected zone (HAZ).

(a)

(b)

Fig. 6.17. Metallographic cross section of laser cut surface of 12 mm thick steel in (a)
dry air, and (b) underwater cutting.

Fig. 6.18. SEM image of HAZ of SS304 in underwater laser cut sample.
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Fig. 6.18. shows the SEM image of the grain structure near the laser cut and the grain
refinement zone (re-melting zone) or HAZ. It extends into the bulk material near the laser cut
portion and is very small having a value of the order of few hundreds of micrometer. For pulsed
laser cutting, HAZ is given by [35] HAZ= 2√α(td-tp), where, α is the thermal diffusivity (4.2
mm2/s for stainless steel), tp is the laser pulse duration, and td is the dwell time or interaction
time of the laser beam of spot diameter S travelling with a speed v. Thus, HAZ can be written as
[153]
HAZ  2  ( S / v)  t p 

(6.6)

The HAZ can be related with spot overlapping by
HAZ  2 [ / f (1  0.01N )  t p ]

(6.7)

In general, HAZ increases with increase in pulse duration, but in our experiments we
have shown that there is no significant effect on HAZ due to the increase in pulse duration
because of simultaneous reduction in spot overlapping. In addition, an increase in cutting speed
could also be achieved. Fig. 6.19 shows variation in HAZ with change in pulse duration for 20
mm thick sample.
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Fig.6.19. Variation of HAZ in dry air and underwater with change in spot overlapping
from 80% to 40% and change in pulse duration from 14 ms to 20 ms for a peak power
variation from 8.9 kW to 6.25 kW with a constant value of pulse energy of 125 J.
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Table 6.3: List of measured kerf width, HAZ and percentage variation in HAZ of sample of
different thicknesses at maximum cutting speed.

It can be seen that there is no significant change in HAZ in dry air and underwater cutting
when the spot overlapping was changed from 80% to 40% with simultaneous increase in the
pulse duration from 14 ms to 20 ms. Table 6.3 shows measured values of HAZ and variation in
the values of HAZ with variation in pulse duration and spot overlapping for samples of different
thicknesses. The HAZ is smaller in underwater environment as compared to dry air environment.
The increase in HAZ in dry air is ~8% as compared to ~3% in underwater conditions with
increase in pulse duration from 14 ms to 20 ms with simultaneous reduction in the spot
overlapping from 80% to 40%. This shows that underwater cutting minimizes the HAZ as some
amount of heat is conducted through the water. The measured kerf width was also less in
underwater cutting as compared to the cutting in dry air. The smaller kerf width is advantageous
in terms of reduced material loss during the cutting process. During underwater laser cutting, one
notable important factor was reduction in re-deposition of dross. Hence, a cleaner cut surface
with minimum dross formation was observed during the underwater cutting as compared to dry
air cutting.
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6.3 Study on reduction of debris
Further study on laser cutting process for dismantling work in nuclear facilities has been
carried out with a focus on the reduction of ejected debris. One of the solutions for this problem
is the reduction in kerf width. In order to reduce the cut kerf, GRADIUM lenses have been
utilized in place of conventional fused silica lenses in the laser cutting nozzle. The GRADIUM
lenses are made from axial gradient index glass for minimization of spherical aberrations [154].
Reduction in spherical aberration reduces the focus spot diameter during imaging of the fiber and
hence, can lead to smaller kerf width. This will in turn result in the reduction of ejected debris.
At the exit end of the fiber, a dual lens imaging system is used and the diameter of the focused
spot (S) is given by Eq. (6.1). If two lenses have identical focal length, the imaging ratio (f2/f1)
will be 1:1, and the focused spot diameter S is equal to the fiber core diameter. If f1 > f2 then the
imaging ratio will be <1 and the value of S will be less than the fiber core diameter. However,
this reduction in imaging ratio has certain limitations due to the diameter of the lenses.
Collimating lens is placed at a distance exactly equal to its focal length from the fiber exit face.
The required diameter (A) of the collimating lens is calculated by A=f1×tan (max/2) [8] and the
value of acceptance angle is given as θmax = sin-1(NA) . For example, if f1=100 mm, and NA=0.22,
it requires a lens with A= 50 mm. This large diameter lens may be not be suitable for operation in
areas with space limitations. In view of this, focal length of collimating lens was selected as
f1=25 mm with a diameter of A= 11.8 mm. Such a compact and small diameter (~12 mm) cutting
nozzle has been found to be very useful in space restricted cutting operations during the laser
cutting work in the nuclear facilities. Depth of focus depends on the square of the imaging ratio
as given in Eq. (6.5). For one third-imaging ratio, depth of focus reduces drastically, and is not
suitable for laser cutting of thick materials. Another limitation is related with the diameter of the
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focusing lens and the cutting nozzle. Value of the diameter A of collimating lens is A=11.8 mm
for f1=25 mm, and that of the focusing lens is A=11.8 mm for f2 =8.3 mm. However, in practice,
it is difficult to make a fused silica lens having focal length less than its diameter. Hence, it is
difficult to reduce the imaging ratio below one-half due to the restriction in the diameter of
focusing lens and depth of focus. Hence, laser cutting experiment have been performed with
half-imaging of the fiber at focus. For half-imaging ratio with a 400 μm core diameter fiber optic
beam delivery, the expected diameter of the focus spot will be 200 μm on the work piece.

6.3.1 Experimental work
Laser cutting experiment for reduction of debris has been performed using laser cutting
nozzle with half-imaging optics. A schematic view of the cutting nozzle is shown in Fig. 6.20.
Two leak tight cutting nozzles (1:1 and half-imaged) with outer diameter of 20 mm have been
used for comparison of kerf width. These nozzles were tested at a gas pressure in the range of 515 kgf/cm2. Assist gas flows out through the nozzle and emerges coaxially with the laser beam
during the cutting process. Focus spot diameter of laser beam at the exit from these nozzles was
measured using a CCD camera (Wincam-D, Gentec). A 500 W average power long pulse
Nd:YAG laser with 400 m core diameter optical fiber was used in the experiments.

Fig. 6.20. A schematic view of laser cutting nozzle, designed for half-imaging lenses.
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A 4 mm thick, 60 mm wide, and 100 mm long stainless steel (AISI SS 304) sample was kept on
a motorized translation stage that permits a precise linear motion of the sheets. For collection of
the debris ejected from the cut surface, a collection plate was placed below the cut surface. Laser
cutting experiments were performed for two different assist gases: argon and oxygen. In the final
cutting trials oxygen is used as an assist gas because of its advantages for high speed cutting as
we have discussed in section 6.2.2 of this chapter. Kerf width was measured using an optical
comparator and optical microscope (Leica, Germany).

6.3.2 Results and analysis
Using 25 mm focal length fused silica lenses, measured value of focus spot diameter for 1:1
imaging ratio was 445 μm and for half -imaging ratio was 242 μm. On the other hand, when
GRADIUM lenses are used with the same focal lengths the measured diameter of focus spot was
405 μm for 1:1 imaging ratio and 202 μm for half-imaging ratio [155]. This reduction in focal
spot diameter reduces kerf width during the laser cutting and reduces the dross ejection. A
schematic view of optical scheme for 1:1 imaging and half-imaging of 400 μm core diameter
optical fiber using GRADIUM and fused silica lenses are as shown in Fig. 6.21 (a) and (b).

Fig. 6.21. A schematic view of (a) 1:1 imaging with fused silica and (b) half-image
with GRADIUM lenses.
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Kerf width was measured after laser cutting with oxygen as assist gas (pressure 8
kgf/cm2). It had a value of 205 μm for half-imaging optics using GRADIUM lenses as compared
to 455 μm for 1:1 imaged fused silica lenses. Views of the two kerf widths are given in Fig. 6.22.

Fig. 6.22. A comparison of kerf width for cutting of 4 mm thick stainless steel sample
using nozzles of 1:1 and half imaging optics.
The mass of material m removed in the form of debris from the cut width was calculated
using the relation m=dLKe ρ, where d is the material thickness, L is the total cut length, Ke is the
kerf width and ρ is the density of the material. Calculated values of mass m of debris from 4 mm
thick and 60 mm long stainless steel sheet with 445 μm kerf width was ~0.77 gm as compared to
0.38 gm for 205 μm kerf width. Quantitative measurements of mass m of stainless steel samples
were also performed before and after laser cutting using a chemical balance.The difference in
mass before and after laser cutting should be equal to the mass of debris ejected during the laser
cutting process. However, the measured value of mass m of the collected debris was slightly less
(~2%) as compared to its calculated value. It may be due to the fact that during laser cutting
process, some amount of ablation and evaporation of material also occurs, which has not been
collected and leads to reduction in measured mass of the debris. Further, with half imaged
GRADIUM lens based nozzle, the overall mass of debris was reduced by about ~40% as
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compared to 1:1 imaging nozzle with fused silica lenses [155]. A view of debris ejection during
the laser cutting process is shown in Fig. 6.23.

Fig. 6.23. A view of debris ejection during pulsed Nd:YAG laser cutting
with 1:1 imaging nozzle.
The value of required spot overlapping factor for cutting of 4 mm thick stainless steel
reduces to ~60% using half-imaging with GRADIUM lens as compared to ~80% required for 1:1
imaging with fused silica lenses due to the higher power density at the focus with GRADIUM
lens. Peak laser power density I at the focus for spot diameter S is given as I=4P/πS2. Estimated
value of laser power density for half-imaged fiber using GRADIUM lens is ~4.85 times higher
than the laser power density with 1:1 imaged fiber with fused silica lenses for similar laser peak
power of 7.5 kW. After performing several cutting trials of 4 mm thick stainless steel sample,
optimum values of laser cutting parameters were found to be 4 ms pulse duration, 30 J pulse
energy and 7.5 kW peak power with 1:1 imaging nozzle with fused silica lenses and 2 ms, 15 J
and 7.5 kW peak power for half-imaging of fiber with GRADIUM lenses. The value of peak
power density I was 2.38 × 107 W/cm2 for half-imaging nozzle using GRADIUM lenses with
202 μm focus spot diameter. Maximum available pulse repetition rate f for a good quality cut
was limited to 16.6 Hz for 30 J of pulse energy and 33.2 Hz for15 J of pulse energy using 500 W
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maximum average power Nd:YAG laser system. It can be enhanced further by using 1 kW or
higher average power pulsed Nd:YAG laser systems. The measured cutting speed using halfimaging nozzle and GRADIUM lens was 159 mm/min as compared to 87 mm/min for 1:1
imaging nozzle with fused silica lenses. Cutting speed in the case of half-imaging with
GRADIUM lens is higher since the requirement of energy is reduced to 15 J and hence the laser
repetition rate could be increased to 33.2 Hz leading to increase in cutting speed. All the above
experiments were carried out witho oxygen as an assist gas at a pressure of 10 kgf/cm2. When the
oxygen was used as assist gas, the cut surface was oxidized. However, unlike the manufacturing
industry, where cut quality such as surface roughness, oxide layer on the surface, etc. is an issue,
there are no such quality requirements in dismantling process hence this is acceptable for
dismantling and disposal applications. The performance of dismantling system/process is
evaluated by the capability to cut the parts at high speed.
In the case of cutting with argon as assist gas the measured cutting speed using halfimaging nozzle and the GRADIUM lens was 110 mm/min for 4 mm thick stainless steel sheet,
which is ~33% less as compared to the cutting with oxygen for the similar gas pressure of 10
kgf/cm2. The laser cut surface with argon assist gas looks shinier and smoother and no oxidation
layer was observed on it in contrast to the oxygen assisted laser cutting. It is clear that argon gas
assisted laser cutting of metal parts would be preferable whenever the cut part is to be used in
any subsequent operations such as welding, since no further post treatment of the cut surface is
required.
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6.4 Study on laser welding
In the next series of investigations the effect of laser process parameters of long pulse Nd:YAG
laser on welding of different materials was studied which are described below.

6.4.1 Experimental work
First, we investigated the effect of temporal pulse shaping of long pulse Nd:YAG laser on
weld depth of stainless steel (AISI SS304). The temporal shape of laser pulse could be changed
by programming the flash lamp current in steps of 0.5 ms for a single long pulse and the lamp
current could be varied from 100-300 Amp.

Fig. 6.24. Temporally shaped Nd:YAG laser pulses having (a) rectangular (b) ramp down
(c) ramp up and (d)mixed or center-up shape for 70 J pulse energy and 20 ms pulse
duration.
Fig. 6.24 shows four different temporally shaped Nd:YAG laser pulses namely: rectangular,
ramp down, ramp up and mixed shape pulses. The energy content for all the four pulse shapes
and the pulse duration were fixed at 70 J and 20 ms respectively, by varying the pulse current for
each pulse shape.
Experimental studies were also performed on the effect of laser pulse energy, pulse
width, peak power, and spot overlap on weld penetration in the samples of Al 1000 series and
commercially pure (CP) titanium grade-4 [50]. A welding nozzle was designed with planoconvex fused silica lenses with focal lengths of 75 mm and 150 mm, respectively. The position
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of the focal spot was 10 mm away from the focusing nozzle tip and the diameter of the focal spot
was 1.2 mm. Focusing nozzle was mounted on a two-axis, computer controlled CNC table for
laser welding of samples as shown in Fig. 6.25.

Fig. 6.25. Fiber coupled focusing nozzle mounted on CNC.

Laser focusing nozzle was tilted at an angle of 100 with respect to the plane of the sample
to prevent the damage of fiber ends by the back reflected laser beam from the sample surface.
The job surface was kept slightly away from the focus position to avoid sputtering of the material
during the welding process.Laser spot diameter on the upper surface of the job was 2 mm. Argon
gas was released coaxially through the focussing nozzle at a constant rate of ~ 30 lpm to protect
the weld bead from oxidation by creating an inert ambient around the welding point.The argon
gas also protects the focusing lens from the weld plume and possible spatter from the sample. In
order to ensure proper shielding of the weld pool from the atmosphere, another gas-shielding
nozzle, which purges argon gas tangentially to the surface, was also used. The shielding gas
nozzle of 12 mm diameter was kept at 450 angle with respect to the job with optimized argon gas
flow rate of ~25 lpm.
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6.4.2 Results and analysis
Fig. 6.26 shows experimentally observed results of weld pool geometry for different
temporal pulse shapes with a focused spot size of 1.2 mm, pulse duration of 20 ms and pulse
energy of 70 J on AISI SS 304. This laser welding was performed in the conduction mode
because power density was not sufficient to sustain keyhole mode of welding.

Fig. 6.26. Experimentally observed weld geometry for (a) rectangular,(b) ramp down,
(c) ramp up, and (d) mixed pulse shapes(dimensions shown in figure are in mm).

Depth of penetration is minimum (0.73 mm) in the case of rectangular pulse shape and
maximum (3.28 mm) in the case of ramp up pulse shape. The possible reason for this difference
in penetration depth of different temporal pulse shapes is the difference in their pre-heating rates.
Due to the energy distribution within a ramped up pulse shape, melt pool generation is more
likely to occur at the end of the pulse when peak power is at its highest. The gradual increase in
the laser energy pre-heats the material and reduces its reflectivity, allowing higher absorption of
the pulse energy, and consequently higher depth of penetration.
In the case of welding of Al and Ti, it was observed that the pulse duration, and spot
overlapping strongly influences the melting of these metals. Finally, good quality welding with 4
mm penetration depth were achieved in Al and Ti at a peak power density of ~ 0.5 MW/cm2,
speed of 0.48 mm/s, repetition rate of 2 Hz, pulse duration of 35 ms with 380 J pulse enrgy, and
a spot overlap of 80%. Figure 6.27 (a) shows a closer view of the weld bead on Al sample and
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Fig. 6.27 (b) shows the weld bead microstructure of Al. Figure 6.28 (a) shows a closer view of
the weld bead on Ti sample and Fig. 6.28 (b) shows the weld bead microstructure of Ti [50].

Fig. 6.27. (a) Weld bead on Al sample (b) Microstructure of the weld bead on Al sample.

Fig. 6.28. (a) Weld bead on Ti sample (b) Microstructure of the weld bead on Ti sample.

The microscopic analysis which was carried out using a 1000 X microscope (Leica,
GmbH), shows that the weld bead with long pulse Nd:YAG laser provides usually a good surface
in both Al and Ti. Heat affected zone (HAZ) is parallel to the melt zone and has a very small
width varying from 0.1 to 0.3 mm, which is very small compared with other conventional
welding process. The width of the weld bead is 2 mm and the depth of penetration is 4 mm. With
80% spot overlap, weld bead was uniform and no major porosities or inclusions were observed in
the welded sample. It was also found that the ultimate tensile strength of the weld joint is almost
similar to that of the parent metal. Welded samples were also tested using helium leak detector
for the leak rate of up to ~10-10 mbar.l/sec. These laser-welded materials can be used for the
vacuum related applications.
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6.5 Study on drilling and breaking of rock
Laser drilling and cracking (spallation) of rocks could be an innovative and economical
process for petroleum industry and large construction works on hard rock strata. The purpose of
this study was to determine the process parameters to drill holes in different types of rocks and
stones of maximum depth as well as to crack and remove the maximum volume of the rock and
stone material by laser processing. Different rock samples of sandstone, marble and shale were
prepared to study the effect of laser pulse duration and number of laser shots on drilling of rocks.
To break the rock, holes were drilled on the upper surface of the rock for stress generation.

Table 6.4: Composition of rock samples and its important physical properties.

For a given rock, the minimum energy per unit volume for melting or vaporization can be
determined as E  [C p (T  T0 )  Lm  L f ] , where E is (specific energy measured in J/mm3) required
for the rock surface to reach a temperature T, T0 is the ambient temperature,  is density of rock,
Cp is specific heat, Tm is latent heat of melting, and Tf is the latent heat of fusion. Chemical
composition, important thermal and optical parameters for different rocks used in the
experiments are given in Table 6.4.
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The time needed for the surface temperature (of the rocks and stones) to reach its melting
point at a large intensity level of ~106 W/cm2 is of the order of milliseconds. Thus, it is important
to select a Nd:YAG laser system of ms duration for drilling in rocks and stones. If the rock
surface is smooth and planar like a mirror, then a significant portion of the incident energy is
reflected, but if the surface is rough, most of the incident radiation is absorbed. The absorptivity
(A) of rock can be derived from the optical constants n (refractive index) and k (extinction
coefficient). For normal incidence of the radiation, the absorptivity in the rock can be calculated
by using Fresnel relation, given by [13]
A  1

(n  1)2  k 2
(n  1)2  k 2

(6.8)

The value of absorptivity (A) strongly depends on the temperature and increases with increase in
temperature. The high energy laser pulses absorbed on the surface of the rock raises its
temperature. The temperature gradient on the surface and inside the rock generates mechanical
stresses as the grains try to expand at high temperature. As these grains have no place to expand;
fractures are more likely to develop in the material. The stress σ in the material can be calculated
as σ=YαΔT, where Y is the Young's modulus of the material, ΔT is the temperature difference
between the rock surface and inside the rock and α is the thermal expansion coefficient of the
rock material. A detailed analysis of the stress generation in rocks has been provided by Douglas
[156]. During the melting of rocks, exsolved gases in the laser drilled hole get ionized and
produce a shielding effect, which reduces the transfer of laser energy to the rock and therefore
penetration rate. During the laser drilling, recoil pressure pr on the rock material can be estimated
using the following equation [31]
pr
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I

 1.69 / LV  b / (1  2.2b2 ) 




(6.9)

here, b2  (kBTS ) / (mv Lv ) , I is laser intensity, kB is Boltzmann constant and mv is the mass of the
vapour molecule and Lv is latent heat of vapourization. The value of recoil pressure is of the
order of several bars or atmospheric pressure and plays an important role during thermal
spallation of the rock.

6.5.1 Experimental work
A schematic view of the experimental set-up is shown in Fig. 6.29. Important parameters
of the ms pulse duration pulsed Nd:YAG laser are given in Table 6.5.

Table 6.5: Parameters of the long pulse Nd:YAG laser used for rock drilling
experiments.

Fig. 6.29. Schematic view of laser drilling experimental set-up.
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A microcontroller based power supply was used for the pumping of flash lamp in pulsed
Nd:YAG laser and temporal pulse shape of the laser was rectangular. For rock drilling
experiments, a laser focusing nozzle made of brass material with coaxial gas flow arrangement
was utilized. Two plano-convex fused silica lenses having focal lengths of 75 mm and 150 mm,
respectively were mounted in the nozzle along with a plane highly reflective bending mirror as
shown in schematic and table-top view of nozzle in Fig. 6.30. The overall length of the nozzle
was 40 cm and the width was 5 cm.

Fig. 6.30. Schematic and table-top view of laser drilling nozzle.

A fused silica antireflection-coated window was placed near the output tip of the nozzle to avoid
the damage of lenses from the sputtered material and fumes. Further, for escape of vaporized
rock particles, a suction system with a displacement rate of 200 lpm and a particle filter was also
incorporated. A coaxial gas jet of compressed air at a constant pressure 15 bar was used to
remove the molten rock during the drilling process. The laser focusing nozzle was tilted at an
angle of approximately 50 during the drilling to avoid the entrance of back reflected beam from
the glassy rock surface in to the nozzle which may lead to the damage of the optical fiber end
face. Samples of different rocks like sandstone, marble and shale were prepared and were
selected for this study as these are the three most common rock materials.
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6.5.2 Results and analysis
The depth of drilling was measured for different samples with variation of laser pulse
duration in the range of 10- 40 ms and 5 number of laser shots. Laser pulse energy was kept
constant at a value of 200 J on the samples. Maximum depth of drilled hole was 9.8 mm for shale
sample (Fig. 6.31) at an optimized pulse duration of 20 ms. Similarly, the maximum diameter of
the drilled hole was 2.6 mm for Berea Grey sandstone sample (Fig. 6.32) at 40 ms pulse duration
[157]. The specific melting energy for laser drilling of shale rock has a value of 2.1 kJ/cm3. It
was found that the long pulse Nd:YAG laser is highly suitable to break the rock by generating
stress in the material rather than melting or drilling the complete rock. Hence, use of long pulse
Nd:YAG laser makes it possible to drill large holes (as shown further) which can enhance the
cracking process. Mechanical properties of the rock material determine the maximum surface
stress which can be tolerated prior to its fracture. If σmax is the maximum surface stress at which
fracture occurs, then the thermal shock parameter is given by Rs=K (1-ν)σmax/αE. It is usually
expressed in W/cm. For the study of stress breaking method of rock, experiments were
performed using 537 J of pulse energy with 40 ms of pulse duration.
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Fig. 6.32. Comparison of drilled hole diameter
for different pulse duration at 200 J of pulse
energy and five number of laser shots.

It was observed that the rock material immediately cracks after 5 laser shots due to stress
generated in the rock as shown in Fig. 6.33 (a), (b), (c), and (d) for the shale rock.

Fig. 6.33.(a) Drill on the upper surface of shale.

(c) Stress breaks the shale rock.

(b) Stress generated cracking in the shale
rock.

(d) Laser drilled glassy hole in
shale rock.

A volume of 5760 cm3 of shale rock was cracked after stress generation with 2 mm
diameter drilled holes [156]. In Berea grey sandstone and marble, the measured cracked volume
was 3640 cm3 and 2410 cm3, respectively. As we increase the drilled hole diameter on the rock
surface, more and more stresses are generated in the rock and therefore it is possible to crack
larger volumes of the rocks. The experiments clearly show that large diameter of drilled holes on
the rock surface is favorable to damage the rock by this thermal spallation method. On the other
hand, it seems that a large depth of drilling does not play a major role in increasing the volume of
rock, which can be cracked. Depth of drilled hole was limited by the number of laser shots and it
did not increase further with number of laser shots due to the insufficient material removal
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capacity of suction system. As number of laser shots increase, the maximum values of measured
penetration depth of drilled hole was 11 mm, 9.2 mm and 8.3 mm in the shale rock, sand stone,
and marble, respectively (Fig. 6.34). This depth was measured for ten numbers of laser shots at
20 ms pulse duration and 200 J of pulse energy.
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Fig. 6.34. Variation in laser drilled hole depth with number of laser shots for different
rock.
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Fig. 6.35. Back reflected signal variation with laser shots for different rock
samples at 500 J of pulse energy.
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Back reflected IR signal was also measured during the drilling process with the same
optical fiber which was used for the laser beam delivery. Fig. 6.35 shows a plot of the back
reflected signal with number of laser shots for shale, sandstone, and marble. Higher signal was
measured for marble and lower signal for shale, since shale has higher absorption as compared to
the marble [157]. As the number of laser shots increase, the magnitude of the back reflected
signal decreases. It clearly shows that the absorption in the material increases with the number of
laser shots due to the heating of the material. Drilled depth for all the rock samples was saturated
after ten number of laser shots and no further increment in the drilled depth was observed as
material removal was not efficient after a depth of 10 mm. Measured diameter of drilled holes
were 2.6 mm, 2.3 mm and 2.1 mm, respectively for sand stone, shale and marble samples. These
dimensions of drilled holes significantly affect the behavior of fractures. It has been observed in
our experiment that drilled holes of 2 mm or larger diameter have more fracturing capability as
compared to holes of 1.5 mm diameter or less. Most of the molten material appears glassy near
the opening of hole as seen in Fig. 6.33 (d).

6.6 Conclusions
In conclusion, a study on laser cutting of thick section of stainless steel in the range of 4
mm to 20 mm using long pulse Nd:YAG laser has been performed for potential applications in
dismantling work in nuclear facilities and ship breaking industry. Effect of important process
parameters such as spot overlap, pulse duration, and gas pressure were investigated and
optimized to achieve high cutting speed. It was found that the kerf width, HAZ, and sticky nature
of dross formation are reduced in the underwater cutting as compared to dry air environment. An
experimental study has been performed on laser cutting of steel to reduce the ejection of debris
174

using half-imaging of optical fiber. This is especially beneficial for dismantling work in nuclear
facilities to reduce the contaminated debris generated during the cutting operation. It is also
useful in other industrial applications to save the costly material during laser cutting process.
Laser welding of stainless steel, aluminum, and titanium up to a thickness of 4 mm was also
demonstrated. These results will be highly useful for the aerospace, automobile, nuclear, and
vacuum components industries. Effect of laser pulse duration and number of laser shots on the
rock spallation using a long pulse Nd:YAG laser was also studied. Experimental results showed
that long pulse fiber coupled Nd:YAG laser can be used as a potential replacement for
conventional rock drilling tools due to its ability to drill and destroy rocks more quickly. These
results will be highly useful for petroleum and construction industry. In conclusion the
performance of long pulse fiber coupled Nd:YAG lasers (described in Chapter 2) was tested
successfully for different material processing applications.
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Chapter 7
Study on laser cleaning with short pulse Nd:YAG laser

7.1

Introduction
Laser cleaning with short pulse Nd:YAG laser is known to be a well established

technique. It involves exposure of the surface of the sample to a laser beam of short pulse
duration and high energy density, to initiate the thermal ablation of the material from the surface
[158-162]. As we have discussed in Chapter 6 the optical absorption for metals is dominated by
free electrons and the energy transfer from photons to the lattice takes place through a physical
mechanism known as inverse Bremsstrahlung. Excited electronic states transfer the absorbed
energy to phonons in a time scale known as thermalization time. Hence, the interaction time of
laser with material i.e., laser pulse duration is an important factor in thermal ablation process. In
order to remove an atom from a solid surface by a laser radiation, one needs to deliver energy in
excess of the binding energy of that atom. Short pulse lasers with pulse duration in the range of
microsecond (μs) to nanosecond (ns) are preferred for laser cleaning to avoid heat conduction
and damage of the substrate [163-166]. For cleaning of particulates from solid surfaces, action of
cleaning forces must overcome strong adhesion forces between the tiny particulates and the
surface. Among these adhesion forces, the Van-der-Waals force, capillary force, and electrostatic
force are of prime importance [167,168]. Laser cleaning is a selective ablation process and it
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starts above a minimum fluence, called ablation threshold fluence (Fth). Thermal ablation rate or
evaporation rate Revap and ablation depth d per pulse can be determined with the help of laser
intensity and laser fluence as given by [168,169]

Revap 

d

Ia

b

 F 

. ln 
 p  Fth 
1

(7.1)

(7.2)

where, b is the binding energy per atom, 1/p is the effective penetration depth of laser energy
and Fth is threshold fluence. For example, for gold target the b=3.37 eV per atom and 1/=13.7
nm [169]. The time t needed for the surface temperature to reach the vaporization temperature
can be calculated by [31]
Ts (t )  T0  [2I a / K ].(kt / )1/2

(7.3)

where, Ts is surface temperature, Ia is the absorbed laser intensity, K is thermal conductivity of
the material, and k is thermal diffusivity of the material measured in cm2/s. From these equations,
it is clear that the evaporation rate depends on the laser intensity and the ablation depth depends
on the laser fluence.
In literature, marble cleaning with Free Running (FR) Nd:YAG laser with pulse duration
in the range of 20-50 μs has been found to be highly suitable [77,79]. On the other hand, for
cleaning of corrosion and oxide layer from the surface of metals, such as copper, bronze, carbon
steel, and mild steel, both μs and ns duration FR Nd:YAG laser pulses have been found to be
suitable [159,161]. Laser cleaning is characterized by laser cleaning efficiency, which is given by
η=1-(Nf /Ni), where, Ni and Nf are the respective surface densities of surface layer particulates
before and after laser cleaning. Maximum cleaning efficiency depends on the number of laser
pulses at a single point or number of laser scan passes NL as described by the equation [170-172]
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N  1  (1  ) NL

(7.4)

After laser cleaning, the sample surfaces were analyzed and charecterized by the
following methods:
(a) Optical microscopy: It is used for the visual observation of microsctucture and deposition of
sub micron size particles on the surface before and after laser cleaning. The resolution of an
optical microscope is given by R= (0.61λ/NA) where λ is the wavelength of illumination and NA
is the numerical aperture of the objective lens which shows the light gathering capacity of
objective lens of microscope. We also need to consider the depth of focus (vertical resolution)
which is given by DOF ≈ λ/NA. The DOF shows the ability to produce a sharp image from a
non-flat surface. Contrast is also an important factor defined as the difference in light intensity
between the deposition and the adjacent background (substrate) relative to the overall
background

intensity.

Image

contrast,

C

is

defined

by

C=[S(deposition)-

S(background)]/S(background), where S(deposition) and S(background) are intensities measured
from the deposited particles and background. The limitation of the optical microscopy is its
limited resolution. Further, if the sample is colorless, transparent, isotropic, and embedded in a
matrix with similar properties, imaging with good contrast is difficult. This is because our eyes
are sensitive to amplitude and wavelength differences, but not to phase differences.
(b) Scanning electron microscopy (SEM): The SEM is an analytical tool that uses a focused
beam of electrons to form magnified images. SEM image analysis is a powerful technique for
generating particle distribution profiles as well as surface characteristics with the possibility to
visually re-evaluate the data by re-assessing the particles. The technique makes it possible to
characterize the size (nm to μm) and shape of particles with relatively wide distribution profiles.
This technique is highly useful for the analysis of surfaces of conductive materials like metals.
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Non-metal samples (for example marble and stones) were given a conductive coating (gold or
platinum) using sputter ion coater and then examined with SEM equipped with a backscattered
electron detector for imaging. In SEM, a focused electron beam is scanned over the sample in
parallel lines. The electrons interact with the sample, producing an array of secondary effects,
such as back-scattering, that can be detected and converted into an image. The image can then be
digitalized and presented to an image analyzer, which uses complex algorithms and software
program such as image processing tool to identify individual particles and record detailed
information about their number, size and distribution. The limitation of SEM analysis is that it
concentrates a high amount of energy in a small region and can be very destructive towards
organic materials or other thermally sensitive compounds. Sometimes the particle boundaries are
indistinct, and the image processing tool may interpret them incorrectly. For non metallic surface
analysis a thin conductive coating is required on the surface which is a tedius job and sometimes
it can modify the surface morphology.
(c). X-ray photo-electron spectroscopy (XPS): The XPS method uses soft X-rays (1.48 keV)
for the surface analysis. The sample surface is not subjected to very high-energy fluxes unlike in
the SEM. The spot size can be varied between 150 to 1000 μm. The incident X-rays create
ionized ions on the surface and the free electrons are ejected out from the surface. The energies
of these free electrons are related to the binding energies of the surface atoms. The chemical
elements present in the sample are identified by measuring these charecteristic energies. Hence, a
XPS shows intensities of photoelectrons versus binding energy. XPS provides both elemental
and, to a certain extent, chemical information in the top 3-30 atomic layers (10-100Å) in solid
samples. The sensitivity varies between 0.01-1 atom% dependent upon the element. It can do
nondestructive depth profiling to 100 Å and detect all elements except H and He. XPS is
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especially good for obtaining elemental surface composition of unknown materials, including
conductors and insulators. An XPS spectrum consists of a series of peaks corresponding to the
binding energies of the photoelectrons that produced these peaks. XPS analysis not only provides
elemental information, but the technique is detecting the binding energy of emitted electrons, it
can also provide some chemical bonding information. Depending on what elements the parent
atom is bound to, the binding energy of the emitted photoelectrons may shift slightly. The
instrument is sensitive enough to detect these electron energy shifts and use them to determine
the chemical compounds. Since the analysis beam (X-rays) does not consist of charged particles,
the specimen is not required to conduct away any charge buildup due to the incidence of the
beam itself. XPS technique has a limitation that the largest X-ray spot (image of the beam on the
sample) is only 1 mm and hence the technique is in practice is usable for analysis of small
surface areas (~1 mm2).
(d) Soft X-ray reflectivity (SXR): Angle-dependent SXR measurement with soft X-rays can be
used to determine the structure of a multilayer or single-layer film and evaluate surface
roughness and interface width. It can be used to study an opaque film under visible light and
measure film thickness from few nm to 1000 nm. The X-ray reflrective index of a substance is
slightly less than 1. SXR is based on the response of a given material film to an incident X-ray,
which is described by the complex index of refraction n=1-δ+iβ, here, δ and β are the refractive
and absorptive parts of the refractive index, respectively. This technique provides information
about δ, β, and critical angle θc for total external reflection. The value of δ depends on the X-ray
wavelength, and density of the film. The critical angle θc is given by θc=√2δ. Thus the density of
the surface film can be obtained from the angle θc. The parameter β is expressed by the linear
absorption coefficient μ as β=λμ/4π. In our experiment, for the analysis of laser cleaned surface,
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soft X-ray (130Å) of SR beamline of INDUS-1 synchrotron radiation source was used [173]. The
X-rays undergo total external reflection when the incident angle is smaller than the critical angle
(θc). X-ray reflectivity decreases rapidly with increasing incidence angle, θ above θc. The ratio of
the speculararly reflected X-rays decreases proportional to θ4. In the SXR measurements the
normalized intensity (I/I0) is plotted on y-axis on logarithmic scale because of the wide dynamic
range of the intensity I of X-ray reflectivity. Interference occurs between the X-rays reflected
from the surface of the deposited film and the interface between the film and the substrate. The
refllectivity profile shows oscillations caused by this X-ray interference. The oscillation depends
on the film thickness: the thicker film, the shorter is the period of the oscilations. The amplitude
of the oscillation and the critical angle θc provides information on the density of films. The
amplitude of the oscillations depends on the difference between the densities of the deposited
film and substrate, the larger the difference in the film density, the higher is the amplitude of the
oscillation. Thickness of contamination layer and the surface roughness of the order of a few nm
can be measured using Nevot–Croce model [174]. The measured data can also be fitted to a
curve using Parratt formalism [175]. Levenberg-Marquardt algorithm can be used to further
refine the fitting parameters. In summary, SXR method is nondestructive and can be used for
evaluating the layer structure, thickness, density and surface roughness. In SXR curve critical
angle provieds the value of density, the amplitude of oscillations provides the value of density
contrast, the period of oscillations gives film thickness and after total external reflection,
intensity decay rate of X-ray at higher angles gives the value of surface roughness. Hence, this
method is highly useful for the analysis of surface before and after laser cleaning and to the best
of our knowledge, this method has been used for the first time for the analysis of the laser
cleaned surface of gold-coated fused silica mirrors.
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In this chapter, we describe the studies carried out on laser cleaning of marble, stones,
inconel, zircoloy, carbon layer from gold surface and gold layer from fused silica substrates
using short pulse Nd:YAG laser. Cleaning quality and cleaning efficiency in different cases has
also been analyzed. In Section 7.2, details of laser cleaning of marble, stones, zircaloy and
inconel are provided. Further, in Section 7.3, laser cleaning of carbon layer from gold coated
mirrors has been described. Section 7.4 is devoted to the study of laser cleaning of gold coating
from fused silica substrates and Section 7.5 provides the conclusion.

7.2 Laser cleaning of marble, stones, zircaloy, and inconel
Marble is an important ingredient of many buildings and monuments of historical
importance. The large amount of sulphur dioxide and carbon monoxide released in the
atmosphere by human activities has led to an increase in damage of monuments made of marble.
The main chemical modification induced by atmospheric pollution in marble and in other
limestone is associated with the formation of gypsum in the superficial layers. It is driven by the
chemical reaction of calcium carbonate in the stone substrate and sulphuric acid produced by
acid rains with high content of sulphur dioxide:
CaCO3+H2O+H2SO4 → CaSO4+2H2O+CO2
The gypsum layer is softer and more water soluble than marble and it is easily contaminated by
hydrocarbons and other pollutants giving rise to black crust that covers most statues and
monuments in urban areas [176-178]. Further, in this study we have also described laser cleaning
of stones (Berea gray sandstone and Shale) using a short pulse Nd:YAG laser of microsecond
pulse duration. Cleaning efficiency has been determined as a function of number of laser shots
and spot overlapping.
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In nuclear industry, inconel 600 is an important material used for fabrication of steam
generation (SG) tubes [179]. Similarly, zircaloy is used in the fabrication of pressure tubes of
Pressurized Heavy Water Reactors (PHWR).These SG tubes and pressure tubes are contaminated
by radioactive nuclides, which may have a long half-life. Hence, even after decommissioning of
these facilities these materials are stored and monitored over a very long period of time. Often
the radioactive contaminants in these materials, are only on the surface layer or slightly deeper
layer under the surface (a few micrometers to ~1mm). Since many of the structures are long and
thick, it makes environmentally and economically more sense to remove a thin contaminated
layer and store the material rather than to treat the entire structure as nuclear waste. Thus, surface
cleaning is required to remove the oxide and other deposition layer from the surface of inconel
and zircaloy to reduce nuclear waste. Current chemical and mechanical removal methods are
slow and labour intensive. These methods also suffer from the dust control problem, and
radiation exposer to workers. Hence, alternate methods of contamination removal without the dis
advantages of the conventional methodes are being investigated. In-situ laser cleaning with fiber
coupled Nd:YAG lasers is one of the solutions to remove the deposition from the surface. Lasers
are attractive for cleaning or decontamination purpose, since laser beam can be delivered
remotely via fiber optic cables and focusing head can be manipulated by robots, thus minimizing
radiation exposure to workers. We have carried out some experiments on laser cleaning with
short pulse (55 μs) Nd:YAG laser as described in the next Section.

7.2.1 Experimental work
In order to perform the laser cleaning experiments, a short pulse free running Nd:YAG
laser was developed with a pulse duration of 55 μs and repetition rate 1-20 Hz. The laser
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provided maximum pulse energy of 1.25 J per pulse with a peak power of ~22 kW. The laser
beam was delivered through a 200 μm fiber. A laser focusing nozzle was mounted on a threeaxis, computer controlled CNC machine. The nozzle consists of a cylindrical focusing lens of 40
mm focal length which generates a focused line of 0.2 mm × 6 mm. Position of the focal line was
kept 2 mm away from the focusing nozzle tip. The nozzle was tilted at an angle of 100 (with
respect to plane of the substrate) to prevent the entry of back reflected laser beam from the job
surface into the optical fiber and cause its damage. The nozzle also has provision for blowing
coaxially a gas jet of argon gas at a constant flow rate of ~ 30 l/m to protect the cleaned surface
from oxidation by creating an inert atmosphere and also to protect the focusing lens from the
possible fumes of ablated material from the substrate surface. The experimentally measured
value of ablation threshold fluence (Fth) is 0.6 J/cm2 for marble and 2 J/cm2 for zircaloy and
inconel materials. Before and after cleaning, the number of deposited particles on surface counts
by SEM image acquisition materials analysis software (Avizo® Fire from Visualization Sciences
Group, USA). The data obtained from SEM image, processed for cleaning efficiency
measurement. For the measurement of cleaning efficiency, the surface of inconel was also
studied and analyzed using X-ray photoelectron spectroscopy (XPS). Omicron EA-125 model
equipped with Al source was used to perform the XPS measurements.

7.2.2 Result and analysis
During laser cleaning experiments the amount of ablated material mavg. was measured by
averaging total ablated mass over the total number of laser pulses. Ablation depth per pulse is
given by d abl  mavg /( s f  ) , where sf is focus spot diameter (200 μm) and ρ is bulk density of the
target material. Ablation rate in terms of the number of atoms ablated per pulse Nabl can be
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calculated by N abl  d abl s f na , where, na is the number density of atoms in the target [180]. For
marble, measured value of ablation depth at a fluence level of 0.6 J/cm2 and 55 μs pulse duration
was of the order of 20-25 nm per pulse. Beyond a value of 3 J/cm2 of fluence level, the substrate
surface starts to damage due to high energy deposition. Hence, a careful control of laser fluence
is required for damage free marble cleaning. In a single pass of laser beam, a relatively high
value of cleaning efficiency of ~85% was achieved for marble as compared to ~80% for inconel
material. After ten number of laser passes, the value of cleaning efficiency reaches a value as
high as ~98% for marble as well as for inconel. Finally, a good clean surface was achieved for
marble at a fluence level of 0.6 J/cm2 and peak power density of 0.5 MW/cm2, speed of 48
mm/min, repetition rate of 20 Hz and a spot overlapping of 80%. Similarly, a good clean surface
for inconel was achieved at a fluence level of 2 J/cm2, a speed of 40 mm/min, repetition rate of
20 Hz and a spot overlapping of 80%. If the fluence level is high enough, it may also damage the
surface being cleaned. Surface damage threshold of various materials depend on its thermophysical properties and surface absorption coefficient. Values of damage threshold for marble,
stones, zircoloy, and inconel was measured experimentally and is listed in Table 7.1 along with
other important thermo-physical properties of these materials. Fig. 7.1 shows a view of laser
cleaned surfaces of marble, zircaloy and inconel obtained using 200 μm fiber coupled pulsed
Nd:YAG laser.
Table 7.1. Experimentally measured values of ablation and damage threshold during
Nd:YAG laser cleaning experiment with important thermal properties of various samples.
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Fig. 7.1. A view of laser cleaned surface of marble, zicaloy, and inconel.
Further, visual and aesthetic results of any conservation process are of crucial
importance. Even if the contaminated regions are not over bleached after laser cleaning, its
appearance should be indistinguishable from the originally clean regions and should not diminish
the authenticity of the object. Figure 7.2 (a) shows SEM image of the marble sample before laser
cleaning using ten laser passes. The deposition of pollution layer on the marble surface can be
clearly seen in the SEM image. Figure 7.2 (b) shows, smooth laser cleaned surface of marble.
The cleaning efficiency is measured by the number of small size particles which remain on the
surface after cleaning. Image of the sample clearly shows that the contamination gets removed
completely from the upper surface of the marble after laser cleaning. Similarly, Fig. 7.3 shows
SEM image of surface of the stone (Berea gray sand stone) sample. It shows smooth laser
cleaned surface with a high cleaning efficiency as the number of small size particles, which
remain after laser cleaning are negligible. Fig. 7.4 (a) and (b) shows the SEM image of the
surface of inconel sample before and after laser cleaning. The laser cleaned surface is smooth
and has negligible number of particles on the surface.

Fig. 7.2. SEM images of the surface of the marble sample, (a) before laser cleaning and
(b) after laser cleaning,
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Fig. 7.3. SEM images of the surface of the stone (berea gray sand stone) sample (upper part
shows uncleaned surface and lower part shows laser cleaned surface.

Fig.7.4. SEM images of the surface of the inconel sample, (a) before laser
cleaning, and (b) after laser cleaning.
Further, colour analysis has also been performed for evaluation of laser cleaning [176].
For

this

purpose,

a

cleaning

effectiveness

parameter

(CE%)

is

defined

as

CE%  (E*w  E*c ) / E*w  100 . Where, ∆E*w is the colour difference between the surface of



the native substrate material and the deposited (contaminated) surface of the same material. ∆E*c
is the colour difference between the surface of the native substrate material and the laser cleaned
surface of the same material. When ∆E*c tends to zero, the laser cleaned surface has a colour
similar to the native substrate material indicating cleaning effectiveness close to 100%. Values of
CE% for marble, stones, zircaloy, and inconel was measured experimentally and is listed in
Table 7.2.
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Table. 7.2. A list of process parameters and results of laser cleaning experiments on
different samples.

Figures 7.5, 7.6, 7.7 show that after laser cleaning, marble, inconel, and zicaloy have
recovered almost the same colour as the native unpolluted (without contamination) surface,
whereas stones have lost some shades of original colour as shown in Fig. 7.8. Slight change in
colour occurs on stone surface due to the change in the different oxidation states of Fe rich
compounds.

Fig. 7.5. Surface of the marble sample
shows a clear difference between unclean
and laser cleaned surface. After laser
cleaning, the substrate colour becomes
similar to the native substrate material.
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Fig. 7.6. Surface of the inconel sample
shows a clear difference between unclean
and laser cleaned surface. After laser
cleaning, the substrate colour becomes
similar to the native substrate material.

Fig. 7.7. Surface of the zircaloy sample shows
a clear difference between unclean and laser
cleaned surface. After laser cleaning, the
substrate colour becomes similar to the
native substrate material.

Fig.7.8. Surface of the berea gray sand
stone sample shows a slight colour
difference between the laser cleaned
surface and native substrate surface.

For XPS analysis, inconel-600 sample has been selected as an example. Chemical
composition of inconel-600 is shown in Table 7.3. The commonly found elements in the
deposition on the surface of inconel-600 are Fe, O, C, Si, S, F and K [180-183]. However, in the
XPS analysis, we have considered only Fe and C deposits due to the major contribution of these
elements. Figure 7.9 shows XPS curve of the iron (Fe) peaks of inconel-600.It shows a clear
difference between the Fe peaks before and after laser cleaning. After laser cleaning, although Fe
deposits on the surface are removed, however, due to higher wt% of Fe (7.6 wt%) in the base
material of inconel-600 as compared to that in the surface deposits, Fe peak is enhanced [184].

Fe peaks of Inconel
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Fig. 7.9. XPS spectrum of inconel-600 shows the peaks of Fe increases after laser cleaning.
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Table. 7.3. Chemical composition (wt%) of inconel-600 sample.

On the other hand, for carbon deposits the peaks are reduced after laser cleaning (Fig.
7.10). A lower peak of carbon is observed after laser cleaning as compared to the sample before
cleaning due to the higher wt% of carbon in the surface deposits compared to that in Inconel-600
(the substrate) [184]. A detailed explanation and analysis of the removal of carbon layer from the
metal surface, for example from the gold surface, using Nd:YAG laser based cleaning method
given is in Ref. [185] and in the next Section of this Chapter.
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Fig. 7.10. XPS spectrum of inconel shows that the peaks of carbon reduce after laser cleaning.
Finally, Nd:YAG laser of μs pulse duration has been tested successfully for cleaning of
the surface contamination from the marble. It was also used for cleaning of the surface
contamination on zircaloy and inconel for nuclear industry. Performance of this laser also shows
that it can be used further for effective surface cleaning of contamination over a wide range of
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other materials like concrete, rocks, stainless steel, copper, niobium, titanium, and aluminium. It
was also shown that the top-hat like intensity distribution obtained after the delivery of laser
beam through a 200 µm core diameter optical fiber (see Chapter 4) was also found to be useful
for selective, uniform and efficient laser cleaning. In the next sections of this Chapter, laser
cleaning has been studied using ns duration laser pulses.

7.3 Study on cleaning of carbon layer from gold surface
Carbon contamination of optical elements in extreme ultraviolet (EUV) spectrometers
and synchrotron radiation (SR) beamlines is still a big problem. The carbon containing molecules
(such as oil vapors from machining process, vacuum pump oil vapors etc.) which are adsorbed
on the optical surface are cracked either directly by X-rays or by free electrons created by X-rays
[186-187]. After cracking, the carbon atoms stay on the surface with strong binding to the
surface. Carbon molecules present in the residual gas in vacuum chambers get adsorbed on the
surface and cracking process starts again. The growth rate is directly proportional to the photon
flux, hence the performance of SR beamlines is seriously affected over a period of time. Carbon
contaminations reduce the SR beamline flux up to two orders of magnitude near carbon K-edge
(285 eV) energy. Carbon contamination reduces the signal-to-noise ratio, in experiments,
particularly near C-K edge energy range. Even a 1 nm thickness of carbon layer reduces relative
reflectivity (∆R/R0) of a single multi layer optical surface by 1.4% as estimated from theoretical
modeling. This reduction is because of high absorption of EUV radiation by carbon, which
makes this contamination layer a big source of loss. Extreme ultraviolet lithography (EUVL)
scanner optics typically consists of ten such reflecting layers, where total photon flux deteriorates
drastically hence replacement of costly optical elements over a period of time is a must. Since
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EUV optical elements are very costly, instead of replacement with a new optical element, it is
desirable to develop a technique for periodic cleaning of the carbon contamination without
damage or modifications to the underneath gold film/surface. Laser cleaning has several
advantages over other cleaning techniques, such as it is very fast, non-contact, dry in nature,
highly localized, well controlled making it possible to carry out layer-by-layer removal of
material. In the present work, we have employed a nanosecond pulsed Nd:YAG laser to remove
deposited carbon layer from the gold mirror surface. It was found that the carbon layer can be
removed using laser pulses at high repetition rate of 1–2 kHz. X-ray photoelectron spectroscopy
(XPS) and soft X-ray reflectivity (SXR) techniques have been used to analyze the quality of laser
cleaning [185].

7.3.1 Experimental work
A lamp pumped acousto-optic (AO) Q-switched Nd:YAG laser system, with 100 ns pulse
duration, 10 mJ of pulse energy was used for laser cleaning process. Schematic diagram of laser
cleaning setup is shown in Fig. 7.11. For higher cleaning efficiency sample was kept at 300angle
[171].

Fig. 7.11. Schematic layout of experimental set-up for laser cleaning of carbon.
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Process parameters such as laser repetition rate, pulse duration, pulse energy, laser intensity, and
focused beam area over the carbon thin film were optimized in a similar way as reported by
Gamaly [169]. These optimized parameters were used in the experiments described below. We
have used a test sample of 200 nm thick gold film deposited on fused silica glass for the laser
cleaning experiments. A 20 nm thick carbon layer was deposited on two third portion of the gold
coated test sample using electron beam evaporation technique. One third portion was kept intact
for comparison after the laser cleaning.

7.3.2 Result and analysis
XPS measurements on three different areas of the sample marked as region A, B and C
(see Fig. 7.13) are carried out near C 1s energy region and are shown in Fig. 7.12.

Fig. 7.12. Schematic diagram of the sample used for laser cleaning experiments: (A) intact
gold film, (B) carbon coated gold film, and (C) carbon removed gold film after laser
treatment.

The peak corresponding to C-1s binding energy has a significantly large width which
indicats that different phases of carbon are present in the sample. XPS spectrum of the carbon
coated gold film region (Fig. 7.13 b) shows that the experimental data can be fitted using two
components, one with peak energy of 284.7 eV and the second with peak energy of 287.8 eV.
After laser cleaning experiments, the carbon film is removed from the sample; however, the
193

presence of carbon peak in the XPS spectra seems to be originating from the residue carbon
atoms or atmospheric carbon. The position of the carbon peak of the laser cleaned region “C” is
shifted with respect to the carbon peak of the intact gold film region ‘A’ and that of carbon
coated gold film region ‘B’ (Fig. 7.13). Carbon peak of region-C is fitted with two components,
one with peak energy 285.3 eV, and the second with peak energy 287.4 eV. The peak at 285.3
eV corresponds to C-C sp3 hybridization (diamond like) and at 287.4 eV corresponds to C-O
group [188]. In the present case, the presence of 285.3 eV peak corresponding to C-C sp3
bonding suggests that the residue carbon present on the sample surface after laser cleaning have
undergone a phase transition induced by laser shots. However, the intensity of C peak of two
areas, region-A (intact gold film) and region-C (laser treated area) are similar (Fig. 7.13). This
suggests that the atmospheric carbon on region-A and sp3 phase in the region-C are in similar
amount. For further confirmation and quantitative study, soft X-ray reflectivity (SXR)
measurements were also carried out.

Fig. 7.13. XPS measurements of the three regions of the sample: (a) intact gold film, (b)
carbon coated gold film, and (c) gold film after carbon removal with laser treatment.
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In SXR measurements using incident wavelength λ=70 Å, the carbon coated gold film
and pure gold film gives distinctly different critical angle. The carbon film shows critical angle at
7.90 and pure gold film at 10.50. SXR data of region-A of the sample which has an intact gold
film shows a single critical angle corresponding to gold layer, this is shown in Fig. 7.14(a). Since
Nd:YAG laser treatment was carried out on region-C, hence this region should exhibit a single
critical angle corresponding to gold film if carbon layer is compeletly removed. Fig. 7.14 (c)
corresponding to region-C confirms that this region has a single critical angle of pure gold film.
Parameters such as optical constants of the film obtained from the detailed fitting of SXR data
are found to be in close agreement with the theoretical values.

Fig.7.14. Measured and fitted SXR spectra of (a) intact gold film, (b) carbon coated gold
film, and (c) gold film after carbon removal. Critical angle corresponding to total external
reflection region are distinctly different for pure gold film and carbon coated gold film as
shown in highlighted area in the figure. After carbon film removal with laser treatment, the
reflectivity curve of intact gold film and that of laser cleaned gold film are similar as shown
in inset of the figure. For the sake of clarity the curves are vertically shifted.
Our study on XPS and SXR analysis for carbon removal from the gold surface shows that
the cleaning technique using laser can effectively remove the contaminated carbon layer from the
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gold substrate. In the process of laser cleaning of carbon, the surface roughness of substrate is
not changed. This is very important since the surface roughness of the gold cause’s significant
reduction in the intensity of reflected X-ray beam from these mirrors in SR beamline. In
conclusion, it has been shown that the dry laser cleaning (laser ablation) using ns pulsed
Nd:YAG laser very useful method for the cleaning of carbon from the optical components of SR
beamline.

7.4 Study on laser cleaning of gold layer from fused silica surface
We have also carried out studies on laser cleaning of gold layer deposited on fused silica
substrates used in beamlines of synchrotron radiation sources using nanosecond pulsed Nd:YAG
laser. Synchrotron radiation (SR) is one of the important tools of investigations for material
characterization, biomedical imaging, absorption measurements, and as a standard for calibrating
detectors [189,190]. The continuous spectrum of electromagnetic radiation emitted by electron
synchrotrons extends in the vacuum ultraviolet and X-ray regions. As we have discussed earlier
in Section 7.3 of this chapter, carbon contamination on the optics surface such as on gold-coated
mirrors and gratings is a major problem in the SR beamline and is responsible for the damage of
reflective coatings on the optics [190-193]. The damage of coatings degrades the SR beamline
performance. Generally the damage of the gold-coating is observed in the central portion of the
mirrors since the grazing incident SR beam is primarliy absorbed in this region by the carbon
contamination.The SR mirrors are very expensive since these are large in size, have very high
quality substrates of different shapes (spherical, rectangular, torroidal etc.) and have special gold
coatings which are extremely uniform and can withstand large beam energy flux. Hence the
removal of damaged gold coating without any damage to the substrate is important for re-coating
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of these mirrors with fresh gold coatings. Thus, it is of importance to develop a technique for the
cleaning of the gold layer of these mirrors without damage or modifications of the surface of the
high optical quality substrate such as fused silica. There are several conventional cleaning
methods for cleaning or coating removal including plasma cleaning, oxygen-discharge cleaning,
chemical cleaning, electric discharge, and arc cleaning [194-197]. However, it has been observed
that with these cleaning methods, sometimes the substrate surface is damaged or its morphology
is modified making the re-coating of the mirrors difficult after cleaning process. The laser
cleaning of gold layer is a potentially promising method, which may provide a more satisfactory
solution. In this Section, we present the studies on laser cleaning process for the removal of 48
nm thick gold layer from fused silica mirror substrates for potential application in SR beamlines.

7.4.1 Experimental work
Figure 7.15 illustrates a schematic of experimental set-up for laser cleaning of gold layer.
Fused silica mirror samples with 48 nm thick gold coating and dimensions of 100×60×2 mm3
were prepared. These samples were prepared without intermediate chromium layer using the
technique proposed by Popescu [198].

Fig. 7.15. Schematic of experimental set-up. (1. Laser pump chamber 2. AO Qswitch 3. X-Y scanner, 4. Flat field lens 5&6. Optical windows 7. Sample 8. Tilting
screws, 9. Suction system).
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A lamp-pumped acousto-optic (AO) Q-switched Nd:YAG laser providing pulses of ~100 ns
duration, 10 mJ of energy at 2 kHz of repetition rate at a wavelength of 1064 nm was utilized for
cleaning experiments. Samples were kept in a sealed and closed chamber having three
antireflection (AR) coated optical windows for entry of laser beam and visual observation.
Sample holder was fixed on a motorized translation stage and permits a precise repositioning of
the sample. Angular tilting facility was incorporated with translation stage to perform the
experiment at different incident angles of the laser beam. A suction system consisting of a
vacuum pump of 200 l/min displacement rate and a particle filter prevents the redeposition of the
ablated particles on the substrate. One of the key requirements for precise removal of surface
layers with lasers is the high degree of control over the scanning speed of the focused laser beam.
A constant and high scanning speed was achieved with orthogonal pair of scanner mirrors based
on galvo-motors. The scanner mirrors can move the laser beam in the x-y plane and a flat field (fθ) lens always keeps its focus in the same x-y plane. Typical laser spot diameter at the focal
plane was ~700 μm. The experiments were performed with different percentage of spot
overlapping and constant scanning velocity for a fixed area. The laser beam was moved in xdirection in the first pass and then in y-direction in the next pass on the sample. The laser
scanning was carried out over an area of 48 cm2 (6 cm × 8 cm in x-y plane) on the surface with a
linear velocity of 280 mm/sec at 2 kHz pulse repetition rate and 80% spot overlapping.

7.4.2 Result and analysis
Figure 7.16 shows a view of the laser cleaned gold layer from the mirror samples. The
48 nm thick gold layer (film) was cleaned efficiently using ~100 ns duration laser pulses. It was
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experimentally found that laser fluence in the range of 0.4-2 J/cm2 permits evaporation of gold
layer with a safety margin to avoid the damage of the underlying fused silica substrate.

Table. 7.4. Thermo-physical parameters of
gold and fused silica.

Fig. 7.16. A view of laser cleaned goldcoated mirror in selected areas.

The values of some important thermo-physical parameters of thin gold layer and bulk fused silica
substrate are as given in Table 7.4, which has been used to select the optimum value of threshold
fluence of laser beam [169,171]. Using Eq. (7.3) of Section 7.1, calculated value of t for thermal
ablation of 48 nm thick gold film is of the order of 0.48 ns for a fluence of 0.5 J/cm2. Hence, it is
difficult to achieve photo-thermal ablation using ps duration pulses as the interaction time of the
laser pulses with the material, is less than the thermalization time. Moreover, gold has a weak
electron–phonon coupling ability for fs and ps pulse laser excitation, the process which is
important for thermal ablation [199]. Hence, ps pulses were not selected for gold layer cleaning.
Nanosecond pulse Nd:YAG lasers with pulse energies of the order of 10 mJ are easily
available. The required threshold fluence can also be easily achieved for thermal ablation of gold
with ns pulses. Further, it was observed that laser pulses of ~100 ns duration leave some amount
of residual heat after thermal ablation of the gold layer, which changes the surface morphology
of fused silica mirror and improves the root mean square (rms) surface roughness. This
improvement in surface roughness is favourable for re-coating of mirror. The ablation depth per
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pulse at the fluence level of 0.5 J/cm2 was found to be of the order of 10-15 nm per pulse, which
is much higher than the value of ~3 nm as calculated using Eq. (7.2). This difference may be due
to the errors in the estimation of actual value of fluence and threshold fluence. Figure 7.17 shows
variation of measured ablation depth as a function of fluence and Fig. 7.18 shows a plot of
cleaning efficiency as a function of laser fluence. The results in Fig. 7.17 and 7.18 are for front
side ablation. The ablation depth in each laser shot is limited due to the attenuation of incoming
laser beam in laser produced plasma during ablation process.
It can be seen that the cleaning efficiency increases with increase in fluence and reaches a
value of ~ 85% at 2 J/cm2 fluence level. Further increase in fluence level above 2 J/cm2 results in
damage of the substrate surface as the absorption of laser beam is limited only to the upper layer
of gold up to a thickness up of 10-15 nm. Hence, a careful control of laser fluence is required for
damage free gold layer cleaning of fused silica mirrors. The problem of substrate damage due to
the high laser fluence was solved in our experiment by increase in the number of laser passes
rather than by increase in laser fluence. More detailed studies about the damage of gold-coated
fused silica surfaces at higher fluence levels have been reported by Natoli et al. [200].

Fig. 7.17. Variation of ablation depth as
a function of laser fluence with number
of laser pulses as parameters.
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Fig. 7.18. A plot of cleaning efficiency
versus laser fluence with number of laser
pulses as parameter.

Laser spot overlapping has also been optimized during the experiment to achieve higher
cleaning efficiency. The laser spot had a Gaussian spatial distribution at the focus of flat-field
lens. A significant dependence of the laser cleaning on spot overlapping was observed during the
experiments. An optimum value of spot overlapping was found to be 80%. With the spot
overlapping value less than 80%, the cleaning efficiency reduced by ~10% for each 10%
reduction in spot overlapping. For overlapping value higher than 80%, the value of cleaning
efficiency did not change but cleaning speed reduced. Further, higher overlapping (>80%)
increases heat deposition on the upper surface, which results in damage of the mirror substrate.
With 80% value of spot overlapping, 48 cm2 of surface area (60 mm × 80 mm in x-y plane) was
cleaned in 3 minutes by six laser passes (three passes each in x- and y-directions) and the
maximum cleaning efficiency was ~98%.
We had also studies the influence of suction on the cleaning efficiency. In the absence of
suction some of the ablated gold particles tend to settle back on the surface due to random
thermal motion. Figure 7.19 shows SEM image of single laser pass cleaned surface of the sample
in the presence and absence of suction system. The suction system removes the ablated particles
and a cleaner substrate is obtained.

Fig. 7.19. SEM image of single laser pass cleaned surface of the sample, upper part
shows cleaning in the presence of the suction system, and lower part shows image of the
cleaned surface without suction system.
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Laser cleaning of gold layer experiments were also carried out by irradiating the goldcoated substrate from the rear side of the substrate. The laser cleaning of gold was significantly
less efficient in this case compared to the irradiation of the gold coating by laser beam from the
front side. Fig.7.20 (a) shows that the cleaning from the front surface removes the gold particles
completely. Fig. 7.20(b) shows that some gold particles still remain on the surface even after
applying more number of laser passes during laser cleaning of the substrate from the rear surface.

Fig. 7.20 (a). Microscope image of the
cleaned surface, when it was cleaned from
the front surface. It shows a good cleaned
surface in the upper part and lower part
shows gold coated uncleaned surface.

Fig.7.20 (b). Microscope image of the
cleaned surface, when it was cleaned from
the rear surface. Some gold particles
remain on surface (upper part) and lower
part shows gold-coated uncleaned surface.

This result can be explained with the help of an integrated two-temperature model and
molecular dynamics method as given by Gan et al. [201] in the study of thermal ablation of 500
nm thick gold film. During the cleaning from the front side see Fig. 7.20 (a), the gold film is
removed by the thermal ablation mechanism and the gold particles leave the surface layer by
layer. Whereas, while cleaning from the rear surface, it is difficult for the gold particles to escape
by thermal ablation since fused silica glass surface covers the gold layer from the rear end.
Hence, in this case the gold particles are removed by the spallation mechanism rather than by
thermal ablation. Spallation of gold particles is more probably in case of use of picosecond or
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femtosecond laser pulses because of the generation of strong tensile stresses. However, it is
difficult to achieve good clean quality and high laser cleaning efficiency in this irradiation
geometry.
Experiments were also performed for the dependence of cleaning efficiency as a function
of angle of incidence of the laser beam. The results are shown in Fig. 7.21, which indicates that
the cleaning efficiency also depends on the angle of incidence of the laser beam. For single laser
pass at 300 angle of incidence (with respect to surface and close to grazing incidence), a high
value of cleaning efficiency (85%) was achieved as compared to the other angles. A visual
difference in clean layer surface can be seen in the microscopic image of the surface (Fig. 7.22).
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Fig. 7.21. Variation of gold layer cleaning
efficiency as a function of angle of incidence.

Fig.7.22. Optical microscope image showing the
difference in cleaned layer for the normal
incidence (left) and cleaned layer at 30 angle of
incidence (right) with single pass of laser beam.

After six laser passes, the cleaning efficiency reaches to a value of ~98%. In addition,
cleaning at small angle minimizes the risk of substrate damage as compared to laser cleaning at
normal incidence due to reduced fluence level. A detailed analysis of angular laser cleaning of
deposition has already been provided by Vereecke et al. and Watkins et al. [202,203] wherein
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the maximum cleaning efficiency was observed at grazing incidence. However, in our case
maximum cleaning efficiency was observed at 30 angle of incidence (close to grazing
incidence), which may be due to ineffectiveness of suction force at angles less than 30. Further,
in our case the substrate is glass, on which particles have a tendency to slide on the surface
instead of their rolling and it becomes much more difficult to remove them without sufficient
suction force as compared to laser cleaning of deposition from other substrates.
The quality of laser cleaned surface was analyzed by angle-dependent SXR measurement
using 130Å wavelength soft X-ray of SR beamline. Figure 7.23 shows the fit of experimental
data in SXR curves for fused silica mirror before and after the gold layer cleaning. The circle in
the SXR curve represents the experimental values of reflected intensity and the continuous line
represents the fitted values [204]. Measurements were carried out for incidence angle (with
respect to surface) in the range of 00-70º. Fitting of the SXR curve shows that before laser
cleaning, the gold layer thickness was 48 nm with surface roughness of 26 Å (as mentioned in
Table 7.5). After laser cleaning the gold layer has removed completely and these mirrors can be
re-used after re-coating of fresh gold layer.
Table. 7.5. Comparison of surface roughness obtained by angle-dependent SXR
spectra of gold coated mirror sample before and after cleaning.
(For 00 to 700 incidence angle and 13 nm soft X-ray wavelength)
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Fig. 7.23. Soft X-ray reflectivity (SXR) spectra of the sample before and after gold layer
cleaning by using 130Å wavelength. Open circles represent the experimental data
whereas continuous lines are corresponding to the best fit obtained using parameters
given in Table 7.5. Curves are vertically shifted in the y-axis for the clarity. The vertical
lines mark positions of the critical angle for Au film and fused silica substrate.

The SXR curve also shows interference fringes before cleaning caused by the waves
reflected from the air-gold film interface and the gold film-substrate interface [205]. This curve
shows that critical angle c is 21.03 for thin gold film [206]. After the gold layer cleaning, the
critical angle c shifted from 21.03 towards a lower value of 11.13, which matches well with
the critical angle for fused silica. Further, the interface interference fringes have also
disappeared. It clearly indicates that the gold layer was effectively removed from the fused silica
surface. The rms roughness of the fused silica substrate was determined from the fitting
parameters and was found to be 8 Å before laser cleaning. This roughness improved to a value of
5 Å after the laser cleaning process [205]. Details of the fitting parameters are given in Table 7.5.
The possible reason for the improvement in rms roughness can be attributed to the fact that the
calculated thermal diffusion length for 100 ns pulse duration is larger than the gold layer
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thickness (48 nm), which may lead to the heating of the upper surface of the fused silica during
laser cleaning and may improve the surface roughness. It was also observed that after laser
cleaning, the exposure of these fused silica mirrors to the atmosphere results in the formation of
an additional surface layer of 3-5 nm thickness due to the atmospheric effects.
XPS measurements, before and after laser cleaning of the gold layer have also been
recorded. The XPS curve of the gold film has been fitted using two components, one with peak
energy near 83 eV and the second having peak energy near 87.5 eV and is as shown in Fig. 7.24.
After laser cleaning, it was found that the peaks of the gold layer disappear from the sample. It is
clear from the XPS analysis that after laser cleaning process with ns pulses, the gold layer from
the surface is removed completely.
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Fig.7.24. XPS spectrum of the gold layer shows that the peaks of gold disappear
after laser cleaning process.

7.5

Conclusions
Short pulse Nd:YAG laser of 55 s pulse duration has been used effectively for cleaning

of surface contamination of marble for potential applications in cleaning of historical buildings
and artworks. It has also been tested for cleaning of surface contamination from zircaloy and
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inconel for nuclear industry. The experimental results obtained using this laser showed that with
optimization in the process parameters and laser parameters, this type of lasers have a good
potential for efficient surface cleaning of contamination over a wide range of other materials like
rocks, stainless steel, copper, niobium, titanium, and aluminium. Experimental results have been
explained using theoretical description based on photo-thermal ablation mechanism.
Laser cleaning of 20 nm thick carbon layer from gold-coated surface of mirrors using
~100 ns pulse duration Nd:YAG laser has also been studied. From XPS and SXR data, it was
found that pulsed Nd:YAG laser is highly effective in removal of carbon layer. SXR data
confirmed that no damage to the gold coating has occurred during the laser cleaning of carbon
layer. Dry laser cleaning with fiber optic beam delivery of Nd:YAG laser appears to be a
promising technique for on-line cleaning of SR beamline components and optical elements
without removal their position in the beamline. Dry laser cleaning is also very fast as compared
to other conventional cleaning methods. Laser cleaning of 48 nm thick gold layer from X-ray
mirror samples using ~100 ns pulse duration Nd:YAG laser has also been investigated. Analysis
of laser-cleaned surface showed that ~100 ns duration laser pulses not only cleaned the gold
layer effectively, but it also improved the rms roughness of fused silica substrate from a value of
8 Å to 5 Å without damaging its surface. Laser cleaning technique for gold layer removal from
SR beamline mirror also meets the requirements of safety, efficiency, cost-effectiveness, and
feasibility as compared to other conventional methods. In addition, high precision in cleaning of
surface (precision in thickness of layer cleaned) is yet another advantage of short-pulse ns laser
cleaning. Moreover, it is also possible to re-coat the laser cleaned mirror surface, so that it can be
effectively used instead of replacing it with a new mirror in the SR beamline.
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Chapter 8

Summary and scope for future work

In this dissertation, a detailed study on design and development of long and short pulse
Nd:YAG lasers with high average and peak power has been carried out for potential applications
in laser material processing. Investigations on laser pump chamber, laser resonator, and fiber
optic beam delivery have been carried out. Further, thermal problems in the laser rod such as
thermal lensing and stress-induced birefringence were investigated and resolve for improvement
in the performance of the pulsed Nd:YAG lasers in terms of beam quality, slope efficiency and
pulse-to-pulse stability. In order to enhance the ruggedness of Nd:YAG lasers for industrial
environment, some important parameters like average output power, resonator stability, slope
efficiency, beam quality, and pulse-to-pulse stability were also analyzed and improved
successfully. Studies were also carried out for efficient coupling of laser beam to multimode
optical fiber of core diameter in the range of 600 μm to 200 μm for long distance delivery (up to
150 m) of high power laser beam. Further, studies were also carried out on the application of
pulsed Nd:YAG lasers for laser cutting in dry air and underwater environment for a variety of
materials such as thick stainless steel, zirconium, and aluminium for nuclear and shipping
industry. Detailed investigations were also carried out on the welding of aluminium and titanium
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in inert gas environment. In addition, results and analysis is presented on laser drilling of rocks
as well as laser cleaning of marble, inconel, carbon and gold layer for applications in science and
engineering. Results of our studies have been summarized in Section 8.1 and scope for future
work is provided in Section 8.2.

8.1

Summary of the important results
In summary, study and development of rugged lamp pumped, long pulse Nd:YAG lasers

of 250 W, 500 W, and 1 kW average power and their potential material processing applications
has been presented. Pulse duration of these lasers can be varied in the range of 1-40 ms and
repetition rate from 1-100 Hz. A maximum pulse energy of 540 J was achieved in 1 kW average
power Nd:YAG laser with a slope efficiency of 5.4%. To the best of our knowledge, this is the
highest slope efficiency and pulse energy at millisecond pulse duration reported in long pulse
operation of flash lamp-pumped Nd:YAG lasers. These lasers have good beam quality in
multimode operation, and hence efficient beam delivery through 400 μm and 600 μm core
diameter optical fibers could be achieved. Delivery of up to 60 J of pulse energy through 200 μm
core diameter optical fiber with 90% transmission efficiency has been successfully demonstrated
and used for micro-machining and welding applications. Further performance evaluation of 2%
at. doped ceramic Nd:YAG rod was also carried out. Generation of up to 520 W of average
output power in long pulse operation of ceramic Nd:YAG rod was achieved with a beam quality
factor of M2~47 and a slope efficiency of 5.4%. The above performance parameters of ceramic
Nd:YAG rods are comparable to that of single crystal Nd:YAG rods and hence the ceramic
Nd:YAG rods can be used as a potential replacement for single crystal Nd:YAG rods. Laser
beam from ceramic Nd:YAG rod was also delivered efficiently through a 400 μm core diameter
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optical fiber with a transmission efficiency of 90%. To the best of our knowledge, this is the
highest average power, pulse energy, and efficiency reported in long pulse operation of flash
lamp-pumped ceramic Nd:YAG lasers.
Further, study and development of a 22 kW peak power Nd:YAG laser with 55 μs pulse
duration and 1-20 Hz repetition rate as well as efficient beam delivery through an opticcal fiber
has also been demonstared and used for cleaning applications. A compact and robust laser pump
chamber along with laser resonator was designed to achieve high peak power and good beam
quality in multimode operation. An almost top-hat intensity distribution of laser beam profile
was achieved after its beam delivery through a 200 µm core diameter optical fiber, which has
been found to be useful in more selective, uniform, and efficient laser cleaning. To the best of
our knowledge, there are no published reports on µs pulse duration Nd:YAG laser with high
peak power (~22 kW) and beam delivery through a small core diameter optical fiber of 200 μm
for laser cleaning applications.
It is well known that the, polarization state of the laser beam has a strong influence on
absorption in the material. For a linearly polarized beam the absorption is generally higher than
for unpolarized or elliptically polarized beam. When a polarizer is placed in a Nd:YAG laser
resonator to generate linearly polarized output, a significant reduction in the output power is
observed due to thermally induced stress birefringence in Nd:YAG rod. Several schemes have
been studied and analyzed to generate linearly polarized laser beam. A novel approach has been
developed to compensate stress-induced birefringence and thereby reduce the depolarization loss
by ~18% using Glan-Taylor polarizer. Simpler optical schemes using quartz rotator and folded
resonator geometries have also been used successfully to generate p-polarized average output
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power of 215 W and 415 W in single and dual Nd:YAG rod resonators in long pulse operation.
These results will be useful in nonlinear frequency conversion and laser material processing.
Studies were also carried out on laser cutting of thick section of SS 304 with thickness in
the range of 4-20 mm using ms pulse duration Nd:YAG laser both in dry air as well as in
underwater environment. There are several published reports on the use of CW lasers in the
range of kilowatt power level for the cutting of the thick steel. We have demonstrated the laser
cutting of thick section (up to 20 mm thick) of stainless steel in underwater conditions using long
pulse Nd:YAG laser of only 500 W average power. This study on pulsed laser cutting technique
in dry air and underwater environment will be useful in dismantling work in nuclear facilities
and also in ship dismantling industries. Minimization of ejection of debris associated with
decommissioning work in nuclear facilities is an important task as a large volume of
contaminated debris may result in an increased radiological hazard. In view of this, laser cutting
experiments for reduction of debris were also performed using laser cutting nozzle with halfimaging lenses made of GRADIUM glass and a substantial reduction in the amount of ejected
debris was achieved.
Laser welding of 4 mm thick titanium and aluminium sheets were also performed
successfully using 1 kW average power long pulse Nd:YAG laser. The microscopic analysis
showed that the weld bead was uniform and no major porosities or inclusions were observed in
the welded samples. It was also found that the ultimate tensile strength of weld joint is almost
similar to that of the parent metal. Welded samples were also tested using helium leak detector
for leak tightness of up to ~10-10 mbar.l/sec. These laser welded materials can be used for
vacuum related applications.
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Investigation on laser rock drilling and spallation using optical fiber coupled long pulsed
Nd:YAG laser of 20 kW peak power has also been carried out. We have performed rock
spallation by drilling holes on its upper surface for stress generation in the rock, which easily
breaks the rock without melting or vapourization. It was found that this laser technique is cost
effective and time saving as compared to other conventional drilling methods and it has potential
applications in petroleum industries to damage the rocks for exploration of oil and natural gas
wells.
Finally, some laser cleaning experiments have also been performed using short pulse (~
100 ns) Nd:YAG laser to remove the surface contamination on marble and stone (berea gray
sand stone, and shale) for conservation of historical buildings as well as removal of surface
contamination from zircaloy and inconel for nuclear industry. Laser cleaned surface of inconel
was also studied and analyzed using X-ray photoelectron spectroscopy (XPS). Cleaning of
carbon contamination and gold layer from the optical elements of synchrotron radiation (SR)
beamlines has also been performed successfully using nanosecond duration pulsed Nd:YAG
laser. Since these optical elements including the substrates which are of special shapes are very
costly, thus, it is desirable to develop a technique for the periodic cleaning of the coatings
without damage or modifications to the underneath surface. Effect of different laser process
parameters such as fluence energy, spot overlapping, angle of incidence, and number of laser
passes has been studied for laser cleaning of optical elements. It was found that nanosecond
pulses not only clean the surface contamination, but it also decreases the surface roughness of the
substrate. Cleaning quality and efficiency has been analyzed using optical microscopy, SEM,
XPS, and angle-dependent soft X-ray reflectivity (SXR) techniques. A laser cleaning efficiency
of ~98% was achieved which is higher than that achieved by other conventional cleaning
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techniques. This work provides an experimental base for further research work in laser cleaning
of different materials.

8.2

Scope for future work
Present work in this thesis describes the experimental studies on the development of

various pulsed Nd:YAG lasers and its use in different material processing applications. However,
there is a considerable scope for future work on studies and application of pulsed Nd:YAG lasers
with longer pulse durations of the order of a few tens of ms and very high pulse energy of the
order of hundreds of Joule for cutting and welding applications and generation of short duration
μs pulses with still higher pulse energy for laser cleaning and drilling applications. Studies on
reduction in thermal problems and birefringence compensation can be enhanced further to
generate single mode polarized output with higher pulse energies with better focusing ability.
Further study on highly Nd doped ceramic Nd:YAG rods in multi-rod and folded resonator
geometries can also be explored for enhancement in pulse energy, average power and peak
power for welding, cutting, and drilling of thick materials. Generation of linearly polarized laser
beam with high pulse energy can be explored for laser grooving on metals for different industrial
and technological applications. Underwater laser cutting and welding is also an area of extensive
research involving many technological challenges, which can be explored further for various
nuclear applications. Study on welding of dissimilar materials such as stainless steel and copper,
niobium and copper, etc. using high power pulsed lasers will be an area of research with wide
applications in the industry. Free-running microsecond duration Nd:YAG laser can be upgraded
for the generation of tens of nanosecond duration pulses using electro-optic Q-switching
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technique. These electro-optic Q-switched lasers will be useful in nuclear decontamination and
other artwork conservation applications requiring very high peak powers.
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Appendix-1
Since we can write a polarization state as a (Jones) vector, we use matrices, A, to transform them
from the input polarization, E0, to the output polarization, E1.

E1  AE0
This yields:

E1x  a11 E0 x  a12 E0 y
E1 y  a21 E0 x  a22 E0 y
For example, an x-polarizer can be written:

1 0 
Ax  

0 0 
So
1 0  E0 x   E0 x 
E1  A x E0  
    
0 0  E0 y   0 

A y-polarizer:

0 0 
Ay  

0 1 
A half-wave plate:
1 0 
A HWP  

0 1

A half-wave plate rotates 45-degree-polarization to -45-degree,
and vice versa.
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1 0  1  1 
0 1 1   1

   
1 0   1  1
0 1  1  1

   

A quarter-wave plate:

1 0 
AQWP  

 0 i 

1 0  1  1 
0 i  1   i 

   

Jones Matrices for standard optical components:
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x

Multiplying Jones Matrices:

y

z

Crossed polarizers:

x-pol

E0

E1
y-pol

E1  A y A x E0

 0 0  1 0   0 0 
Ay Ax  



0 1  0 0 0 0
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pol

so no light leaks through.

Appendix-2

Jones matrix analysis
Jones matrices can also be used for an analysis of the working of tilted 900 QR in the resonator.
Here, it works as a four-pass laser resonator for the generation of p-polarized laser beam with
reduced depolarization losses. Here, the tilted 900 QR acts as a phase retarder as well as a
Brewster’s plate polarizer in its tilted position. If the transmission factor of polarized light
through a Brewster’s plate is ‘S’, then the Jones matrix for the Brewster effect of a tilted 900 QR
can be written as

 S 0
QRB  

 0 1

(A)

For a single pass, S can be calculated by
 2n 
S  2 e 
 ne  1 

2

(B)

For a quartz crystal, the refractive index for an extraordinary ray (ne) is 1.5415 at 1064 nm and S
has a value of 0.8328. At the Brewster angle, all the p-polarized light will pass through the 900
QR with phase retardation. The matrix of a phase retarder is given by

ei /2
QR( )  
 0
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0 

ei /2 

(C)

Here, only the p-polarization has been allowed to oscillate (in the laboratory frame, y-direction)
in the resonator. The phase δ introduced by the 900 QR on an extraordinary (also p-polarized)
beam incident normally on it is given by
 ( y) 

2



 ne  1 2 y  d 

(D)

where y is the entrance height of the beam on the 900 QR, d is the length of 900 QR in the zdirection. Single trip Jones matrix of a pumped Nd:YAG rod with the birefringence phase
difference Γ can be written as

ei /2
Rod ()  
 0

0 

e 
- i /2

(E)

Further, if θ is the angle between the laboratory frame and the thermally induced dielectric axes
in the transverse plane of the rod, the transformation matrix is given by

 cos 
R( )  
  sin 

sin  
cos  

(F)

When there is no birefringence compensating element or any polarizer in the resonator and only
an Nd:YAG rod is placed in the resonator between mirrors, the round-trip Jones matrix for the
resonator starting from the output coupler mirror can be written as

M Unpolarized  R( ) Rod () Rod () R( )
ei cos 2   ei sin 2 
M Unpolarized  
 2i sin  cos  sin 

2i sin  cos  sin  

ei cos 2   ei sin 2  

(G)

Now, taking x-polarization (with respect to laboratory frame) as loss by inserting an intracavity polarizer having Jones matrix given by Ax as
0 0
Ax  

0 1 
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The uncompensated depolarized component Ex(Uncompensated) is given by

 ExUncompensated 
 Uncompensated   M Unpolarized
 E y


 0 0   Ex 
0 1   E 

 y

ExUncompensated  2i sin  cos  sin 

(H)
(I)

Hence, the uncompensated depolarization loss fraction for thermal birefringence in the
transverse plane of the rod is given by

lDUncompensated  ExUncompensated ExUncompensated (†)   sin 2  sin 2 2

(J)

where,   CT Ph r 2 / r02 and CT  2no3 CB /  K
Here, K is the thermal conductivity of the laser rod, n0 is the index of refraction at the centre of
the laser rod, r0 is the radius of the rod, Ph is the heat load dissipated in laser rod, α is the
coefficient of thermal expansion. CB depends on Young’s modulus, Poisson's ratio, and photoelastic tensor elements of the Nd:YAG rod. Heat load dissipated in the rod (Ph) is proportional to
the electrical input power (PE) to the flash lamp and is given by PE=K0I3/2tpf. Here, I is the lamp
current, tp is the pulse duration, f is the pulse repetition rate, K0 is the lamp impedance parameter
having a value of 18 for the flash lamp used in this experiment. The value of Ph has been selected
as 10% of PE for lamp pumped system.
The total uncompensated depolarization loss can be derived by integrating Eq. (J) over the crosssection of the Nd:YAG laser rod after placing the value of   CT Ph r 2 / r02 as

Uncompensated
D

L

1
 2
 r0

2 r0

 l
0 0

Uncompensated
D

rdrd 

1
1  sin c(2CT Ph )
4

(K)

Similarly, after birefringence compensation, the four pass Jones matrix would be the
multiplication of all Jones matrices of the components in the path taken in appropriate order with
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tilted 900 QR as a birefringence compensating element inside the resonator placed between the
laser rod and output coupler mirror. Starting from the output coupler mirror, four pass Jones
matrix in the birefringence compensated resonator (after pacing tilted 900 QR and re-entering
mirror) starting from the output coupler mirror can be written as

M Polarized  Pass[1]  Pass[2]  Pass[3]  Pass[4]
M Polarized  [QRB ][QR( )][ R( )][ Rod ()]  [ Rod ()][ R( )][QRB ]

(L)

[QRB ][ R( )][ Rod ()]  [ Rod ()][ R( )][QRB ][QR( )]





 ei S 3 (cos   i cos 2 sin ) 2  S sin 2  sin 2 2

 S sin  sin 2 i (S 2  1) cos   (S 2  1) cos 2 sin 


M polarized











cos 2   i cos 2 sin 2  sin 2 (cos2 2  S 2 sin 2 2 ) 


sin  sin 2 i( S 2  1) cos   ( S 2  1) cos 2 sin 
ei





(M)
The compensated depolarized component Ex(Compensated) is given by

 ExCompensated 
 Compensated   M Polarized
 E y


 0 0   Ex 
0 1   E 

 y

(N)

Therefore,





Excompensated  sin  sin 2 i(S 2  1) cos   (S 2  1) cos 2 sin 

(O)

and hence the depolarization loss factor will be
lDcompensated  Excompensated .Excompensated (†)  sin 2  sin 2 2 (S 2  1)2 cos2   ( S 2  1)2 cos 2 2 sin 2   (P)

The total depolarization loss after birefringence compensation can be derived by integrating Eq.
(20) over the cross-section of the Nd:YAG laser rod after placing the value of Γ as

Compensated
D

L
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1
 2
 r0

2 r0

 l

Compensated
D

rdrd

0 0

1
 8(S 2  1)2 sin c  2CT Ph   (3S 4  10S 2  3)sin c  4CT Ph   4CT Ph (7S 4  2S 2  7) 
7364 

(Q)

The calculated numerical value of total uncompensated depolarization loss using Eq. (K) was
0.2463 and compensated depolarization loss using Eq. (Q) was 0.06 using the values of n0=1.82,
α=7.5×10-6/0C, CB= -0.0099, λ=1064 nm, K=14 W/m/0K, r0=4 mm, if Ph=500 W, and S=0.8328
for QR. These values show that the depolarization loss is reduced significantly from a value of
24.6% to 6% after birefringence compensation using a tilted 900 QR and HR re-entering
feedback mirror.
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