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SYNOPSIS

Copper - Hydrogen Bromide laser (Cu-HBrL), also known as Copper-HyBrID laser, is
a low temperature (~500 °C) and an improved performance variant of the conventional high
temperature (~1500 °C) copper vapour laser (CVL). A Cu-HBr laser is based on lasing
transitions in copper atom. The additive HBr gas reacts with copper metal in the discharge tube
to produce copper bromide molecules and their molecular complexes. These copper precursors
subsequently dissociate under electron impact to provide copper atoms of necessary density for
efficient lasing. The Cu-HBr lasers produce high pulse repetition rate (15-20 kHz), pulsed (40-
50 ns), visible radiations (510.6 nm & 578.2 nm) of high average power (10-200 W), high
electro-optic efficiency (2-3%) and high beam quality. The low temperature operation of a Cu-
HBr laser has led to its compact & light-weight design and faster start-up/cool-down time (10-
15 minutes) with ease of operation. With the improved laser characteristics and convenient
design, a Cu-HBr laser scores favourably over the other well developed high temperature

(~1500 °C) CVL and kinetically enhanced CVL (KE-CVL) as well as low temperature



(~500 °C) copper bromide laser (CuBrL). The Cu-HBrLs have enhanced the scope of
applicability of atomic copper lasers in high pulse repetition rate (PRR) pumping of tunable
visible-IR dye & Ti: Sapphire lasers for spectroscopic applications, in high PRR nonlinear
frequency conversion for ultraviolet (UV: 255.3, 271.2 & 289.1 nm) generation for fast
fabrication of photonic components such as fiber gratings as well as in high speed precision
material processing and fast imaging. Presently, frequency doubled Q-switched solid-state
lasers (Nd: YAG/Nd: YVOs laser: 532 nm, Yb: YAG laser: 515 nm) are emerging as compact
and alternate high PRR visible laser sources. However, the features of high PRR Cu-HBrLs
such as ease of average power scalability to 100s of watt in visible range without going through
the route of nonlinear frequency doubling and capability to produce high quality laser beams
are advantageous over the solid state lasers.

The technology development of Cu-HBr lasers involves the challenges associated with
design/assembly of laser electrodes & discharge tubes, integration of gas & vacuum handling
unit, handling & precision controlling of highly corrosive HBr gas, issues of material
compatibilities, critical dependence of laser parameters on HBr concentration and issues related
with high power & high PRR electrical excitation sources. Equally challenging is the
frequency extension to the UV regime, by second harmonic and sum frequency generation at
high PRR (~20 kHz) Cu-HBrLs. With these objectives in view, the present thesis is a dedicated
research work on the technology development of high average power (upto ~110 W) and high
PRR (16-18 kHz) Cu-HBrLs of different active volumes followed by its frequency extension
to UV regions (watt level average power) through nonlinear frequency conversion. The core
thesis works include detailed studies on the Cu-HBr laser system development, laser parameter
studies with HBr concentration & electrical input power, analysis of electrical power deposition
into laser medium, HBr gas purification for enhanced laser performance, evaluation of thermal

lensing behaviour, studies on spatial & spectral beam quality characteristics for both the green



(510.6 nm) & yellow (578.2 nm) radiations with plane-plane & unstable optical resonators,
generation of high quality laser beams and studies on wavelength extension to high the PRR
coherent UV (255.3 - 289.1 nm) radiations of watt level average power through second
harmonic and sum frequency conversions. The present thesis work has led to the successful
technology development of Cu-HBrLs of various power levels, new research results into the

field and efficient high PRR UV beam generation with high potential for utilization.

The overall thesis is organized into ten chapters as follows,
Chapter 1: Review on Copper-Hydrogen Bromide (Cu-HBr) laser

The Cu-HBrL, first demonstrated by Livingstone et. al. in 1992, is an outcome of
intense R & D efforts to improve the performance and design of conventional high temperature
CVL, first reported by Walter et. al. in 1966. This chapter presents a comprehensive review on
the R & D activities in the field of Cu-HBrLs. First, the lasing spectroscopy, kinetics and the
associated performance limiting factors of conventional copper vapour laser are discussed.
Next, the role of additives in the field of copper lasers leading to emergence of different variants
particularly the low operating temperature, high PRR and high power Cu-HBrL, is brought out.
The physics of Cu-HBrLs such as copper seeding mechanism, role of HBr in favourably
affecting the plasma & laser Kkinetics, low temperature & high PRR operation, discharge
characteristics, laser beam quality characteristics and power scaling behaviour are discussed in
detail. The engineering and technology aspects of Cu-HBrLs such as laser design, high PRR
electrical excitation sources and material compatibility issues are also presented. The review
ends with the current status on the technology development, research and applications of

copper-HBr / copper vapour lasers.

Chapter 2: Development and studies on high average power (40 to 110 W) Cu-HBr lasers
A Cu-HBrL relies on successful development and integration of various subsystems

followed by a systematic parametric optimization study. This chapter presents core of the thesis



works on the development of 40 to 110 W average power Cu-HBrLs. This study comprises of
a detailed thermal design of the investigated Cu-HBr lasers, mechanical design of laser
electrodes & discharge tubes vis-a-vis their material compatibility with HBr, design of
precision gas mixing set up for HBr & Neon gases, design/development of high-PRR, high-
voltage & fast-switching electrical excitation sources followed by their integration and
parametric optimization of the laser output power. Thyratron and solid state IGBT (Insulated
gate bipolar transistor) pulsers are employed for the electrical excitation. The parameters
studied for the laser power optimization are electrical input power, PRR, buffer gas pressure &
flow rate, HBr concentration and electrical storage/peaking capacitor ratios. These results on
the different average output power (40, 70, 85 & 110 W) versions of developed Cu-HBrLs,
differing mainly in their active volumes, are presented and discussed in detail. Overall, this
chapter presents a comprehensive guideline for designing of Cu-HBrLs. These developed Cu-
HBrLs have been utilized for carrying out further studies as presented in the subsequent

chapters.

Chapter 3: Analysis of electrical pulse pumping characteristics of the Cu-HBr lasers
This chapter presents both time-resolved & time-averaged analysis of the electrical
pulse pumping characteristics of the developed Cu-HBrLs. This is carried out by numerical
processing of the laser head voltage and current waveforms recorded for different laser
operating parameters, laser active volumes, electrical excitation sources and active medium
compositions. The processes controlling discharge/plasma parameters such as electrical
inductance, electrical resistance, active laser head voltage, active electrical power, pre-pulse
electron density & axial gas temperature are evaluated and a correlation is established with the
observed Cu-HBrL performance. Average electrical power coupled to the laser discharge with
various parametric conditions such as electrical input power, HBr concentration, buffer gas

flow rate & pressure as well as PRR are evaluated and presented. Role of high voltage electrical



pulser configuration with thyratron and IGBT switches are studied, analysed and presented.
This is also supplemented with a comparative study on the electrical discharge characteristics
of Cu-HBrL vs. CVL of identical tube geometry. The presented work has led to a technique for
quick optimization of pulsed gas discharge lasers through on-line analysis of their head voltage-

current waveforms, in addition to providing guide lines for efficient pumping.

Chapter 4: Studies on HBr gas purification for performance enhancement of
Cu-HBr laser

The HBr gas purity is very important for optimized operation of a Cu-HBrL as it
crucially controls the laser kinetics. Due to highly reactive nature, the HBr gas purity degrades
during the overall process of its manufacturing, storage and handling. The generated impurities
contaminate the laser discharge leading to degraded laser performance. In this perspective, this
chapter presents the details of a purification process of HBr gas by fractional distillation and
evaluation of the purified HBr gas in improving the developed Cu-HBr laser performance in a
test set up. The principle of the purification technique, development of a suitable HBr gas
purification set up and mass spectrometry analysis before/after the purification process are
presented. The purified HBr gas is utilized for enhancement of the laser output power, followed
by an analysis of its discharge characteristics, to understand the physical mechanism. Around
30% improvement in the laser output power of Cu-HBrL, has been demonstrated with purified
HBr gas. The effects of the distilled HBr gas on the laser output power, efficiency and beam
diameter are presented. The electrical discharge characteristics such as change in discharge
impedance and electrical power coupled into the discharge are analysed for both the
distilled/undistilled HBr gases. The underlying physics behind the improved laser performance
with purified HBr gas is discussed. The presented work provided a guideline for the improved

performance of a Cu-HBr laser.



Chapter 5: Studies on thermal lensing behaviour of Cu-HBr laser

This chapter presents experimental studies and theoretical analysis on the thermal
lensing characteristics of the developed Cu-HBrL using an interferometer technique. These
results are also compared with that of a conventional CVL of identical discharge tube geometry
and excitation conditions. The thermal lensing aspect of a Cu-HBrL is of crucial importance
for applications requiring high beam quality laser output such as in nonlinear frequency
conversion for UV generation. The chapter starts with a brief presentation on the theory of
thermal lensing & its origin in a Cu-HBrL/CVL as well as the principle of its measurement and
the associated experimental set-up. Next, the experimental results on thermal lens power due
to contributions from both the gaseous medium & discharge sealing optical windows as well
as separately that of optical windows are presented as a function of electrical input powers and
gas mixture compositions. It is observed that the Cu-HBrL has much weaker thermal lens as
compared to that in the CVL, out of which the contribution of the optical windows dominates
over that of the gaseous active medium. A theoretical analysis on the gas thermal lens as well
as the window thermal lens is presented taking into account the radial temperature distribution,
thermal conductivity, temperature coefficient of the refractive indices of the media involved
and the heat flux reaching the windows & its absorption. The analysis agrees well with the

observed trends.

Chapter 6: Studies on spectral characteristics of Cu-HBr laser

This chapter presents a detailed experimental study and the related theoretical analysis
on the spectral emission characteristics of both the green (510.6 nm) and yellow (578.2 nm)
radiations of the Cu-HBrL for different laser operating parameters. Knowledge of the spectral
characteristics of a Cu-HBrL is essential while planning its utility for nonlinear frequency
conversion to UV as carried out in this thesis. The chapter starts with a brief discussion on the

theory of spectral emission/broadening characteristics copper laser radiations taking into



account isotope shift, hyperfine splitting and broadening effects (natural, resonance/self, VVan
der Waals, Doppler) associated with the energy levels of neutral copper atom. Details on the
measurement technique, based on high precision Fizeau interferometer based wavelength
meter and the underlying principle are presented. Experimental results on the Cu-HBr laser
spectral emission characteristics, of both green and yellow radiation components, such as line-
width, emission frequency & their stability for different electrical input powers, HBr
concentrations & optical resonators (plane-plane & unstable), are presented in detail. A
comprehensive theoretical analysis followed by simulation of the spectral line-shapes of both
the radiations is carried out taking into account the relevant line broadening effects. The
theoretical results, in conjunction with the temperature & laser gain distribution effects, agree

well with the observed trends.

Chapter 7: Studies on beam divergence and pointing stability of Cu-HBr laser

The laser beam divergence and pointing stability of Cu-HBr laser radiations are crucial
parameters in applications requiring finely focused beams such as second-harmonic/sum-
frequency UV generation as studied in the present thesis. With this perspective in view, this
chapter presents a comprehensive study on these beam quality aspects of both the green and
yellow radiations of the Cu-HBrL for different laser operating conditions. The chapter covers
the basics and underlying principles of laser beam quality measurement. The experimental
results on variation of far-field divergence and pointing stability with different electrical input
powers, HBr concentrations and optical resonators (plane-plane & unstable) are presented in
detail for both the radiation components of the developed Cu-HBrL. This experimental study
is augmented with near-field spatial intensity profiles & temporal pulse shapes of both the
radiations. The related analysis and discussion encompass the estimation of divergence for
different resonators, role of spatio-temporal laser gain characteristics, thermally induced

perturbations and effect of diffraction as well as spectral emission widths. The whole study



has culminated into generation of diffraction limited and highly stable Cu-HBrL beams as
required for efficient UV generation through nonlinear optical conversion, as presented in

chapter 9.

Chapter 8: Review on nonlinear frequency conversion of copper lasers

This chapter reviews the works on the most commonly used nonlinear frequency
conversion processes of the copper laser radiations, i.e., the second harmonic and sum
frequency generation (SHG and SFG) leading to high repetition rate coherent UV (255.3, 271.2
& 289.1 nm) radiations. The fundamentals of SHG/SFG processes, relevant coupled wave
equations and the phase matching conditions are presented. The criteria for choosing suitable
nonlinear crystals for SHG/SFG based high repetition, high average power UV generation are
presented taking into account the phase matching conditions, nonlinear coefficients, damage
threshold, absorption at the involved optical frequencies, thermal effects, acceptance angle and
beam walk-off effects. The experimental and theoretical works on the SHG/SFG processes of
copper vapour laser which mostly carried out at PRR of 5-6 kHz are reviewed. The limited
reported studies on the SHG of green radiations of 10-18 kHz PRR, as obtained from Cu-

HBrLs, kinetically enhanced CVLs and CuBrL, are presented and discussed.

Chapter 9: Studies on second harmonic and sum-frequency generation of Cu-HBr laser

This chapter presents detailed experimental studies and analysis on SHG of both the
green (255.3 nm) and yellow (289.1 nm) radiations of the Cu-HBrL (PRR: 18 kHz) along with
their SFG (271.2 nm) in critically phase matched, type-1 B-BBO crystal. In order to prevent the
crystal damage, the SHG/SFG study is limited to the fundamental beam average power of about
10 W. These nonlinear frequency conversion studies are performed for both for plane-plane
and unstable resonator Cu-HBr laser of different beam quality. The spatial, temporal and
spectral characteristics of the Cu-HBr laser radiations, relevant for the frequency conversion,

have already been elaborated in chapters 5, 6 & 7. This chapter presents details of the



experimental set up as well as the results on optimization of SHG/SFG efficiency of the Cu-
HBrL as a function of pump focusing conditions for different focusing geometry (spherical &
cylindrical) & focal length of the focusing lens. Further, the experimental results on the UV
average output power and conversion efficiency are presented with variation of fundamental
beam optical power of the Cu-HBrL equipped with plane-plane and unstable resonators of
different magnifications. Temporal variation of the SHG/SFG conversion coefficients and
conversion efficiencies are evaluated from analysis based on optical pulses of the fundamental,
depleted fundamental and generated UV beams. The SHG process is also studied with
mechanically chopped fundamental beams and the results are analysed. The SHG/SFG average
UV output powers of around 2 W, 1.5 W & 1 W are achieved at 255.3 nm, 271.2 nm & 289.1

nm respectively at 18 kHz PRR.

Chapter 10: Summary and future scope

This chapter is a summary of the works carried out in the present thesis on the
technology development, experimental investigations and analysis on various aspects of Cu-
HBr lasers and its nonlinear frequency conversion. The scope of future work, in the field, is

also delineated.
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Chapter 1
Review on Copper - Hydrogen Bromide (Cu-HBr) laser

1.1 Introduction

Copper-Hydrogen Bromide laser (Cu-HBrL), also known as Copper-HyBrID laser, is
a low temperature (~500 °C) and an improved performance variant of conventional high
temperature (~1500 °C) copper vapour laser (CVL). A Cu-HBr laser is based on lasing
transitions in neutral copper atom. The Cu-HBrL, first demonstrated by Livingstone et. al. in
1992 [1], is an outcome of intense R & D efforts to improve the performance and design of the
conventional high temperature CVL, first reported by Walter et. al. in 1966 [2, 3]. In a Cu-
HBrL, the additive HBr gas reacts with hot copper metal, in the discharge tube, to produce
copper bromide molecules and their molecular complexes. These copper precursors
subsequently dissociate under electron impact to provide copper atoms of necessary density for
efficient lasing. The Cu-HBr lasers produce high pulse repetition rate (15-20 kHz), pulsed (50-
60 ns), visible radiations (510.6 nm & 578.2 nm) of high average power (10-200 W), high
electro-optic efficiency (2-3%) and high beam quality [1, 4-13]. The low temperature operation
of a Cu-HBrL leads to its compact & light-weight design and faster start-up/cool-down time
(10-15 minutes) with ease of operation [1, 4, 7, 14]. With improved laser characteristics and
convenient design, a Cu-HBr laser scores favourably over the other well developed high
temperature (~1500 °C) CVL and kinetically enhanced CVL (KE-CVL) as well as over low
temperature (~500 °C) copper bromide laser (CuBrL) [15]. The Cu-HBrLs enhance the scope
of applicability of copper lasers in high pulse repetition rate (PRR) pumping of tunable visible-
IR dye & Ti:Sapphire lasers for spectroscopic applications, in high PRR nonlinear frequency
conversion for ultraviolet (UV: 255.3, 271.2 & 289.1 nm) generation for fast fabrication of

photonic components, in high speed precision material processing and fast imaging [15-31].
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This chapter presents a comprehensive review on the R & D activities in the field of
Cu-HBr lasers. The review begins with lasing spectroscopy, kinetics and associated
performance limiting factors of conventional CVL. Next, the role of additives in the field of
copper lasers leading to emergence of different variants particularly, the low temperature, high
PRR and high power Cu-HBrL, is brought out. The physics of the Cu-HBrLs such as the copper
seeding mechanism, role of HBr in favourably affecting the plasma & laser kinetics, low
temperature & high PRR operation, discharge characteristics, laser beam quality issues, power
scaling behaviour and the performance limiting factors are discussed. The engineering and
technology aspects of the Cu-HBrLs such as the laser design & high PRR electrical excitation
sources and material compatibility issues are also discussed. The review ends with the current

status on technology development, research and applications of Cu-HBr/copper-vapour lasers.

1.2 Fundamentals of atomic copper laser
1.2.1 Energy levels and the lasing transitions

Fig. 1.1 shows the simplified energy level diagram of copper atom with its important
lasing transitions. The copper laser is a three level laser system with self-terminating lasing
action. It involves primarily the ground state, first excited state (as lower laser level: LLL) and
second excited state (as upper laser level: ULL). The electronic configuration of the ground
state, first excited state as well as second excited state of copper atom with term values (>>*L,
L: total orbital angular momentum, S: total spin angular momentum and J: total angular
momentum) are 4s* 3d'° (2S), 4s? 3d° (?D) and 3d® 4p* (°P) respectively. The fine structure
energy levels are represented as 2Sy, (ground level), Dz & Dsp2 (LLLS) and P32 & %P1
(ULLs). From the ground level, the LLLs are situated at 1.39 eV (?°Ds2) & 1.64 eV (°D32) and
the ULLs are situated at 3.79 eV (°P12) & 3.82 eV (°P3p) [3].

The 2P levels are resonantly coupled to the ground level (Si2) with high excitation

cross sections i.e. 9.7 x 1076 cm? for 2S1» — 2P & 4.5 x 1071 cm? for 2S1» — %P1, hence
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Fig. 1.1 Energy level diagram of neutral copper atom showing the laser transitions
subjected to strong radiation trapping [3]. The transitions between 2D and 2Sy, levels are
electrical dipole forbidden. In an isolated copper atom, the life times of the ULLs with respect
to ground level are ~10 ns [32]. However, in the active medium when the ground level copper
atom density is high (> 10®® cm™), radiation trapping occurs and the life time of the ULLs w.
r. t. the ground state increases to 12-13 ms, due to resonance absorption of 2P — 2S transitions
(324.8 & 327.4 nm) [32]. On the other hand, the life times of the ULLs w. r. t. the LLLs are
~500 ns whereas the life times of the LLLs w. r. t. the ground level is ~130 ps. The electric
dipole transition selection rules (i.e. AL =+1 & AJ =0, +1) allow only three optical transitions
between 2P & 2D levels i.e. 2Pz — 2Dsj2 (510.6 nm), 2P12 — 2Dz (578.2 nm) and 2Ps;z — 2Dapz
(570 nm). The ratios of corresponding emission oscillator-strengths and intensities are 0.0051:
0.0042:0.0012 and 9:5:1 respectively; hence the gain competition restricts the laser oscillations
to 510.6 nm and 578.2 nm [15, 32]. The laser oscillation at 570 nm can be obtained by

restricting the gain at the other two wavelengths [32], however it is not an attractive option.

1.2.2 Basic laser kinetics and performance limiting factors
In a copper laser, the copper atoms are pumped by fast (<100 ns rise time) discharge

current pulses at high PRR in the inert/buffer (Neon) gaseous medium. The required ground
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state copper atom density (ncuy ~ 101 cm™), for the efficient lasing, is produced through self-
discharge heating & vaporization of copper metals at temperature of ~1500 °C [2]. In the rising
part of high voltage excitation pulse, the ULLs (Cu") are populated preferentially over the LLLs
(Cu™) by direct electron impacts/collisions due to favourable average electron-temperature (Te)
of 4-5 eV. The laser oscillation continues as long as the population inversion exists [2].
However, due to long life time of LLLs as compared to ULLs, bottlenecking of the population
occurs. The population inversion between the laser levels [i.e. AN = Ny- (gu/g1) Ni, where gy &
gi are the level degeneracy factors and Ny & N are the population densities of the ULL & LLL
respectively] reduces to zero shortly (< 100 ns) and then afterwards to negative values, thus
making the laser self-terminating [2]. The ground state copper population is replenished by
plasma relaxation during the inter-pulse period (~100 ps), so as to start a new lasing cycle for
the subsequent excitation pulse. The maximum PRR of the laser is decided by cumulative
effects of recovery of ground state copper density & electron-ion (e-Cu™) neutralisation and the
effective reduction of the pre-pulse electron density [15].

During the excitation and inter-pulse periods, the laser level populations deplete and
recover through different processes, as evidenced by a number of theoretical and experimental
studies [33-40]. The population densities in the ULL (Ny) are proportional to the ground state
copper density (ncu). The Ny value is also proportional to the ratio of ground - ULL (e + Cu —
e + Cu") excitation rate to ground - higher levels excitation/ionization (¢ + Cu — e + Cu”" and
e+ Cu — e+ e+ Cu®) rate. Here, Cu, Cu™ and Cu" refer to ground, higher lying levels above
ULL and ionized state of the copper atom. With the onset of the excitation pulse, the Ny value
starts to increase during first 10s of ns, attains a peak value and the starts falling. The fall in
Nu is due to depletion of copper atoms through higher state excitation to both Cu™ & Cu*,
directly from ground state (Cu) as well as resonance level (Cu") and also due to the fall in Te.

During inter-pulse period, Ny relaxes almost completely due to super elastic collisions with
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surrounding species (Cu" + ¢ — ¢ + Cu/ Cu™) and radiation (Cu" — Cu/ Cu™ + hc/)), with
typical time scale of ~1 ps [36]. The populations of the LLLs decay principally by super elastic
collisions with electrons (Cu™+ e — Cu + €), heavy body collisions with Ne/Cu (Cu™+ Ne/Cu
— Cu + Ne/Cu) and diffusion to the discharge tube wall (Cu™ — Cu). The estimated time
constants for the electron collision deactivation are ~ 5-10 ps (initial fast decay) and ~100 ps
(slow decay later) whereas that of the heavy body collisions and diffusion processes are in the
range of 5-10 ms [37, 38]. The rate constant of the dominant LLL relaxation mechanism
(electron-atom super-elastic collision) is a function of electron density (ne) & Te and inter-pulse
period [34]. After the excitation pulse is over, the ground level population recovers through
process of relaxation of LLLs, radiative & collisional decay of ULLs, three body collision
induced electron-ion recombination followed by radiation & step wise collision decay (e + e +
Cu*— e+ Cu " — e+ Cu’/Cu + he/)) and diffusion of neutral copper atoms from wall to the
tube axis. These laser kinetic processes crucially depend on the electron temperature, gas
temperature and inter-pulse time which are again the function of laser operating parameters
such as discharge voltage, electrical input power, discharge capacitance, PRR, buffer gas
pressure etc. which also vary across the radial positions of the discharge tube [34, 35]. These
parameters dictate the optical output power from a CVL.
The average output power of an atomic copper laser is given by,

Pout= Eo.V.f = n.Ei.V.f (1.1)
where Ei/E, = specific input/output pulse energy, V = laser active volume (= nD2/4: D =
discharge tube bore diameter, | = discharge tube length), f = PRR and » = electro-optic
conversion efficiency. For conventional copper lasers, the tube length scaling is usually limited
to 100 — 150 cm owing to technological constraints in attaining uniform pulsed high electric
field over the entire length as well as requirement of finite number of cavity round trips for high

quality laser output within the short gain duration [15, 16]. On the other hand, the tube bore
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diameter as well as the PRR is limited to ~3-5 cm and 5-6 kHz respectively, owing to increased
spatio-temporal inhomogeneity of the applied electric field due to plasma skin-effect and
increased gas heating effects, detrimental for efficient high quality laser output [34, 35, 41, 42].
The choice on specific output energy is limited by the discharge-excitation/laser-conversion
efficiency (~1%) and maximum copper density employable (=10 cm). This is further
constrained by the requirement of fast-rise time, high voltage pulses as well as choice of
discharge tube materials for high temperature operation. In order to understand the underlying
limiting processes, a number of studies comprising of sophisticated computer simulation and
rigorous experiments involving measurement of spatially & temporally resolved copper
population densities, electron densities as well as comparing the laser performance with various
trace gas additives have been carried out [33-42]. Based on these studies, the limiting
performance of the conventional CVL has been attributed mainly to two factors — high

temperature and high pre-pulse electron density in the gas-discharge plasma.

1.2.2.1 Limitation due to high temperature (~1500 °C) operation

In conventional CVL, the lasant copper atoms are produced by discharge heating and
vapourisation of copper metals placed inside the discharge tube. Copper has melting point of
1083 °C. The demand of typical copper atom density (ncy) of ~10%° cm, for optimum laser
operation, requires the discharge tube temperature of ~1500 °C. Such high temperature
operation places severe constraints on the laser design and performance. First, the laser start up
time as well as the cool down time (after shut down) of the laser is of the order of an hour.
Second, such high temperature operation causes complex engineering problems in terms of
laser design and operation. Third, due to the high operating temperature, the axial gas
temperature races to ~3000 - 4000 °C [43, 44]. This adversely affects the inter-pulse recovery
of the ground state copper atom density by preventing deactivation of the copper meta-stable

levels as well as slowing down the electron-ion recombination process. This is because the
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higher gas temperature slows down the relaxation of the Te in the inter-pulse period and the
electron-ion recombination process is very sensitive to Te (o< Te¥2) [34]. Therefore, incomplete
relaxation of the CVL gas-discharge plasma results in significant depletion of the ground state
copper density to meta-stable and ionization state. Studies indicate that about 10% of copper
atoms are locked as ions due to inefficient recombination process alone, whereas typical LLL
population of ~2.5% is detrimental for the laser oscillation [15-17, 37]. The fractional remnant
ionization is higher at the tube axis and increases as the PRR increases, which also lead to
inefficient spatio-temporal coupling of the electrical energy to the CVL discharge plasma. So,
the CVL performance is closely related to the gas temperature which affects the pre-pulse
copper densities (in ground, meta-stable & ionization state), inter-pulse electron-ion
recombination rate and impedance matching between the discharge tube & excitation circuit
[15-17]. The high temperature operation of a CVL also adversely affects the laser beam
quality. The high temperature leads to enhanced thermal lensing & optical aberration in the
wavefront passing through the gain medium thereby increasing far-field divergence and
pointing instability as well as annular near-field radial intensity profile with a central minimum
[9, 45-52]. These beam quality attributes are not suited for many applications. Hence, it would

be beneficial if the operating temperature of a copper laser is reduced.

1.2.2.2 Limitation due to high pre-pulse electron density (Neo)

Electron density has crucial roles in deciding the performance of the pulsed gas
discharge of copper lasers. The peak electron density and their energy spread decide the
efficiency of ULL pumping. The pre-pulse electron density, neo, as well as its temperature
(electron energy), Te, decides the coupling of electrical energy into the CVL plasma and copper
meta-stable relaxation rate, hence performance of CVL [34-37, 52-57]. Due to multi-kHz PRR
operation, a significant residual electron density (neo ~10*3 cm, ~30% of peak value) exists

prior to the next electrical excitation pulse [36, 54]. This causes several detrimental effects on
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the CVL performance. First, the optimized CVL operation is limited to a narrow range of PRR
of about 4 to 8 kHz due to significant conductivity of pre-pulse CVL plasma. This is due to the
fact that after a lasing pulse, the next electrical excitation pulse can only be applied after the
plasma conductivity has decayed substantially. This limitation affects the laser power. Second,
high electron density causes inhomogeneous spatio-temporal electrical power deposition in the
CVL gain medium due to plasma skin effect [34, 35, 41, 56, 57], thereby affecting the laser
intensity profile and beam quality. Third, significant ne, value leads to improper impedance
matching between the electrical power supply and the laser head. As a result, all the electrical
energy at the source is not coupled to the laser active medium and part of it gets reflected back.
So, considerable energy is wasted due to continuation of excitation pulse beyond the laser gain
duration. This prevents the effective cooling of inter-pulse electrons and copper meta-stable
relaxation, thereby affecting laser efficiency. Therefore, to improve the CVL performance, both

the pre-pulse Te & neo have to be reduced to a reasonable value.

1.3 Additives in copper laser - Emergence of Copper-HBr laser

In the previous section, the high values of operating temperature, pre-pulse electron
temperature and density are recognized to be performance limiting factors of a CVL. The most
effective and practical way for lowering the CVL operating temperature was to use copper
compounds of low vapourisation/sublimation temperature. It was also feasible to reduce pre-
pulse electron density by using trace gas additive of high electron affinity. Another possibility
was the use of additives which efficiently populate the ULLs and/or depopulates the LLLs due
to matching energy levels with copper atom. At the same time, the additives should not absorb
the laser radiations, should have negligible effect on the electron energy distribution in the
discharge and should have high thermal conductivity to mitigate temperature issues. Based on
these overall considerations, an intense R & D activity, in the field of additives with copper

lasers, have been pursued to improve their performance. Several class of additives such as
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hydrogen/halogens/hydrogen-halides (Hz, Brz, Cl2, HBr, HCI, HI) [15, 58-65], metallic
vapours (Ag, Cs, Sc, Ni, Zn, Eu) [15, 66-72] as well as direct use of highly volatile copper
compounds (CuBr, CuCl, Cul etc.) [15-17] have been studied to improve the copper laser
performance. The halogen/hydrogen-halide additives improve the laser performance by
altering the laser electrical characteristics (by reducing neo) which favour the pumping
mechanism and hence the population inversion. Hydrogen reduces inter-pulse Te, Neo & peak
gas temperature due to its high elastic collision cross section with electrons as well as due to
high thermal conductivity [15, 59]. Copper halides act as low temperature source for copper
atom whereas the halides/hydrogen-halides are effective for reducing neo due to their high
electron affinity [15-17]. The metallic vapours additives control the population inversion by
directly providing route(s) of additional excitation/de-excitation pathways for the laser levels;
which act directly on the copper laser energy levels through the process of energy transfer
collision. The metallic vapour additives such as Ag & Cs were reported to improve the laser
performance by ~30% (57 to 76 W), owing to their closely matching energy levels with that of
copper [66]. However, this approach (metallic vapour additives) was not very successful.
Therefore, most of the copper laser technology development programs have been limited to the
other two approaches. As a result, the copper lasers broadly work in two temperature regimes,
depending on the choice of copper seeding mechanism and additives, (1) High temperature
copper lasers (operating temperature ~1500 °C) e.g. conventional CVL & KE-CVL and, (2)

Low temperature copper lasers (operating temperature ~500 °C) e.g. CuBrL & Cu-HBrL.

1.3.1 High temperature copper laser

Walter et. al. at TRG Inc. USA, in 1966, first reported pulsed lasing action in copper
with He as buffer gas [2, 3]. This was based on an externally heated (~1500 °C) alumina
discharge tube (1 cm bore & 80 cm long) giving average power only 20 mW at 660 Hz PRR &

~0.1% efficiency. Next major result, in the field, was reporting of self-heating action of
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discharge tube in the electric discharge by Isaev et. al. in 1972, who demonstrated 15 W average
output power at 15-18 kHz PRR from a 1.5 cm bore & 70 cm long alumina tube with efficiency
of ~1% [73]. In the beginning, the efficient CVLs were limited to discharge tube of few mm
bore diameter with He as buffer gas to promote deactivation of the LLLs through diffusion and
subsequent collision with the discharge tube wall. Volume deactivation of metastable
population by the discharge species in neon (Ne) as buffer gas, demonstrated by Bokhan et. al.
in 1978 [74], opened up prospects for large bore (several cm bore diameter) CVLs. With
improved electrical pulse power technology (high power solid-state switch and magnetic pulse
compression based modulators) and laser design, output powers in excess of 100 W (110 W)
were obtained from 8 cm bore, 122 cm long tube [75]. In parallel, an alternative and convenient
way of average power scaling of CVLs with high quality laser output was reported by Anderson
et. al. in 1975, through master oscillator power amplifier (MOPA) configuration [76]. A CVL
MOPA system of 200 W average power were developed in Lawrence Livermore National
Laboratory (LLNL), USA, in 1984, which were increased to 300 W, in 1985, using magnetic
pulse compression (MPC) based modulators [77]; a total average power of 2 KW was generated
from the installed CVL systems [78].

In 1980, Bokhan et. al. added Hz in CVLs and demonstrated 20 to 67% increase in CVL
output power in small-medium bore CVL of diameter 2.7 cm and 4 cm respectively with
concurrent increase in optimum PRR and spatio-temporal laser beam characteristics [79].
Typical hydrogen concentration of 0.5-3%, depending on tube geometries and laser operating
parameters, was found to improve the copper laser performance by 20-30% routinely [58-62].
The improved laser performance was attributed to rapid cooling & removal of inter-pulse
electrons through inelastic collisions. This countered the plasma skin effect and favoured
recovery of ground state copper density & rapid relaxation of the LLLs. In 1983, Kushner and

Warner proposed a model for large bore diameter CVL and explained the performance in terms
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of the discharge and excitation parameters [35]. Large bore devices demonstrated average
power in excess of 100 W routinely [75, 80]. In 1994, Iseki et. al. and Chang et. al.
independently reported the use of radiative gas cooling plates (called septa) in the discharge
tube, in addition to H addition, to further reduce the gas heating and plasma skin effect [81,
82]. Record average powers of 550 W/615 W from a single large bore CVL tube (8 cm bore,
350 cm long) as an oscillator/power-amplifier in Japan and ~750 W as a power amplifier in
USA were demonstrated in 1995 [83,84]. A CVL MOPA chain, consisting of one oscillator of

30 W power & three power amplifiers of 500 W each, produced 1500 W [84].

In 1997-98, Withford et. el. demonstrated a major boost in the performance of
conventional high temperature CVL (~1500 °C) by use of HCI (or HCI + H2) additive in
discharge medium [62, 85-88]. This system was termed as kinetically enhanced CVL (KE-
CVL). The KE-CVL presented an improved performance by a factor of 2-3 in average laser
power, PRR and efficiency as compared to conventional CVL. The additive HCI gas changed
the electrical discharge characteristics favourably by reducing the pre-pulse electron density.
This, in turn, led to enhanced optimum PRR operation, increased ground state copper density
& faster LLL relaxation as compared to that of elemental CVL with/without H> additive [89,
90]. In a specialized thermal/tube design, Mildren et. al. demonstrated more than 100 W power
from a 3.2 cm bore & 100 cm long tube at 24 kHz PRR and 1.4% efficiency [91]. Average out
power of 312 W (268 W, with addition of only Hz) from a 8 cm bore, 300 cm long tube at 5
kHz PRR & 1.4 % efficiency using a high power (77 kW) pulser was demonstrated by Guyadec
et. al. in 2005 [92]. However, the high temperature operation & related limiting factors, long
start up time (60-90 minutes) as well as complex thermo-mechanical design are the problems

associated with KE-CVLs.

1.3.2 Low temperature copper laser

Replacement of metallic copper by volatile copper bearing compound of low
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vapourisation/sublimation temperature, which could dissociate readily in a pulsed discharge to
produce free copper atoms for lasing, was proposed as a solution to the problems associated
with high temperature CVL. Based on this, lasing action was obtained at temperature of 500-
600 °C in copper atom via dissociation of Cul by Liu et. al. [93] and that of CuCl by Chen et.
al. [94] in 1973-74 followed dissociation of CuBr by Sabotinov et. al. in 1974 [95]. These
copper halide donors enabled the copper laser with less expensive fused silica discharge tube
with much shorter start up time (~10 minutes) and with increased efficiency as well as optimum
PRR as compared to the conventional CVL. A room temperature copper laser was
demonstrated by Perry and Tobin in which the lasant copper atoms were produced by sputtering
of the copper cathode which was then carried to the discharge region by flowing buffer gas
[96]. Lasing action at 40 °C was also reported in copper acetylacetonate Cu (CsH703)2 [97]. Of
various copper compounds used, the highest laser power was obtained with CuBr followed by
CuCl and Cul at typical output power ratio of 6:3:2 [98] and hence the R & D activities were
mostly focused mostly on to the CuBr laser (CuBrL).

A strong effect of H> in CuBrL, in terms of doubling of average output power and
efficiency, was reported by Astadjov et. al. in 1985 [99]. It was attributed to the efficient inter-
pulse plasma recovery by in-situ formed HBr (by reaction of H & Br) owing to its higher
dissociative attachment (DA) rate constant than that of Br & H alone (~10° cm®/s vs. ~1071
cm®/s & ~10716 cm?/s) [100-102]. Important milestones were achieved in 1989 by Elaev et. al.
with reporting of more than 100 W (112 W) average power H>-CuBrL at 25 kHz PRR from 6
cm dia. & 150 cm long tube [103]. This was followed by Astadjov et. al. in 1997 with
demonstration of 120 W average power sealed-off Ho-CuBrL from 6 cm bore & 200 cm long
fused silica discharge tube using improved excitation circuit (interacting circuit) at PRR of 17.5
kHz and efficiency ~2.5% [104]. Equivalent performance enhancement in CuBrL was

observed, by using HBr additive in place of H in its active medium, by Shiyanov et. al. in 2004
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[105-106]. It was observed that the required partial pressure of HBr was lower as compared to
that of Hz and has an implication for extension of discharge tube life time of CuBrL through
self-cleaning action.

Despite the impressive performance of Ho-CuBrL, the discharge stabilization in the
presence of solid/liquid halides (CuBr), due to its proximity to the discharge and high
sensitivity of the laser performance on the tube temperature, were major concerns [15, 95, 107].
Efforts were made to keep the CuBr source away from the discharge region by using multiple
annular diaphragms and/or by using independent side finger arm reservoirs for CuBr [95,107-
109]. The side arm temperature was precisely controlled by external heaters and was decoupled
from that of the discharge tube. However, incorporation of these features modulates the laser
output power with PRR due to action of acoustic resonances induced in the side-
arms/diaphragms which alters the gas density and/or impedes the diffusion of CuBr vapour out
of the reservoirs [110]. In addition, the construction of the discharge tube became quite
complex due to incorporation of multiple side finger arms and/or diaphragms.

In an important alternative approach, to remove the deficiency of the copper halide
lasers, in 1992, Livingstone et. al. generated CuBr vapour in-situ by reaction of HBr gas with
the metallic copper inside the discharge tube itself by flowing HBr gas with Ne [1]. This was
a hybrid architecture of elemental CVL (use of copper metal) and H2-CuBrL (use of CuBr as
copper source & HBr for kinetic enhancement) and was coined as Cu-HyBrID (Copper-
Hydrogen Bromide In Discharge) laser or Cu-HBrL, by Jones et. al. [4]. With this technique,
the generation of CuBr density was decoupled from the tube temperature and was dependent
on the HBr concentration (typically 5-10%). This made the tube construction much simpler
(without diaphragms, CuBr reservoir finger), offered flexibility in the operating temperature
over wide range of 450-850 °C unlike that of H>-CuBrL (500 +10 °C) [111, 95]. Though other

hydrogen halide gases such as HCI, HI and Hz + Brz etc. have been used in architecture
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resembling the Cu-HBrL (in-situ generation of copper atoms at lower temperature), but the
best performance has been obtained with HBr additive [112, 65]. The Cu-HBr laser has also
produced one of the best performances among all the variant of copper lasers in terms of
specific average output power, efficiency, spatial & spectral beam quality [113, 6-13]. The

next section presents the physics and technology aspects of Cu-HBr lasers in detail.

1.4 Physics and technology of Copper-HBr laser

1.4.1 Basic physical principles
1.4.1.1 Copper seeding mechanism

The number density of the lasant copper atoms in a Cu-HBr laser is controlled by the
HBr additive, which is flown along with Ne buffer gas through the discharge tube. However,
the exact mechanism of generation of the copper atoms in a Cu-HBrL is still not very well
understood. Based on some experimental studies reported [111,114-116], the most accepted
mechanism for the copper seeding process in a Cu-HBrL is as follows. The Ne-HBr gas mixture
is passed through the discharge tube at a moderate flow rate (typical: 1-5 lit.-atm./hr) along the
floor in which the copper metal pieces are placed. The laser discharge tube is self- heated to
the desired temperature of 550-750 °C by multi-kHz PRR electric discharge, which fragments
the HBr molecules to a large degree by cumulative dissociation. The HBr molecule & its
dissociation products (Br, H: mostly Br) react with the hot copper metal pieces and produce

CuBr & CuH vapour, as follows,

Cu (solid) + HBr (gas) — CuBr (gas) + H (1.2)
Cu (solid) + Br/Br2 (gas) — CuBr (gas) | + Br (1.3)
Cu (solid) + H/H2 (gas) — CuH (gas)/ + H (1.4)

In the thermal equilibrium, the CuBr molecules polymerise mainly to CusBrs & CusBrs (as
halides exist as polymers [117]) as follows,

CuBr + Cux1Bry1 + M — CuxBry + M (M =Nge, Cu,e & x=3,4) (1.5)
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These macro-molecules diffuse into the discharge and then undergo dissociation mostly by
electron impact collision and also partly by gas phase hydrogen reduction to produce free

copper atoms for lasing, in a chain of chemical reactions, as follows [111,114-116],

e + CuxBry — CuBr + Cux-1Brxq1 + e (1.6)
e + CuxBry — Cu + Cux1Bry + e a.7)
e + CuBr— Cu+ Br+e or Cu+ Br (1.8)
et+CuH—>Cu+H+e or Cu+H (1.9
CuBr + H— Cu + HBr (1.10)
CuxBrx + H — Cux1Brx1 + Cu + HBr (1.11)

The halide molecules lost by dissociation are replaced by molecules diffusing from the
wall (in the form of CuxBrx). This process delivers further copper atoms to the discharge,
because of slow re-association to form CuBr (in several hundreds of ps) and even slower to
form CuxBrx [118]. Therefore, the number density of copper atoms, in the discharge, is
governed by the number density of halogen species present and the electron temperature in
discharge. The dissociation energies of the involved species are 3.76 eV (HBr), 3.43 eV (CuBr),
2.73 eV (CuH), 1.97 eV (Br2) and 4.52 eV (H) [119]. The strongest chemical bond is between
Cu and Br. The deeper the polymers (CuxBrx) penetrate into the discharge, the more of these
will be fragmented to CuBr. Therefore the immediate source of copper atoms on the axis is
CuBr, as observed in Ho-CuBrL [101]. Due to influence of gas heating and cumulative pulse-
to-pulse dissociation, in the multi-kHz pulsed discharge, the relative populations of CuBr &
CuxBrx vary across the tube bore [114-115]. Near the wall, where the electron density and gas
temperature are minimum, the number density of CuxBrx dominates over that of CuBr. The
number density of CuH decreases from the axis to the wall [115]. In the axial region, the
electron collision dissociation of copper precursors (CuBr, CuxBry, CuH) dominates as copper

seeding mechanism whereas on the wall region the gas phase hydrogen reduction (mostly of
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CuxBrx) dominates. These facts are established by studies based on absorption of 488 nm line
from Ar* laser by CuBr and absorption of 434 nm & 428 nm lines from Xe-lamp by CuBr &
CuH respectively, followed by ab-initio calculations [114, 115].

The copper seeding mechanism in a Cu-HBrL best proceeds for typical tube (copper
metal piece) temperature of 500-800 °C [111]. In this temperature range, the evaporation rate
of copper bromide is higher than that of its generation. Then the rate of copper bromide vapour
is controlled by rate of injection of HBr. For the temperature below 450 °C, the reaction of Br-
bearing species with Cu will lead to solid copper bromide and their vapour pressure will be too
low for seeding. On the other hand, for higher temperature (> 850 °C), both hydrogen reduction
(equation 1.12) and thermal dissociation of the CuxBrx (equation 1.13) become faster than the
reaction to form CuBr. This leads to deposition of solid copper on the tube wall and fall in
copper seeding into the discharge.

CuxBry (gas) + H (gas) — Cu (solid) + Cux-1Brx-1 (gas) + HBr (gas) (1.12)

CuxBry (gas) — xCu (solid) + xBr (gas) (1.13)

Then control over the CuBr vapour will be lost and discharge instability will start. The
increased operating temperature also leads to increased axial gas temperature, which causes
increased thermal dissociation of the HBr molecules (HBr — H/H> + Br/Br») and decrease of

DA process for kinetic enhancement [7].

1.4.1.2 Lasing kinetics

The most crucial factor for the improved performance (high specific output power,
efficiency & PRR) of a Cu-HBrL is the presence of HBr in its discharge medium [1, 120-122].
The HBr & its dissociation product H/Hz in a Cu-HBrL plasma significantly reduce the pre-
pulse electron density. This translates into faster recovery of ground state copper density within
inter-pulse period, decreased pre-pulse plasma electrical conductivity, spatio-temporal

homogenisation of the applied electric field for efficient pumping, enhanced PRR operation
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due to reduced plasma skin effects, increased pre-pulse discharge impedance favouring high-
voltage hold-off, improved impedance matching & delaying the electron avalanche during the
discharge that favours ULL excitation. These factors lead to vastly improved performance of
a Cu-HBr laser.

The Cu-HBr lasing kinetics are as follows. The generated copper atoms get excited to
the ULLs due to fast electron-impacts/collisions in the rising part of the current pulse and
produce lasing action (as discussed in section 1.2.2) as,

Cu + e (fast) — Cu" + e (slow) (1.14)

Cu" — Cu™ + he/a (A=510.6 nm, 578.2 nm) (1.15)

During the inter-pulse period, the LLLs (metastable-levels) decay to ground level and
the electron temperature collapses, attaining the equilibrium temperature of 0.2-0.3 eV (2000-
3000 °C). At this temperature (inter-pulse period), the HBr molecules combine with the
residual electrons through dissociative attachment (DA) process as [120-121],

HBr +e +AE — H + Br | H+ Br (1.16)

This is a resonant process with large cross section peak of ~1016 cm? and rate constants
of ~10° cm®/s at electron temperature of ~0.28 eV [121]. The DA process is endothermic in
nature and the energy required (AE) for maximum reaction rate is ~0.28 eV, which is
favourably available in the Cu-HBrL discharge during inter-pulse period. In addition, inter-
pulse electrons also undergo radiative or three-body attachment with H & Br as well [120],

Br+e—Br+hy, H+e—>H+hy (1.17)

Br+e+ M — Br + M (M=Cu, Ne, Br etc. heavy body collision partner) (1.18)

However, electron attachment to H via dissociation of HBr or to H> requires more
energy (>3 eV) than that of HBr, hence are not dominant during the inter-pulse period. The
three body electron attachment is intrinsically slow process by 2 to 3 orders of magnitude than

that of the DA process [121]. The consequence of the electron attachment process is the
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significant reduction in pre-pulse electron density, to ~101°-10%* ¢cm™ from the peak value of
101 - 10 cm®, as observed by Hogan et. al. [54] and was confirmed by estimation from its
electrical characteristics [123, 124]. The DA rate constant decreases with increase in electron
temperature (~T¢%°) [102, 121] and hence does not affect the electron population much during
during the excitation period where the average electron temperature is typically 4-5 eV.

The loss of pre-pulse electrons, hence formation of Br- & H-, facilitates a rapid recovery
of copper ground state density through the process of two body ion-ion neutralization as [120,
121],

Cu*+Br — Cu + Br (1.19)

Cut+H ->Cu+H (1.20)
The above ion-ion neutralisation reactions are very fast with rate constant ~ 10”7 cm®/s with
characteristic time ~100 ns [102]. The other copper ground state copper recovery channel,
operative in conventional CVL as well, is three body e - Cu* recombination (1.21) which is a
relatively slow process (rate constant ~ 1071°-10"** cm®/s) with typical time constant of ~10 ps
[102, 121].

Cut+et+te—Cu+te (1.21)

The rate constant of this three body neutralisation is highly sensitive to Te (=T *®°) and
the inter-pulse Te is lower in Cu-HBrL (owing to presence of hydrogen), hence effectiveness
of this process is more in Cu-HBrL. Around 4.3 eV energy is released by neutralisation process
(eq. 1.19) of Cu* & Br,, where part of the energy populates the ULL (~3.8 eV) and the rest
may be taken away by metastable Br atoms (~0.46 eV) or as kinetic energy of Cu/Br atoms.
Isaev et. al. [121] proposed that the DA process also play a crucial role in effective shaping the
electron energy distribution during the early stage of the current pulse. Immediately after the
onset of the applied voltage, when the applied voltage is low, the DA process impedes/delays

the electron avalanche and the discharge current is delayed with respect to the voltage. The
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delayed avalanche inhibits the early pumping of the LLLs and when the avalanche begins, the
electron temperature is high and the ULLs are pumped efficiently. Also, the pre-pulse
impedance increases to several kilo-ohms and hence higher discharge voltage is sustained
across the laser head. Due to lower pre-pulse electron density, the pre-pulse plasma
conductivity decreases and the plasma-skin effect (discussed in next section) reduces which
facilitates the applied radial electric field to penetrate deeper into the axial region, hence
providing spatio-temporally homogenous electrical excitation to the copper atoms. The
decreased plasma conductivity also leads to better transfer of electrical energy from the pump
electrical source to the discharge plasma and enables the Cu-HBrL to operate with high copper
density (~10% - 10'® cm= vs. 10* - 10* cm™ in CVL) without breakdown [15-17].

In addition, the metastable levels also undergo a faster decay mostly via super-elastic
collisions with other surrounding particles such as Ne, Cu and with low energy electrons as

well as by energy transfer collisions with hydrogen present as dissociated product as [15],

Cu"+M— Cu+M (Ne, Cu, slowe etc.) (1.22)
Cu™ + H, — Cu + H>" (ro-vibrationally excited) (1.23)
H/H2 + e (fast) — H/H> + e (slow) (1.24)
Cu"+Hx(v>0)—> CuH + H+AE (1.25)

The last reaction is important in the early inter-pulse period with a rate coefficient of
~10"1 cm?3s [125]. The presence of H, in Cu-HBrL has similar roles as in case of Hz-CVL/KE-
CVL/H2-CuBrL (section 1.3). The inter-pulse Te is inversely proportional to elastic collision

cross section (oer) of electron & buffer gas atoms and is given by [15, 90],

<0jVe>

O X 2m,; (1.26)

m;
where ¢; = momentum cross section, mj = mass surrounding species, nj = number density of

surrounding species and ve = speed of electrons. Therefore, due to lower mass as compared to

other collision partner, and hence large elastic collision cross section, hydrogen speeds up
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electron cooling and inter-pulse Te approaches towards the average gas temperature. Hence,
the overall the metastable levels relax faster as compared to CVL. These kinetic processes
enables, a Cu-HBrL to be highly performing variant copper laser in terms of output power,
efficiency and PRR operation.

The above discussed kinetic processes are supported thoroughly by experimental
investigations by several authors [54, 114, 115, 126]. The temporally and radially resolved
particle (copper ground level, ULL, LLL & electron density) density measurements, in a 2.5
cm bore Cu-HBrL were compared with that of 4.2 cm bore CVL by Hogan et. al. [54]. The
comparative experimental trends are shown in Fig. 1.2. It was obeserved that the copper ground

state density (Fig. 1.2a) recovered much faster as well as the pre-pulse electron reduced
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to almost noise level in a Cu-HBrL (Fig. 1.2b). During excitation, the ULL population attained
much higher value (~3 times) and relaxed much quicker than that of the CVL (Fig. 1.2c).
However, the LLL population was higher in Cu- HBL but its decay was much faster than CVL
(Fig. 1.2d). Similar study in a H>-CuBrL by Astadjov et. al. [104] revealed that the depletion
of ground state copper density reduced to typically ~20% from that of ~60% without H»
additive. This was due to higher DA rate constant of HBr (formed in situ) than that of Br/Br»
(~10° cm?®s vs. ~10'* cm?®/s). The dominant role of H. in CuBrL as compared to that of
conventional CVL was attributed to higher DA rate constant of HBr than that of H, (~10°
cm®/s vs. ~1071¢ cm¥/s) [121].

The studies, on laser performance, were also carried out with other hydrogen halide
gases HCI, HI in the Cu-HBrL architecture, i.e. in-situ generation of copper atoms in low
temperature (500-600 °C) regime [112, 65]. In principle, these additives also favour the better
laser kinetic processes [121]. However, the laser output power was 25-30% lower with HI and
HCI additives as compared to HBr. The degraded performance of the low temperature laser
performance with HCI and HI was attributed to their lower inter-pulse electron removal
capability. This was because of lower DA cross section for HCI and lower electron affinity of
lodine atom as compared to HBr (3.06 eV vs. 3.36 eV) [112, 65]. It was also demonstrated that
the addition of H, to Cu-HBrL led to decrease in laser output power as well as onset of
discharge instability [113,127]. This was attributed to enhanced reduction of CuBr leading to
precipitation of copper on the discharge tube wall i.e. CuBr + H — Cu + HBr, thereby
decreasing the available copper density for lasing and on setting of the discharge instability.
Though the active medium of H>-CuBrL and Cu-HBrL contain same species, the composition
of Cu-HBrL active medium was found to be optimum [121]. The enhanced performance of a
Cu-HBrL was attributed to the high DA cross section of HBr for removal of the pre-pulse

electrons and the favourable associated effects as brought out in the previous section.
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1.4.1.3 Laser discharge characteristics

In a CVL, high pre-pulse electron density makes the electrical conductivity of the
discharge tube to be relatively large which is only 2-3 order of magnitude smaller than that of
a typical metal [118, 54]. Due to this pre-pulse conductivity, when a voltage pulse is applied to
CVL, a large current flows without any significant increase in electron density for the first 10s
of ns. This current, termed as phantom current by Hogan et. al. [118], is a signature of pre-
pulse electron density in CVL and is identified as a characteristic step that often appears on the
leading edge of the discharge current pulse (Fig. 1.3a). The electrons in phantom current don’t
reach the energy needed for significant rates of inelastic collision as required for ULL pumping.
In addition, there is also significant pre-pulse ion density (mostly copper ions due to its lower
ionisation energy of 7.73 eV) exist in the CVL tube. These charged species (e and Cu®) are
efficiently removed/neutralised during the inter-pulse period by HBr additive gas in a Cu-HBr
laser mostly through DA process. This is evidenced by observation of low phantom current in
the Cu-HBrL discharge current pulse (Fig. 1.3b) [120]. The Cu-HBrL discharge current (1) is
shorter & delayed as compared to CVL and starts near the peak of the tube voltage (V),
consistent with delayed self-switching mechanism due to HBr. The laser output (O) starts

along with start of the electron avalanche.
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One of the most significant manifestations of reduction in pre-pulse electron density is
the reduced plasma skin-effect that enables a Cu-HBrL to operate at higher PRR than a CVL.
In a high PRR pulsed electric discharge, plasma skin effect governs the spatio-temporal
coupling of the electrical energy into the plasma. Due to this effect, the electric field varies
both in time and radial direction from the surface to the axial region. The skin depth, i.e. 1/e

penetration depth, of the radial electric field into the discharge tube axis is given by [35, 122],

-

5= |2 (1.27)

N SHg T

where @ =2xzf such that f is the PRR, uo is the permeability of free space, o is the pre-pulse

electrical conductivity of the CVL plasma which is given by,

o= (1.28)

MeVm

where me = mass of electron and vim = electron-atom collision frequency such that vin = n<omve>
with n is the buffer gas concentration, ve is the speed of electrons and om is the cross section of
momentum transfer of collision partners with the electrons. The characteristic time (t) for the

electric field to penetrate towards the tube axis from the wall is given by [35, 122],
t=10.15 R?uoo (1.29)
Therefore, more is neo, Stronger is the plasma skin effect and more is the spatio-temporal
in-homogeneity of the electric field coupled to the CVL active medium. This leads to spatio-
temporal inhomogeneity of the laser emission hence affecting the laser performance. The lower
value of ne (as in a Cu-HBr laser) leads to reduced plasma skin effect, improved electrical
coupling to laser plasma, higher discharge voltage / peak electron temperature and thus

improved Cu-HBr laser performance at high repetition rates.

1.4.2 Engineering and technology
The Cu-HBrLs have complexities associated with corrosive nature of HBr gas,

requirement of leak proof assembly, critical dependence of laser performance on HBr
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concentration/flow rate, issues of material compatibilities as well as high temperature and high
PRR operation. The laser engineering and technology development involve design,
development and integration of laser electrodes, discharge tube, HBr + Neon gas precision flow
unit, vacuum system, cooling system and high-PRR, high-voltage & fast-switching electrical
excitation sources. Finally, the assembled laser system needs to be studied for laser output
power, beam quality and reliability. This section presents an overview on these aspects of Cu-

HBrL as reported by different researchers in the field.

1.4.2.1 Laser design

Copper laser can be electrically excited both in longitudinal and transverse geometries
[15, 16]. However, the longitudinal excited systems are more successful & widely studied. This
IS because, in transverse excitation geometries, the high-voltage lead-throughs & other vacuum
seals fail due to high temperature at high electrical input power as well as high PRR operation
[129]. In addition, it is difficult to maintain arcing-free uniform discharge in the gain region at
high gas pressure and/or in the presence of halogen gases [129]. Hence, the Cu-HBrL
development activities are limited to longitudinal excitation geometry only.

The Cu-HBrLs have wide operating temperature in the range on 500-800 °C. Fused
silica is the material of choice for the discharge tube because it is cheap, inert to HBr, good
electrical insulator, light-weight & robust, less prone to thermal shock, has low thermal
conductivity & outgassing impurity, and can withstand the operating temperature of Cu-HBrL
(softening temperature of fused silica is ~1000 °C) [7, 14, 113]. The recrystallized alumina
ceramic tube sleeved within a fused silica tube, is also used as discharge tube in Cu-HBrL
owing to its more robustness than fused silica [1, 4-6, 8-10]. However, it is quite expensive,
difficult to make in large size and has relatively high outgassing impurity than that of fused
silica. The choice of electrode material and its design in Cu-HBrL is also very important for

stable discharge and flicker-free output beams. The electrode material should have high work-
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function as well as be able to withstand high temperature. Tungsten, molybdenum, tantalum,
copper and monel, in the form of pins and/or foil and/or bulk head, have been used as electrode
material in Cu-HBrL [1, 4-10]. In copper halide lasers (Cu-HBrL & H>-CuBrL) electrodes of
copper are preferred as its reaction with halogens is least likely to contaminate the discharge
[6]. Similarly, Ne buffer gas and HBr additive are mixed either via needle valves or mass flow
controllers of compatible material (SS 316) & high vacuum quality design before entering into
the discharge. The gases are exhausted downstream at the cathode end via halogen filter and
rotary vacuum pump.

The early designs of Cu-HBrLs were based on alumina discharge tube sleeved within
fused silica tube which was wrapped with a thin layer of alumina fibre insulation to attain the
desired operating temperature. The electrodes were hollow cylinders of molybdenum foil push
fitted into water cooled stainless steel flanges or stainless steel cylindrical water cooled
electrodes [1, 4, 5]. This configuration produced average output power as high as 120 W. The
high specific ouput power Cu-HBrL, reported by Sabotinov et. al., was based on fused silica
discharge tube side-arm tungsten electrodes engulfed within copper fillings [113]. The 200 W
average power Cu-HBrL was based on cylindrical copper electrodes fitted into water cooled
SS flanges [6]. In this model, the discharge tube was made of alumina sleeved within fused
silica tube whereas the end-window attachments were made of fused silica. The wetted parts
were ensured to be copper or fused silica or alumina to prevent generation of any impurity
through reaction with HBr. The stable discharge operation was promoted by use of spot fixer.
The spot fixer was a fused silica insert which lined with the copper electrode except for small
hole drilled on one side of the insert. Attachment of the discharge was restricted to small area
by the hole giving flicker-free discharge and stable output beam. Subsequently, all the high
power designs were limited to cylindrical electrodes of high purity copper, fitted into water

cooled SS flanges. An alternative and more complicated end-flange assembly was reported by
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Mildren et. al., where an electrode of small area protruded in from one side and was electrically
isolated from the end flanges and the discharge was made to anchor onto the electrode tip [10].
Guyadec et. al., for their 216/280 W Cu-HBrL, used discharge tube made up of fused silica and
electrodes made up of monel cylinders fitted into water cooled SS flanges [7]. Average power
in excess of 100 W with fused silica discharge tube and copper electrodes with conventional
design has also been reported [14]. In all these designs, to prevent contamination by the CuBr
due to diffusion from the discharge region, the end windows were attached at 30-40 cm away

from the electrode tips.

1.4.2.2 Electrical excitation sources

Electrical excitation sources have played a very crucial role in successful technology
development of copper lasers in general and Cu-HBrL in particular. The Cu-HBrLs require
high average power, high PRR, high voltage, fast-rising electrical pulses for efficient
excitation. For maximum laser output power in Cu-HBrLs, typical required characteristic
electric fields in the discharge is in the range of 3.5 to 5 VV/cm-mbar at PRR of 15-25 kHz [4].
This translates into peak discharge voltages (Vy) of 15-25 kV, peak discharge currents of 200-
500 A, rise time of less than 100 ns and shortest possible over all duration. The typical Cu-
HBr laser power supply consists of a suitable combination of low ripple (< £ 1-2%) DC/switch-
mode power supply, capacitor charge transfer (CT)/LC inversion/interacting peaking (IP)/
interacting (IC) circuit and fast high voltage thyratron/solid-state switch in conjunction with
MPC and/or magnetic assists (MA) [15]. The voltage & current magnitude is primarily decided
by laser discharge tube length, its diameter as well as the laser operating pressure. In the
beginning, most of the Cu-HBrLs were based on CT-circuit with a single thyratron (EEV CX
1535, EG & G HY-3001 etc.) modulator [1, 4, 5,130]. For higher power (>100 W) version Cu-
HBrLs, requiring higher electrical inputs as well as higher tube voltages, high performing

variant thyratrons e.g. EEV CX 1835 coupled with inductive snubber (to protect the thyratron
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failure and/or its losses) and CT/IC excitation circuits have been used [6]. Mildren et. al. [10]
have used single thyratron (ITT F-162) + MPC based modular in their ~125 W output power
version Cu-HBrL. Guyadec et. al. [7] have used a 50 kW all solid state pulser based on
MOSFET switch arrays, pulsed step-up transformer and several MPC stages to sharpen the
excitation pulses. For kinetic study, Girard et. al. [115] have used 5 cm bore, 165 cm long tube
Cu-HBrL producing ~45 W which was pumped by LC-inversion circuit based electrical
excitation source employing several MOSFET switches and an MPC. The 1 kW average power
Cu-HBrL, proposed by Little et. al., is based on multiple thyratron (3 to 5 in parallel) based 50
kW average power pulser equipped with MA and multi-stage MPCs [131]. The IC/IP circuits
are more efficient due to their capability of better matching with the discharge [132,133] and
hence have produced more than 25 % increase in output power (160 W to 201 W) in a Cu-
HBrL [6]. However, use of these circuits are limited as both the discharge electrodes remain in

high voltage floating conditions, posing risk of potential hazard.

1.4.2.3 Laser system performances

The first Cu-HBTrL, reported by Livingstone et. al. [1], was based on 1.3 cm bore, 30
cm active length producing average power of 7.8 W at PRR of 16 kHz and had laser start up
time less than a minute (45 s). Jones et. al. reported average laser powers of 94 W/ 40 W with
1.5% / 2.7% efficiency at respective charging voltages of 19 kV / 14.4 kV and PRR of 21 kHz
from a discharge tube of 4.5 cm bore and 120 cm length [4]. The laser start up time was 15-20
minutes. A single thyratron (EEV CX 1535) based conventional resonant-charging CT-circuit,
capable of delivering electrical powers of 7 kW at PRR up to 27 kHz was used. In the following
year, 1993-94, the same group scaled the tube length to 150 cm and achieved average laser
power of 100 W /121 W with 2.6% / 2.2 % efficiency at 18 kHz PRR and 17.6 kV charging
voltage [5]. About 21% enhancement in output power was obtained by eliminating parasitic

stimulated emission due to back reflection from the fused silica discharge tube window [5]. In
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the same year, Sabotinov et. al. generated record specific average output power of 2 W/cm?
from a Cu-HBrL (9.5 W average power at 60 kHz PRR from a 0.45 cm bore, 30 cm long tube)
[113] which was significantly higher as compared to 1.3 W/cm? for CVL [134] and 1.4 W/cm?3
for H2-CuBrL of same active tube dimension [135].

A record average output power of 200 W with 1.9 % efficiency and 120 W with 3.2%
efficiency at 17 kHz PRR from 6 cm bore & 200 cm long tube was obtained [6]. The laser
incorporated specialised design ensuring least possible impurity (wetted parts were copper and
alumina/fused-silica only), least possible window/cavity loss (as described in previous
paragraph) and improved electrical excitation circuit (IC-circuit). An improved version
thyratron (EEV CX 1835), capable of delivering average electrical power upto 10 kW with
charging-voltage/PRR of 25-27 kV/ 25 kHz was used in both conventional CT-circuit & IC-
circuit. Average laser power of about 160 W & 201 W were obtained at charging voltages of
26 kV & 26.5 kV and PRR of 17 kHz respectively for CT & IC circuits. The improved
performance with IC-circuit was due to better matching between the circuit and the laser
discharge. This enabled higher tube voltage (26.5 kV vs. 26 kV) and higher-peak/faster
discharge current (405 A vs. 375 A & 78 ns vs. 87 ns) which favoured better ULL pumping
[6]. However, another study reported by Coutance et. al. in 1995 [9], with tube of similar
dimension but conventional cavity geometry as well as CT-circuit for electrical excitation
produced 110 W average power at PRR of 16 kHz. Mildren et. al., in 1998, employed MPC
with standard CT-circuit based on single thyratron (ITT F-162) and obtained 127 W average
power from 235 cm long & 6 cm bore tube at charging voltage of 20.5 kV & PRR of 12.5 kHz
[10]. In 1999, Guyadec et. al. [7] reported 216 W average output power at 2.7% efficiency as
an oscillator and 280 W at 3.8% efficiency as a power amplifier at 18 kHz PRR from 8 cm
bore, 300 cm long discharge tube employing 50 kW solid state pulser. The coupled electrical

power to the discharge tube was about 8 kW, with tube charging voltage of 42 kV and current
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pulse rise-time of ~40 ns. Coupled in MOPA configuration (40 W master oscillator + 1
amplifier), total average output power of 320 W was demonstrated. The performances of all
these Cu-HBrLs differed due to employment of different active volumes, parametric and
electrical excitation conditions. Little et. al. have projected Cu-HBrL of 1 kW average power
with 2% efficiency at 17-18 kHz PPR from a 25 cm bore & 300 cm long, gas cooling septa
based discharge tube & standard electrical excitation scheme [131].

The Cu-HBrLs are characterised by axially peaked gain, quasi-Gaussian radial intensity
profiles (vs. flat top or centrally deep profile in CVL) as well as longer (50 to 100%) gain
durations as compared to CVL [15]. These led to better output beam quality from a Cu-HBr
laser. The plane-plane resonators (PPRs) were the most commonly used for maximum laser
power extraction from Cu-HBr lasers. However, the output beam divergence was usually high
in range of several mrads which also scaled up with increase in tube bore diameter. The beam
divergence was usually expressed in terms of diffraction limit (DL) or M? factor. The
diffraction limited divergence is given as OpL = Bp /D where D = beam diameter and A =
wavelength of the radiation involved. The factor By is a constant which depends on near-field
laser beam intensity profile. This factor is 2.44 for flat top profile and 1.27 for Gaussian profile.
Brown et. al. [8] have carried out a detailed calculation for DL of Cu-HBrL beam with observed
quasi-Gaussian near-field radial intensity profile and evaluated the DL divergence to be 3.05
MD (Bp = 3.05) containing 92 % of the beam power. This is unlike that of a flat top CVL beam
where the DL divergence is taken as 2.44 A/D (Bp = 2.44) containing 84% of the beam power
[8]. The reported beam divergence values of Cu-HBrLs with the PPR were in the range 20-30
times DL. For lowering the beam divergence close to DL (~ few tens of urad), as needed in
certain applications, confocal unstable resonators (UR) of different magnifications (M) were
used in Cu-HBrL. Coutance et. al. [9] used on-axis UR of M =20 in a 6 cm bore Cu-HBrL and

generated 100 W average power at 16 kHz PRR (110 W with PPR), out of which ~80 W was
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within 3.5 DL. Brown et. al. [8] employed a UR of M=190 in a 6 cm bore, 220 cm long tube
Cu-HBrL (106 W with PPR at a low input power) and produced 65 W with average beam
divergence of 2 DL. In a similar study with 6 cm bore, 235 cm long tube, Mildren et. al. [10]
incorporated high magnification UR (M = 280) and 125 W laser power was obtained out of
which 101 W (80% of total) was high beam quality output. Out of this more than 88% laser
power was within 1.6 DL and more than 66% power was within DL. Isaev et. al. [136] used
both PPR (M=1) and UR M=54 with their 2 cm bore, 80 cm long tube Cu-HBrL and obtained
same 18-19 W average power with pulse averaged divergence around 1.5 DL for the UR. Huot
et. al. [137] incorporated UR M=20 in their Cu-HBrL and obtained output beam of M? ~7.
Brown et. al. [8] used confocal negative branch UR with intra-cavity diffraction filtering
aperture (self-filtering unstable resonator: SFUR) with a 2.5 cm bore, 80 cm long tube and
obtained 20 W average power at average beam divergence of 1.3 DL. This SFUR Cu-HBrL
master oscillator was further coupled with a 6 cm bore, 220 cm long tube Cu-HBrL (with UR
M =190) in injection seeded scheme and 120 W average power with average beam divergence

of 2.3 DL was obtained.

1.5 Current trends on technology and applications of copper lasers

Copper lasers have almost matured in technology development over the span of about
fifty years since its invention. Currently, the focus is more on the applications of developed
copper laser systems. At the same time, the R & D programs are also continuing in different
laboratories with final aim towards specific applications. The copper laser based multi-kHz
PRR, pulsed (~10s of ns) dye lasers & their frequency up-converted tunable UV sources are
still the basis of selective photo-ionisation studies of elements in many laboratories. Recently,
visible radiations of copper laser have been demonstrated in efficient, highly sensitive and real-
time detection & monitoring of molecular lodine-129/lodine-127 in fast nuclear reactors, spent

nuclear fuel reprocessing plants and radiochemical plants [25]. The copper lasers are being
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used to reduce radio toxicity of Cesium/Uranium, with potential application for laser-induced
radioactive waste disposal [26, 139]. About 70% decrease in radio toxicity of the Cs-137
nuclides (gold target within aqueous Cs-137) and 50% decrease in radio toxicity of U-235 &
U-238 (Beryllium target in aqueous uranyl chloride solution) have been demonstrated. The
CVL based 255.3 nm UV source are being utilized for efficient writing of fiber Bragg gratings
[20, 31] for various sensor and photonic applications. The CuBrL are being utilized for single
pulse imaging laser projection system for non-destructive testing of materials and processes
shielded by intense background lighting such as plasmas [27, 30]. The flow and combustion
characteristics of biofuels by high speed time resolved imaging of the spray and flame luminous
intensity (shoot) is being pursued with CVLs [28].

The 271.2 nm UV radiation obtained by SFG of copper laser, has been used for space-
selective enhancement of blue (460 nm) photoluminescence in gallium germano-silicate glass
through laser-induced nano-structuring, with a potential for developing novel solar-blind UV
detectors [29]. The copper lasers are also used for local crystallisation of glasses with
precipitation of active phases, with aim of developing active elements of integrated optics
[140]. The layered organo-inorganic copper nano-composites are synthesised by copper laser
ablation in liquid media, with potential for device applications [22]. In an innovative approach,
the synthesis of silica-core silver nanoshells is carried out by irradiating copper laser pulses on
a colloidal solution containing silver and silica nanoparticles [141]. Efficient ablation of several
material such as Mg, Ag, Au, Zn etc., using copper lasers, have been carried out for synthesis
and characterisation of nanoparticles in colloidal solutions [21, 22, 142]. Successful restoration
of ancient art works on papers and marbles, by using copper laser based surface irradiation/
ablation, have also been carried out [143]. Copper lasers are utilized for treatment of scars [144,
145] and vascular lesions [144, 146, 147].

On the device development side, a reversible HBr source is developed for sealed-off
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applications of copper lasers and successfully tested in a CuBrL [148]. In a novel approach,
AgCl and CuCl were embedded inside the thermal insulation to exploit the KE-action without
the need of extra HCI source [149]. Multi-wavelength (11 wavelengths from 0.43 to 6.45 pm)
CuBrL is developed with addition of Strontium in discharge tube [150]. The Au along with
Cu in segmented zone is used to develop three colours (510.6, 578.2 & 627.8 nm) metal vapour
laser for spectroscopic applications [151]. A small bore CuBrL with record PRR of 700 kHz
has been demonstrated [152]. Presently, frequency doubled Q-switched solid-state lasers are
emerging as compact and alternate high PRR visible laser sources. However, the features of
the advanced variant copper lasers such as ease of average power scalability to 100s of watt in
visible range, even at the high PRRs, without going through the route of nonlinear frequency
doubling and capability to produce highly stable diffraction limited laser beams are

advantageous over the solid state lasers.
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Chapter 2

Development and studies on high average power (40 to 110 W)

Cu-HBr lasers

2.1 Introduction

The technology development of Cu-HBr lasers critically depends on successful
development and integration of various subsystems followed by systematic parametric
optimization studies. It involves the challenges associated with design and assembly of suitable
laser electrodes, discharge tubes, gas & vacuum control system, issues of material
compatibilities vis-a-vis safety system for handling highly corrosive HBr gas & precision
control of its concentration and issues related with high power/voltage & high PRR electrical
excitation sources. With this perspective in view, the current chapter presents development and
studies on Cu-HBrL comprising of thermal design of the laser, mechanical design of the laser
electrodes & discharge tubes, design of precision gas mixing set up for the Ne and HBr gases,
design/development of high-PRR, high-voltage & fast-switching electrical excitation sources
followed by their integration and parametric optimization of the laser output power. The
thyratron and solid state IGBT (Insulated Gate Bipolar Transistor) pulsers are employed for
the electrical excitation of the Cu-HBrLs. The parameters studied for the laser power
optimization are the electrical input power, PRR, buffer gas pressure & flow rate, HBr
concentration and electrical storage/peaking capacitors. These results on different average
output power (40, 70, 85 & 110 W) versions of the developed Cu-HBrLs, differing mainly in

their active volumes, are presented and discussed in detail.

2.2 Design & development of subsystems for Cu-HBrLs
2.2.1 Thermal design
The operation of a Cu-HBrL requires repetitive deposition of electrical energy in the

discharge tube containing the mixture of active species, neon and HBr gases. A small part (~
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2-3%) of the deposited energy is utilized to dissociate copper precursors, present in the
discharge tube, to generate copper atoms of necessary density and subsequently excite them
for lasing action. The rest is utilized for maintaining the desired discharge tube temperature of
around 600 °C. The heat is finally released to the surrounding or taken away by water
circulation through an annular SS jacket that encloses the discharge tube.

The thermal design of a Cu-HBrL discharge tube consists of wrapping a thin layer of
suitable thermal insulation around the discharge tube to maintain the required tube temperature
the during the laser operation. For a given diameter and length of Cu-HBrL tube, the thermal
design analysis is carried out as a function of coupled input electrical power, keeping in mind
the laser tube operating temperature as well as the axial gas temperature. The analysis is based
on solving the Fourier heat conduction equation as follows. In a Cu-HBTrL, the electrical energy
is deposited into the discharge medium in the form of short electrical pulses (~150-200 ns
duration) at 15-20 kHz PRR. The pulsation of the medium is very small (duty cycle ~107).
Then, the assumption of stationary heat conduction is valid and the steady state heat conduction

equation is given as [153],

V2T + (%) =0 @.1)

where K= oT + f is the thermal conductivity of alumina fiber insulation such that a = 1.29 x
10°W mtK2& B=2.05x 102 W m? K1[154] and Win is the electrical input power density.
For the high aspect ratio (i > 1: [= tube length & R = tube bore radius) cylindrically
symmetrical discharge tube in steady state, the equation (2.1) reduces to give the heat flow per

unit length as,

6.Pin
l

= —ZnKrd—T (2.2)
ar

where & = fraction of electrical energy deposited, [ = discharge tube length, r = radial co-

ordinate, P;,, = 1C;V& £, is the electrical input power such that Cs, Vs & f are electrical storage
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capacitance, storage capacitor voltage & PRR respectively. The solution of the above equation
with boundary conditions, T (R) = Tw (wall temperature) and 7' (R’) = T, (fiber blanket outer

temperature) & its simplification gives the required thickness (d) of the thermal insulation as,
d=R —R=R |exp.|(:5- ){a(T2 T2+ 26T, — T} -1 (23)

The radial gas temperature profile Tq (r) and hence the axial gas temperature [Tq (0)],

can be calculated by solving the equation (2.1) in a similar fashion as [43,155],

1
(m+1).6.P;, m+1
Tg(T) = [T‘Z,n+1 + Tzl{ol (RZ - TZ)] (24)
_ +1 (Tfl+1) 5. Pm m+1
T,(0) = [Ty + o ] (2.5)

where for the active medium gas mixture (HBr + Ne), the thermal conductivity of the gas is
given as K = K,T™ such that m = 1.54, K, =1.8 x 10° W m™ K™ for Ne-HBr mixture [7,126].
Fig. 2.1 shows the results of thermal analysis on discharge tubes differing in radius (R) and

length (1), as employed in the present thesis work.
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Fig.2.1 Variation of estimated thickness of thermal insulation (a) & axial gas temperature (b)
with electrical input power for Copper-HBr lasers of different tube dimensions
Fig. 2.1a shows the variation of thickness of fiber insulation at various electrical input

powers for the laser tubes (To =450 K, Tw=900 K, & =0.85). The required insulation thickness
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reduces as the input power increases, as expected. It is also clear that for normally used average
electrical of 4 to 5 kW in Cu-HBr lasers, the alumina fiber insulation thickness is in close range
of a few mm for discharge tube of different lengths and diameters. The same is true irrespective
of material of discharge tube such as fused silica or alumina, as the temperature drop due the
discharge tube material/thickness is negligibly small. Fig. 2.1 b shows the variation of axial
gas temperature with increases in input power for discharge tube of different lengths. The axial
gas temperature increases with input power, as expected. However, for the typical input power
(4 to 5 kW), the estimated axial gas temperature is less than 2500 K, as desired. This is to
prevent the excessive dissociation of HBr molecules into H and Br, which is detrimental for
the laser performance [7]. The thermal insulation thickness, for the laser tubes employed in the

thesis work, has been suitably chosen as per the presented analysis.

2.2.2 Laser electrodes & discharge tubes

The electrode and discharge tube are the main parts of a Cu-HBrL. The gas discharge
plasma and active medium are confined in the discharge tube within two electrodes. The
discharge tubes of high purity (99.9%) fused silica (SiO) and/or re-crystallised alumina of four
different active volumes, (i) Fused silica: R =2.5 cm & [ =130 cm, (ii) Alumina: R =2.35 cm
& [ =150 cm, (iii) Alumina: R =3 cm & [ =150 cm and (iv) Fused silica: R=3 cm & [ =200
cm, have been used. Both the materials are good electrical insulators, highly resistant to thermal
shock, chemically inert to HBr, of low thermal conductivity and work reliably in the working
temperature range (500-800 °C) of Cu-HBrLs. The fused silica tube has advantages of low cost,
light weight, low outgassing impurity, better surface finish suitable for vacuum sealing and
ease of fabrication for large sizes. However, the alumina discharge tube is mechanically more
robust than that of fused silica. Fig. 2.2 shows the typical fused silica discharge tube/envelope,
designed and fabricated in-house, used for Cu-HBrLs. The tubes have both their ends flared

to protect thermal failure of the O-rings used for vacuum sealing with the electrodes. For the
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Fig. 2.2 In-house developed fused silica discharge tube for Cu-HBrL

Cu-HBrLs with alumina discharge tubes, similar flare-ended fused silica envelops are used
with electrodes attached at their ends.

The discharge electrodes (Figs. 2.5 & 2.6) of the Cu-HBrLs consist of hollow copper
cylinders of about 5 mm thick wall, each of which has a blind small hole (~3 mm diameter, ~5
mm deep) drilled on the face. Electrodes of high purity (99.99%) copper have been used as its
reaction with HBr will not produce any new impurity in the discharge medium [6]. The small
blind holes on the faces the electrodes serve to promote stable discharge attachment and flicker
free laser operation. These copper cylinders are press-fitted into double walled, water cooled,
stainless steel end flanges and are projected 5-10 cm into the discharge region and vacuum
sealed at its both ends using Viton O-rings. For reason of minimising unwanted impurity due
to chemical reaction with HBr, all the wetted parts have been ensured to be either copper or
inert alumina/fused-silica, similar to the reported design [6]. At the low voltage side, there is a
provision to inject HBr & Ne gas mixture just at the starting of the discharge region. The gas
mixture is injected just at the beginning of gain medium. This is carried out through an “L”
shaped fused silica capillary tube, either fused at one end of silica discharge tube (Fig. 2.2) or
punctured through the electrode end flange for the case of Cu-HBrL with alumina discharge

tube [156].

2.2.3 Precision gas mixing set up for HBr & Neon
One of the key issues associated with development of Cu-HBrLs is the reliable and
precision control of HBr concentration inside the active discharge region. For this purpose, two

different types of precision gas mixing set-ups are designed & developed. The first one is a
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complete microprocessor based design (Fig. 2.3a), consisting of two thermal mass flow
controllers for controlling Ne and HBr mass flow rate/concentration. The second one is a hybrid
version, where the Ne flow rate is controlled by a mass flow controller (Bronkhorst: F-201 CV-
100-AGD-22-V) & the HBr flow is controlled by an ultra-precision fine needle-valve (Parker:
4A-HOL-V-SS-TC). Both the units have ultra-high-vacuum compatible SS-316 tube fittings
and are tested for helium leak integrity of better than 102° mbar-lit./s. With these units, the gas

flow rates upto 6 std.-lit./hr. and HBr concentration from 0.5 to 10% with accuracy of 0.5% is

possible.

Inlet from laser tub

HEBr/Bromine trap
attached to
vacuum pump

{ i.,/ -1

Fig. 2.3 Developed Ne-HBr gas controlling set up (a) and Halogen trap (b) used in Cu-HBrL

The Ne (99.99% purity) and HBr (98% purity) gases are pre-mixed before injecting
into the laser discharge at the low voltage side and are taken out at the high voltage side through
halogen neutralization chamber and rotary vacuum pump (Fig. 2.3b). The halogen
neutralization chamber is a stainless steel vessel containing activated charcoal, silica gel &
pellets of calcium hydroxide/carbonate. This ensured the neutralization of HBr/Br exiting from
the Cu-HBrL tube which is finally released as exhaust to outside the room in open atmosphere

through a pipe.

2.2.4 High voltage electrical pulse power supply
The electrical pumping pulse power technology plays a very crucial role in deciding
the performance of Cu-HBrLs. Two types of high PRR, high voltage electrical pulse power

supplies, differing mainly in terms of switching elements (thyratron or IGBT) are designed and
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developed [157,158]. In both the cases, the resonant capacitor charge transfer (CT) circuit
configurations are employed. The whole unit consists of a HV DC power supply, charging
inductor (L), blocking diode bank (Dy), thyratron, storage capacitor (Cs), peaking capacitor
(Cp), bypass inductor (Lb) and the laser tube load. The electrical energy from the DC source is
fed to the Csthrough LC-resonant charging. The charging time of Cs is kept less than the laser
inter-pulse period (1/f). The blocking diode, Dy, prevents discharging of Cs before the switch

is triggered. The voltage across Cs varies as [159],
Ves = V, (1 — cos wt) = ZVOSile%t (2.6)

where V,is the input DC voltage. The charging current i and the resonance frequency w are,

. e
=1, iy Sin wt (2.7)

1
“= V(Lc+Lp)Cs (28)

At the onset of storage capacitor charging; t = 0, Vcs = 0 and i = 0. The maximum value of Vcs
is attained at t = w/w , known as charging time (t). This is given as,

r =1+ Lp)Cs (2.9)
At this time t = 1, the Vs attains a value of 2V, while the circuit current goes to zero. The
blocking diode Dy prevents reversal of current and the Vcs remains equal to 2V, until the switch
is triggered to conduct. The charging time is therefore determined by the upper limit of the
laser PRR to be employed. The C; is connected across the electrode and mounted as close as
possible to the discharge tube. It makes the voltage pulse sharper and provides a still higher
voltage across the discharge tube. When the thyratron is triggered, the charge on Cs is
transferred to Cp. Then the voltage appears on the high voltage electrode and the breakdown
takes place in the gain medium. By energy conservation principle, the maximum voltage

possible at the Cy is given by,
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Cs
VCp = VCS\/% (210)

In the present case, the thyratron based electrical power supply for Cu-HBrL consists
of a10 kV & 1 A rated, variac based DC power supply, oil-cooled high voltage modulator tank
and thyratron trigger unit. The modulator tank consists of a charging inductor L, = 150 mH,
hydrogen thyratron (E2V CX1535), its circuitry and storage capacitor(s) (Figs. 2.4a & 2.5b).
This tank generates a lot of heat and hence, it is cooled through an oil circulation pump along
with the water heat exchanger. The whole system is vertically mounted on a movable standard
19 inch rack. This power supply is capable of delivering average power of about 4-5 kW at
required PRR of 15-20 kHz. However, higher PRR operation upto ~27 kHz has been

demonstrated but at the average electrical power limited to less than 3 kW [160].

To laser head

through coaxial

shielded HV cable
bt

Storage capacitor Pulse
bank in Primary (Cs)lltransformer (T1)}

Charging B~
inductor (Lc)

Input from
HV DC source
w\

h \ Outputto
laser head

B d Thyratron

@ | )
Fig. 2.4 Photographs of developed modulators based on (a) Thyratron and (b) IGBTs

The other type of pulsed power supply, designed & developed, is based on low voltage
IGBT semiconductor switches (Figs. 2.4b & 2.5a). It mainly consists of a regulated DC power
supply, a charging inductor (L), a storage capacitor bank (Cs), a magnetic assist (MA), several
(4 Nos.) IGBT switches in parallel followed by a pulse step-up transformer (1:32) and three
stages of MPCs in cascade. This excitation source functions as follows. As soon as the storage
capacitor, Cs (~2 uF) is resonantly charged to a maximum voltage from the DC power supply

through L (200 uH), the IGBT switches are triggered simultaneously. Then, the stored energy
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at Cs is transferred to the input capacitor (C1) of the first stage of MPC (Sl1) through the MA,
IGBTs and the transformer. The voltage build up at the C; saturates Sl and the energy is
transferred to C» resulting in compression of the current pulse. This process is repeated at Sl
and Sls resulting an overall compression gain of the excitation pulses at the laser head. The
power supply could be operated at average switched electrical power of 5-10 kW at PRR of
16-18 kHz, peak tube voltage of 15-25 kV with rise time of 70-80 ns. The overall power supply
is assembled in the similar architecture as discussed for thyratron based supply. A bypass
inductor of self-inductance (L») (Fig. 2.5) about 40-50 uH, which is made up of long copper
tube & is connected across the laser tube, enables the laser tube to recover during inter-pulse
period. This also serves as a path for gas exhaust from the Cu-HBrL tube, before the halogen
neutralisation chamber, in addition with facilitating controlling of gas flow and pressure in the
discharge tube. In the present thesis, the thyratron based system has been employed in low
power (40 W) version of Cu-HBrL and the higher output power version lasers are based on
IGBT solid state pulsers. The Cu-HBr laser power optimisation has been studied with the

developed power supplies and the results are detailed in the section 2.5.

2.2.5 Assembled Copper-HBr laser systems

Following the successful development and testing of the subsystems, these are
assembled and the overall systems are checked for vacuum and leak integrity better than 108
mbar-lit./s. Fig. 2.5a shows the schematic of an assembled Cu-HBrL system, based on fused
silica discharge tube, along with circuit diagram of IGBT switch based electrical excitation
power supply, typically used in our 100 W average power class Cu-HBrL
[14,124,158,161,162]. Fig. 2.5b shows the circuit diagram of the thyratron switch based
electrical power supply which is used for our low power (40 W) version of the Cu-HBrL
[158,160]. The laser is vacuum sealed at the electrodes by a pair of fused silica circular disks

(thickness ~ 1 cm, diameter ~ 7.5 cm) attached to the electrode ends (other side of discharge)

59



High Voltage side Low Voltage side

A B C D E F ¢ H
rg1 . 200 ¢cm
= _I
—
N %
s]
 w— -
|
Gas out let Table top
- L————————CS- T TR k|| Le=125uH 1,=45nH Cs=2uF

Cn_'an Cl,Cz,C3—2nF

E; SI i sl, i Sl, | MA = Magnetic assist:
ol
E’

| .
| |
/| DC |
| g:::?; F_{ T1=1:32 pulse transformer :
: C —‘732 —‘Es GD = gate driver, SC = snhubber :
|

! _ IGET T1 circuit, Db= blocking diode, Si= MPC |
L___ __ HighVoltage Pulse Power Supply __ __ _ __ ___ _ _ ___ _ __ ___ ____ |

A- Press-fitted copper electrode, B- Water cooled SS flange, C- High voltage spacer, D-Water cooled
coaxial SS jacket, E- Alumina fibre thermal insulation, F- Fused silica discharge tube, G- High purity copper
pellets, H- Nylon spacer, M1- High reflecting mirror, M2- Qut put coupler

(@)

MA Cs

HV cable
NHY\ I —)

Cp —

CX 1535

— Laser head
t—1
o

(b)

Fig. 2.5 Schematic of assembled copper-HBr laser with (a) IGBT pulser (b) Thyratron pulser

by Viton O-rings at ~5° inclination with respect to the laser tube axis, which also serve as end
windows for optical beam exit. To prevent contamination by diffused CuBr molecules from
the discharge region, the end windows are placed at about 30-40 cm from the electrode tips.
Several high purity copper pieces (15 x 10 x 3 mm?), machined for surface smoothness and are

placed inside the discharge tube along its floor at regular intervals of ~ 10 cm. A corrosion
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resistant stainless steel diaphragm vacuum gauge (Leybold DIAVAC DV 1000) is used to
monitor the pressure of buffer gas mixture. Depending on the input power level used, a thin
layer of alumina fiber insulation is wrapped on the fused silica tube for the desired temperature.
The optical resonator consists of a high reflecting plane mirror (R >99%) and an anti-reflection
coated fused silica blank (Reflectivity ~3.5%), which is used for the purpose of maximum
power extraction from the gain medium. However, for high beam quality output, unstable
resonators are used (Chapter 7 & 9). The 40 W class Cu-HBrL system is based on the
conventional thyratron based pulse power supply, whereas all the other three high power
versions are based on IGBT-solid state pulsers with minor modifications in Cs & Cp depending
the tube geometry. For example, the 70 W version Cu-HBrL uses Cs ~1.5 uF & Cp ~2 nF, the
85 W Cu-HBrL uses Cs ~2 puF & Cp ~1.3 nF whereas the 110 W Cu-HBrL uses Cs ~2 puF & Cp

~1 nF. Fig. 2.6 shows the photographs of the assembled Cu-HBrL systems.

B

Fig. 2.6 Photographs of the assembled Copper-HBr laser systems
2.3 Safety systems for HBr gas handling

HBr gas is a highly corrosive, colourless & odourless gas with very low threshold
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limiting value (TLV) of about 3 ppm [163]. It is heavier than air and displaces oxygen. In the
presence of moisture, it reacts violently & corrodes/degrades most of the materials. Therefore
use of this gas involves risks of component failure as well as serious health hazards. In the
present work, proper safety measures have been taken up. All the wetted parts of the involved
systems are of corrosion resistant material (SS-316) with ensured helium leak integrity of the
joints/assemblies better than 10 mbar-lit./s. In addition, all the components are periodically

purged with dry inert gases (N2/Ar) and checked for vacuum/pressure withstanding integrity.

Cable to HBr '  HBr annunciation system/’
annunciation system :

HBr leak monitor

- Oxygen level monitor
(continuos use)

(continous use)

(a) (b)
Fig. 2.7 Photographs of installed HBr sensor, oxygen monitor(a) & HBr alarm system (b)

In order to handle the accidental leakage in the laboratory, proper detection &
monitoring system for HBr are installed. Figs. 2.7a & b show the systems for monitoring HBr
leakage (accidental) & ambient oxygen level in the laboratory and their relay & alarm system
respectively. The HBr leak monitoring system (Make: Draeger, Germany & detection limit: 0-
30 ppm with accuracy/resolution of 0.1 ppm) consists of an electrolyte as sensor element which
produces current signal when HBr reacts with it. The amount of current generated is
proportional to the HBr concentration. The alarm system, designed & developed in house,
consists of dual stage alarm system with different audible range. The first alarm (80 dB) is
actuated for HBr concentration of 3-13 ppm, whereas the second alarm (120 dB) is actuated

for higher HBr concentration. In addition, the laboratory is equipped with personal protective
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equipment such as protective mask with HBr neutralizing canister, breathing apparatus,

chemical protective goggles & rubber clothing at par with OSHA standards [164].

2.4 The developed 40-110 W average power Copper-HBr lasers

Based on the designed and assembled subsystems, as discussed in the previous section,

four different Cu-HBrL systems are developed delivering maximum average laser powers of

40 W, 70 W, 85 W and 110 W at about 18 kHz PRR [14,124,158,160-162,165]. Tables 2.1 and

2.2 summarise the general and optimised technical features of the developed Cu-HBrLs, named

for convenience of discussion as Cu-HBrL 1, 2, 3 & 4.

Table 2.1 General features of the developed 40 to 110 W output power Cu-HBrLs

SlI. No. Laser tube dimension Laser tube | Electrical | Laser output power
(Inner radius R x length I) | material switch @ PRR

Cu-HBrL 1 2.50cm x 130 cm Fused silica | Thyratron | 40 W @ 18 kHz

Cu-HBrL 2 2.35cm x 150 cm Alumina IGBT 70W @ 18 kHz

Cu-HBrL 3 3.00 cm x 150 cm Alumina IGBT 85W @ 18 kHz

Cu-HBrL 4 3.00 cm x 200 cm Fused silica | IGBT 110W @ 18 kHz

Table 2.2 Optimised parameters of the developed 40 to 110 W output power Cu-HBrLs

SI. No. P o (lit.- Cs Cp f Vs | Vp Pin
(mbar) | atm./hr) | (nF) | (nF) | (kHz) (kV) (kW)
Cu-HBrL 1 ~30 ~35 2 1.3 18 14.4 /15 ~3.7
Cu-HBrL 2 ~25 ~5 1540 | 2 18 0.75/17.3 ~7.8
Cu-HBrL 3 ~35 ~6 1980 | 1.3 18 0.72/17.5 ~0.2
Cu-HBrL4 | ~35 ~6 1980 | 1 |16-18 | 0.80-0.76/23.3 | ~10.1-~10.3

Here, the parameters P = buffer gas pressure (Ne + HBr), ¢ = buffer gas flow rate (Ne). Figs.

2.8 show the two representative photographs of the successfully developed high power Cu-

HBrLs (Fig. 2.8a70 W Cu-HBrL & Fig. 2.8 b 110 W Cu-HBrL) in operation in our laboratory.
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Fig. 2.8 Photographs of the successfully developed high power Cu-HBrLs in operation

(@) The Cu-HBrL 2 (70 W power) (b) The Cu-HBrL 4 (110 W power)
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2.5 Parametric studies for laser output power of the developed Cu-HBTr lasers

The average output power of a Copper-HBr laser has a complex dependence on the
operating parameters such as buffer gas flow rate & pressure, HBr concentration, electrical
input power, charging voltage, discharge capacitance (storage & peaking) and PRR. The Cu-
HBr laser optimization is an iterative process where the output power is studied by varying one
operating parameter at a time while keeping the others fixed. Depending on the laser discharge
tube volume/dimension, the optimised values of these parameters, for maximum laser output
power, also differ. In view of this, a detailed experimental study on the variation of average
output powers of the developed Cu-HBrLs is carried out with respect to the associated
operating parameters. For all the four investigated Cu-HBrLs 1 to 4, the same PPR, consisting
of a high reflectivity (99.9%) hard di-electric coated mirror as high reflector & an AR coated
fused silica disc (~3.5% reflectivity) as output coupler is used. The resonator length is kept at
minimum possible distance between mirrors which is in range 2.0 to 2.8 meter.

The laser conversion efficiencies are calculated based on energy stored in the storage
capacitor (Cs). Values of the peaking capacitors (Cp) are kept nearly half that of the Cs[1, 4-6,
166]. The storage capacitor charging voltages (Vcs) and laser-head discharge voltages (Vi) are
monitored, by using high voltage probes (Tektronix P6015A, band-width: 75 MHz), across Cs
and Cp respectively. The laser discharge currents are monitored using a fast current transformer
(Pearson 2878, band-width: 70 MHz) whereas the laser optical pulses are monitored using bi-
planar vacuum photo-diodes (Hamamatsu: R1193U-52; 0.27 ns rise-time). These waveforms
are recorded using a digital oscilloscope (Model: Tektronix-TDS 540 D or Lecroy-Waverunner
6050A; band-width: 500 MHz). The average laser output power was measured using a thermal
power meter (Gentech TPM 300 CE or Ophir-LaserStar-FL250A-RP-SH). The temperatures
of the discharge-tubes/discharge-tube-envelopes are monitored using a floating K-type

thermocouple, attached onto the discharge tube. The laser discharge tubes are maintained at
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almost constant temperature level of ~900 K at all the input powers used, by suitably

manipulating the amount of thermal insulation and additional cooling arrangement.

2.5.1 Buffer gas pressure & flow rate

Figs. 2.9a & b show the variations in laser output power with buffer (Ne) gas flow rates
(9) and pressures (P) for the Cu-HBrLs 1 to 4. Neon gas flow rates upto 6 lit.-atm./hr., limited
by the present gas flow systems, have been used. At each operating point, the HBr
concentration has been adjusted suitably for maximum laser output power. All other
parameters are kept constant at their optimized values as given in table 2.2. It is seen that for
all the investigated Cu-HBrLs, initially the output power scales up almost linearly as buffer gas
flow rate increases. After a certain flow rate, which is different for different Cu-HBrLs, the
laser power either saturates or changes the slope of increment or falls. The optimum flow rates
for Cu-HBrL 1 and Cu-HBrL 2 are ~3.5 lit.-atm./hr and ~5 lit.-atm/hr with corresponding
average laser output powers of 42 W and 72 W respectively. For Cu-HBrL 3 and Cu-HBrL 4,
the maximum output powers are 86 W and 110 W respectively, for flow rate of ~6 lit.-atm./hr.
The variation of the output power with respect to the buffer gas flow rate is faster for Cu-HBrL

4 as compared to that of Cu-HBrL 3. On the other hand, for the variation in the buffer gas
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Fig. 2.9 Variation of Cu-HBrL power with buffer gas flow rate (a) & buffer gas pressure (b)
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pressure in the investigated range, from 15 to 50 mbar, the laser output powers are maximum
at 25-35 mbar (Fig. 2.9b). The optimum buffer gas pressures are 25-30 mbar, ~25 mbar, ~30
mbar and ~35 mbar for Cu-HBrL 1, Cu-HBrL 2, Cu-HBrL 3 and Cu-HBrL 4 respectively.
These experimental results and their trends can be understood as follows.

In a Cu-HBrL, the role of buffer gas flow is to supplement/replenish the laser gain
medium continuously with the active bromine species (HBr, Br & Br») as well as for
homogenisation of the copper precursors as HBr reacts mostly from upstream end [116, 130,
167]. The thermally dissociated bromine species, in the heated active medium, are lost due to
diffusion towards the cooler end-window regions [130, 167]. The attained laser performance
is a balancing act between the inlet HBr concentration and loss of bromine species by diffusion
as well as inefficient homogenisation of copper precursors. In a steady-state optimum
condition, the typical density of atomic bromine present in the discharge tube is about 10%°
cm™ [116, 130, 131]. Hence, when the flow rate of HBr is less than optimum level, the net
available density of the bromine bromine species reduces. This in turn lowers the lasant copper
atom density in the active medium and the output power reduces. On the other hand, the
decrease in output power at the higher flow rates is attributed to loss of bromine species by
increased convective transport away from the gain region, leading to decrease in ground state
as well as excited state copper density during the excitation phase [130, 167]. Also, the
bromine diffusion speed is a function of active tube length (gain length), operating pressure &
gas temperature [167]. Hence, the trends in laser power vs. buffer gas flow rates are different
for Cu-HBrL 1 to 4. These considerations lead to typical volume replacement time of 1 to 2
minutes. This in turn requires optimised gas flow rates in Cu-HBrLs. At equivalent input power
loading & same bore diameter tubes, longer the tube length more is the requirement of
entrainement of the bromine species. Hence the gas flow rate in Cu-HBrL 4 is more than that

in Cu-HBrL 3. This led to faster rise of laser output power in Cu-HBr 4 as compared to Cu-

67



HBrL 3, hence there is a cross-over in power curves (Fig. 2.9a). Similarly, the buffer gas
pressure has important role in dictating the impedance matching from the laser circuit to the
gain medium and deciding the peak electron temperature. The fall in the Cu-HBr laser output
power at higher pressure, beyond an optimum (Fig. 2.9b) is likely due to decrease in peak
electron temperature (due to increased collision), leading to relatively inefficient laser
excitation. This seems to have a dominating effect over the increased impedance matching due
to high pressure. At the same time, the decrease in laser output power at lower pressure, below
optimum, is likely due to reduced electron temperature and deteriorated impedance matching.
A marginal variation, in optimum pressure for the different Cu-HBrLs used, may be attributed
to differences in the active electric fields (E/P, where E is electric field across the tube) and/or
different impedances offered due to differing tube length & diameter [41].
2.5.2 HBr concentration

Fig. 2.10 shows the variation of average output power of the Cu-HBrL 1 to 4 as a
function of HBr concentration from 2 to 10% of Ne-HBr mixture. The HBr gas concentration
(its mass flow rate or pressure) is varied with the developed precision HBr gas mixing set up
as described in section 2.2.3. The HBr flow rate and its partial pressure have been varied

together with the buffer gas flow rate at fixed pressure. In the beginning, the discharge tubes
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are heated with only Ne buffer gas to around ~600 °C and then the HBr gas is mixed and
injected into the tubes. The Ne gas pressures as well as its flow rates are set at their
corresponding optimal values as shown in Figs. 2.9a & b. For all the Cu-HBrLs, the laser output
power increases rapidly as the HBr concentration increases from 2 to 5-6%, attains peak in the
range of 5-8% and then falls slowly. For the HBr concentration beyond ~ 8%, the instabilities
in the laser discharge start. Then the laser beams are gradually quenched with increase in the
proportion of yellow radiation, differing from green & yellow beam ratio in the optimal
conditions. For Cu-HBrL 1, the output power increases quickly from ~12 W at ~2%, attains
maximum of ~42 W at ~6% and the falls to ~31 W at 10% HBr concentration. Similarly for
Cu-HBrL 2 to 4, the output powers increase monotonically from ~21 W, ~25 W & ~50 W for
~2 % concentration and attain the maximum levels of ~72 W, ~85 W & ~110 W at ~7% HBr
concentration. These observations can be explained as follows.

The HBr concentration in a Cu-HBrL active medium has twin roles. First, it seeds the
active medium with lasant copper atoms through chemical reaction with metallic copper and
second, it enhances the laser kinetics favouring plasma relaxation during the inter-pulse period
[120,121]. The variation in the laser output behaviour is a balance between increase in lasant
copper density and decrease in electron temperature & electron density. In the beginning as the
HBr concentration increases, available copper atom density in the active medium increases.
This leads to the increase in laser power due to enhanced population inversion. However, for
HBr concentrations above optimum level, the increased production of copper atoms in the
active medium leads to reduced average electron temperature below the optimal value of 4-5
eV. This is responsible for the increased population to the LLLs and hence reduced population
inversion & laser output power [32-35]. This is the possible reason why the laser output beam
turns yellow for higher HBr concentration as the population inversion corresponding to the

green line is terminated first due to its proximity to the ground level [12, 13]. In addition, for
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higher HBr concentration, the electron density is quenched below the critical value for stable
discharge (~10°-10'° cm™), owing to electron scavenging property of Br. This leads to

impedance mismatch (high impedance) and discharge instability.

2.5.3 Pulse repetition rate

Figs. 2.11a & b show the variation of the laser output power with PRR for Cu-HBrL 1
and Cu-HBrLs 2 to 4 respectively. For Cu-HBrL 1, the variation in the PRR is carried over a
wide range of PRR (15-28 kHz) by changing the values of Cs. The corresponding Cp values are
also changed accordingly to about Cs/2, for efficient circuit matching. However, for Cu-HBrLs
2 to 4, which are based on IGBT + MPC based electrical power supplies, wide variation in
PRR is not possible. This is because the MPCs are designed for almost fixed PRR operation
with very narrow tolerance, which otherwise would cause increased losses in the modulator
and onset of occasional voltage spikes at the IGBTSs leading to their failure [168-170]. The Cu-
HBrLs of 4 to 8 cm bore diameters are optimised mostly at 15-20 kHz PRR [4-7,160].
Therefore, the Cu-HBrLs 2 to 4 are designed to operate in the PRR range of around 17 + 2 kHz.
For Cu-HBrL 1, three different pairs of Cs/Cy (2 nF/ 1 nF, 1.6 nF /0.8 nF & 1 nF /0.5 nF) have
been used corresponding to resonant charging frequencies (equation 2.8) of ~18 kHz, ~20.5

kHz & ~26 kHz respectively. It is observed that for Cu-HBrL 1, the maximum output power
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of ~42 W is obtained at Cs = 2nF for 18 kHz PRR. For lower Cs values of 1.6 nF & 1 nF, the
corresponding maximum output powers decrease to ~39 W & ~32 W at PRR of 21 kHz & 26
kHz respectively. For Cs = 2nF, the PRR is varied over 15 to 21 kHz, leading to corresponding
laser output of ~28 to ~35 W. For higher value of Cs = 2.6 nF, the laser output power reduces
(not shown) to ~39 W at 16 kHz PRR. On other hand, for lower values of Cs= 1.6 nF and Cs
= 1 nF, the PRR is varied over 18 to 24 kHz and 23 to 28 kHz respectively, producing
corresponding laser output powers of ~30 to ~35 W and ~18 to ~30 W respectively. Hence,
the Cu-HBrL 1 is operated over PRR range of 15-28 kHz with laser output power of 30-40 W
[160]. Similarly for Cu-HBrL 2 & 3, with the variation in PRR from 16 to 19 kHz, the laser
output power vary from ~67 to ~70 W with maximum of ~72 W and ~81 to ~84 W with
maximum of ~86 W, both at 18 kHz PRR, respectively. On the other hand, for Cu-HBrL 4,
the output power varies within ~106 to ~108 W for 15-18 kHz PRR, with maximum of ~110
W. The observed trends can be explained as follows.

The Cs values in a Cu-HBrL decide the rate of rise of voltage across laser tube, tube
breakdown voltage & hence electron temperature and input electrical pulse energy [33-35].
The observed optimum value of Cs is linked to the achieved optimum electron temperature
favouring the efficient upper laser level excitation [33-35]. Higher Cs value than optimum leads
to increased heating effects & copper ionisation, thereby, inefficient laser excitation while the
lower Csvalue reduced the input pulse energy. This laser power reduces in both the cases. For
a given Cs, the reduction of output power at either side of the resonant frequency maxima is
attributed to lowering of average input power (for lower PRR) and non-optimal charging of Cs
(for higher PRR). For Cu-HBrL 2 to 4, the laser power remains almost a constant level of 104-
110 W within the scanned narrow PRR range. This constancy of laser power is most likely due
to the counterbalancing acts of input power and gas temperature in averaging out the laser gain

in the narrow range PRR scan.
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2.5.4 Electrical input power (charging voltage)

Figs. 2.12a & b show the variation of laser output power and laser efficiency (based on
input from storage capacitor). The electrical input powers (Pin = 0.5 Cs.Vcs2.f ) are varied by
changing the storage capacitor charging voltage (Vcs) at 18 kHz PRR. For the Cu-HBrL 1, Vcs
is varied from 11 to 17 kV, which corresponds to variation in Pi, from ~2.2 to ~5.2 kW. The
laser output power increases rapidly from 10 to 42 W for input power variation from ~2.2 to
~3.7 KW. Then, it reaches slowly to 50 W at ~5.2 kW. The corresponding laser efficiency
varies from 0.46% to 0.96% respectively with a maximum of ~1.13% at 42 W laser output.
For Cu-HBrL 2, the Vcs is varied from ~650 to ~800 V that corresponded to variation in Pin
from ~5.9 to ~8.9 kW at 18 kHz PRR. The corresponding laser power increases monotonically
from ~33 to ~72 W (at ~8.2 kW) and attains a constant level of 71-72 W, thereafter. The
efficiency also scales with Pin, from 0.56% to 0.80%, with a maximum of ~0.88% at 72 W laser
output. Similarly for Cu-HBrL 3, as the Vcs is varied from ~600 to ~760 V (Pin from ~6.4 to
~10.3 kW), the laser corresponding power increases concurrently from 59 to 85-86 W and the
efficiency remains at almost constant level of 0.92-0.95%

(upto 83 W) and then slowly

decreases to ~0.82%. On the other hand, for Cu-HBrL 4, the laser output power and efficiency
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are studied for different values of Vs varying from ~600 to ~800 V (Pin from ~5.7 to ~10.1
kW) at 16 kHz PRR. The corresponding laser output power rapidly rises from ~70 W to ~110
W, with a constant level of efficiency of ~1.2% at 70-100 W output level and then decreases
slowly to ~1% at ~110 W output. Similar exercise, carried out at 18 kHz PRR level, albeit at
proportionately reduced Vcs, produces almost similar results.

In all the four lasers studied, it is clear that as Vcs or Pin increases, the laser output
increases monotonically upto certain level and then its slope reduces. This may be explained
as follows. With the increase of the electrical input power, the HBr concentration is also made
to increase which produces larger amount of copper bromide vapour. Therefore, larger fraction
of copper atoms contributes to population inversion, hence the laser output power increases. In
addition, higher the input power/voltage, higher is the rate of pumping to ULL of copper. On
the other hand, the larger input power also results in larger current density through the discharge
tube. This decreases the fraction of the upper laser level pumping due to cumulative effect of
increased rate of ionization of copper and meta-stable population [34, 35]. In addition,
increased input power results in higher average gas temperature. This in turn alters the
equilibrium/optimal concentration of HBr and its dissociation products (H, Br) [7]. Therefore
the beneficial effect of HBr i.e. faster reduction of inter-pulse electron density by process of
dissociative attachment with low energy electrons (HBr + e — H + Br” or H™ + Br) followed by
recovery of ground state copper density by ion-ion neutralization (Cu*+ Br— Cu + Br & Cu*
+ H— Cu + H), is suppressed [7, 124]. Hence the laser efficiencies decrease beyond certain
input powers. A detailed analysis of the pulse discharge characteristics and associated

processes of these Cu-HBrLs are presented in chapter 3.

2.6 Scaling behaviour of the developed Cu-HBTr lasers
It is understood that for Cu-HBr laser, the power scaling behaviour is a complicated

process due to complex dependency of the laser performance on HBr gas purity [124],
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chemistry associated with HBr & its reaction products [7,15,124], discharge tube construction
& optical resonator configuration [1, 4-7], excitation techniques [6, 7] etc. In addition, the
operating parameters of Cu-HBrLs critically affect the laser performance as elaborated in
section 2.5. However, based on our studies on four Cu-HBrLs (1 to 4), typical scaling laws for
designing & developing Cu-HBr laser may be put forward as follows. The developed Cu-
HBrLs differ in terms of their active volumes due to different discharge tube bore diameters
(D" = 2R) and lengths (I)i.e. D' =50 mm & | =130 cm, D' =47 mm & | =150 cm, D' = 60
mm & | =150 cm and D' =60 mm & | = 200 cm. It is also important to note that in all the
cases the laser output beam diameters (D) are about 60% of the tube bore diameters due to
discharge constriction [13]. Taking this fact into account, the specific optical (laser) output
energy of the Cu-HBrLs is ~2.5 pJ/cm®. The maximum laser average output power scales as
Py:(W) = L (cm).D'(mm)/k, where k is constant that depends on various factors such as
tube bore diameter, excitation scheme/circuitry, laser tube construction & resonator cavity
configuration, HBr purity etc. For typical bore diameter of 50-60 mm (as in our case) with
conventional capacitor transfer electrical excitation circuit, the value of k is about 100. This
law form is in line with the typical power scaling behaviour of conventional CVLs [15].

In the present study on Cu-HBrLs, the typical electrical input power (average) per unit
tube length is ~ 2.5 kW/m for the maximum output power of the Cu-HBrLs. This value is a
compromise between tube heating effects and laser pumping rate. The typical discharge voltage
per unit length (electric field: E) required is found to be in the range of 12 - 15 kV/m whereas
the typical buffer gas pressure (P) is in the range of 25 - 35 mbar with HBr partial pressure in
the range of 1.5 - 2 mbar. These values translate to the typical value of the discharge
characterising electric field parameter E/P = V,/P.l = 4 - 5 V/cm-mbar, which essentially
decides the average electron temperature in the discharge. The PRR corresponding to

maximum average laser output power is fmax. ® 15— 20 kHz. Typical value of fmax, =17 £1
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kHz is a good compromise between decrease in output pulse energy due to increased plasma
heating effect as well as power loss at the high voltage pulse modulator for higher PRR vis-a-
vis increased output pulse energy at lower PRR. Typically 6-7% HBr concentration i.e. 6-7%
HBr + Neon (balance) is the optimized value in most of the reported Cu-HBr lasers. Similarly,
the optimised buffer gas flow rate corresponds to volume replacement time of typically 1-2
minutes. Requirement of low output beam divergence from Cu-HBr laser demands the
discharge tube aspect ratio (I/D") to be about 25 — 35. Constraints in achieving the required
electric field over long tube length and requirement of output beam of low divergence by
allowance of 3-4 number cavity round trip (limited by the laser gain duration), limits the value
of length, [, to be less than 300 cm (typically 100-200 cm). These scaling trends are more or

less consistent with the reported values in the field.

2.7 Conclusions

In conclusion, this chapter presented a comprehensive study on design, construction/
development and laser output power optimisation for different output power versions Cu-
HBrLs (Cu-HBrL 1 to 4). These included detailed thermal design of the laser, mechanical
design of the laser electrodes & discharge tubes, design of precision gas mixing set up for the
HBr & Ne gases, design/development of high-PRR, high-voltage & fast-switching electrical
excitation sources. These subsystems are successfully developed, assembled/integrated into
realisation of 40 to 110 W average output power versions of Cu-HBrLs operating at 16-18 kHz
PRR. Two types of electrical power supplies e.g. the thyratron and IGBT switch based pulsers
are employed for the electrical excitation of these lasers. The safety handling of HBr is also
addressed through incorporation of suitable HBr sensor and alarm system. The laser output
powers have been studied for different buffer gas pressures & flow rates, HBr concentrations,
pulse repetition rates and switched electrical input powers. The results for the four developed

Cu-HBrLs are presented and discussed.
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Chapter 3

Analysis of electrical pulse pumping characteristics of the Cu-HBr lasers

3.1 Introduction

Studying the electrical discharge pulse pumping characteristics of a high power Cu-
HBr laser is of crucial importance for performance optimization as well as evaluation and
understanding of the ongoing plasma processes inside the active medium. These are linked
with issues of impedance matching & electrical power deposition patterns in the active medium
of a Cu-HBrL and are still not very well understood in the field. A limited study on the pulsed
discharge characteristics of low power (10-20 W) Cu-HBrL and copper bromide (CuBr/CuBr-
H>) lasers have been reported with a conventional thyratron based pulser [121, 126]. The pulsed
discharge characteristics has also been studied and analyzed in a conventional CVL with
thyratron and IGBT pulsers based excitation schemes under different input power conditions
[168]. The average electrical power deposition into the laser constituents has been estimated
by calorimetric methods in different copper laser variants [7, 169]. However, no such time
resolved or averaged power deposition study is available in the case of a high average power
(40-100 W) class Cu-HBrL in general and specifically with a solid state pulser.

This chapter presents a comprehensive analysis, both time resolved & time averaged,
on the electric discharge characteristics of solid state switch (IGBT) based high average power
(100 W class), high pulse repetition rate (16 kHz) Copper-HBr laser at various excitation
conditions. Various discharge plasma parameters such as electrical inductance, resistance,
active laser head voltage, active electrical power, pre-pulse electron density and axial gas
temperature are evaluated by numerical processing of the measured laser head voltage-current
waveforms. During transfer of energy to the laser discharge plasma, fractional losses in the
high voltage pulse modulator and effective energy coupling for the laser excitation process are
evaluated. The average laser performances at various input powers are correlated with both its
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time resolved as well as average gas discharge parameters. Role of other Cu-HBrL operating
parameters such as HBr concentration, buffer gas pressure, buffer gas flow rate and pulse
repetition rate as well as the laser active volume are studied. The study is also augmented with
a comparison on electrical input coupling behaviour with different electrical pulsers (thyratron

vs. solid state) as well as active medium composition (Cu-HBrL vs. CVL).

3.2 Theoretical background of the measurement and analysis

A Cu-HBrL, as an electrical circuit element, can be represented (Fig. 3.1a) as a series
combination of laser tube inductance (L) and gas discharge resistance (Rq) [121,126,128].
Therefore, the instantaneous voltage measured across the laser tube i.e. V (t), is sum of the

voltage across L i.e. Vi (t), and the voltage across Rq i.e. Vg (t). This can be expressed as,

d

V) =V(t) + V. (t) = Vu(t) =V(t) — L% =1(t).Ry(t) (3.2)
For laser tube of fixed geometry at a given operating condition, the laser tube inductance L is
constant and can be determined from the laser head voltage & current waveforms (Fig. 3.1 b).

At the first zero of the current waveformi.e. at t = ty, [[(£)]i=t, = 0 = [Va()]¢=¢, = 0.
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Fig. 3.1 (a) Cu-HBrL as simplified electrical circuit element (b) Typical laser head voltage &

current pulses of Cu-HBr laser
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Hence from equation 3.1, the laser tube/circuit loop inductance can be calculated as,

[V(D)le=t,

= —0 3.2
[(a1/db)],_,, (3.2)

The instantaneous electric power, Pa (t), deposited into the Cu-HBrL discharge (also called the

active peak input power), and the dynamic discharge resistance, Rq (t) are estimated as,
P (t) = Va(0).1(2) (3.3)

R, (t) = V;z—g) (3.4)

The deposited active electrical pulse energy (Ep), average active electrical power

(Paump) and the average discharge resistance (<Rq>) of the Cu-HBrL are given as [121,171],

Paump = f-Ep = f.[fy Va(®).1(6) dt] (3.5)
<Rg> ~ ~® (3.6)

where Vap) & Ip are the peak active/resistive discharge voltage and peak discharge current
respectively. The discharge characteristics are analysed for different switched electrical input
power (Pin). This is varied by changing the voltage across the storage capacitor (Cs) connected

across the switch (IGBTs/thyratron) and is estimated using the relation,
1 2
Pin = S Co. Vs f (3.7)
where f is the PRR. The electrical power delivered from Cs is preferred as the input power

because of its better reproducibility and good accuracy. The electrical power reaching at the

laser head (Pnead) in such case is given as,

Preaa = f5-|fy V(D). 1(8)at] (3.8)
where V(t), I(t) & T are the measured instantaneous head voltage, measured instantaneous
discharge current and inter-pulse time (T = 1/f) respectively. The difference in estimated values
from equations 3.5, 3.7 & 3.8, gives a fair estimation of power loss across laser constituents.

This way of estimation for power deposition in the laser discharge is in good agreement with
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that of the calorimetric methods used [7]. In addition, the analysis provides temporal pattern of

energy deposition, estimation of which is very crucial for optimized copper laser operation.

The estimation of the electrical power deposited into the laser discharges vis-a-vis other

associated laser discharge parameters is carried out by digitisation and numerically analysing
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Fig. 3.2 Typical discharge voltage & current waveforms recorded for copper lasers for (a) Cu-
HBrL 1 at 42 W laser output power (optimised HBr concentration ~6%), (b) Cu-HBrL 2 at 110
W laser output power (optimised HBr concentration ~7%), (c) Cu-HBrL 2 with very low HBr
concentration (~1%) with only greenish fluorescence, and (d) Conventional CVL (bore dia. 4.7

cm, length 150 cm, PRR 6.5 kHz, 33 W laser output power with thyratron pulser).
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the recorded laser discharge voltage (V) and current (1) waveforms. The temporal power
deposition characteristics in the initial half of the discharge pulse and specifically, within <100
ns from the onset of discharge pulse, is the major deciding factor of copper laser performance.
This is owing to the short population inversion time (<100 ns) of copper lasers. Therefore, the
time resolved analysis (~10 ns resolution) of the electrical pulse pumping behaviour are carried
out for different time limits by suitably changing the upper limit of integration of equations
(3.5) & (3.8). Figs. 3.2 a-d show the typical laser discharge V & | pulses recorded for Cu-
HBrL/CVL in different operating conditions as detailed in figure caption. These experimental
V/I waveforms are the basis of further analysis/calculations. Specifically in the section 3.3, a
detailed analysis is presented for our developed 100 W class Cu-HBrL (Cu-HBrL 4). Section
3.4 presents a comparative analysis on discharge pumping characteristics of a Cu-HBrL (Cu-

HBrL 1) and a standard CVL of almost same dimension, both excited using thyratron pulser.

3.3 Electrical pulse pumping behaviour of Cu-HBrL
3.3.1 Time resolved characteristics
3.3.1.1 Measured laser head voltages and currents
Figs. 3.3a & b show the temporal variation of the digitised version of the laser (Cu-

HBrL 4) head voltage and current waveforms respectively, recorded at different electrical input
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powers (Pin). With increase in Pin, the HBr concentration is also concurrently increased to
achieve the maximum average laser output power at a given Pin or Vcs. The temporal
characteristics of the laser head voltage-current waveforms show a typical onset delay of ~50
ns between them. As Pin increases from 5.6 kW to 10 kW, the peak values of the laser head
voltage as well as that of the current increase from 16.3 kV to 23.3 kV and 160 A to 354 A
respectively. With the increase of Pin, the rise time of V & | pulses become faster and the
current pulse duration (at the base, corresponding to first half sinusoidal) also becomes shorter.
For example, at Pin =5.6 kW, the current pulse rise time is ~130 ns and its duration is ~250 ns

whereas for Pin =10 kW, the corresponding values are within 75-80 ns and ~150 ns respectively.

3.3.1.2 Active discharge voltage

The active laser discharge voltage is the actual voltage which decides the electron
energy distribution in the Cu-HBrL plasma and hence the laser performance [34, 35]. However,
it depends on the laser discharge loop inductance (L). Therefore, to have a quantification of
this parameter, L, is computed from the analysis of the recorded V & | waveforms, for different
Pin using the equation 3.2. The variation in loop inductance and active laser head voltage are

shown in Figs. 3.4 a & b respectively. Initially at Pi, of 5.6 KW, L is ~1.8 uH and then for
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higher input powers, it decreases to almost a constant level of ~1 pH. These values are
comparable to the reported values of ~0.7 pH for a CuBr-H: laser of tube length of 50 cm and
bore diameter of 2 cm, operating at Pin = 1.2 kW with thyratron & CT-circuit based pulser
[126]. Similar calculations carried out for conventional CVL of bore diameter 4.2 cm & length
150 cm have resulted L= 0.45 pH [168]. Similarly, as Pin increases from 5.6 kW to 10 kW, the
peak values of Vq (t) vary from 14.4 kV to 19.7 kV. The corresponding voltage drop due to the
laser discharge loop inductance is in the range of 10-15% of its peak value.

The laser discharge tube inductance, for longitudinally excited coaxial discharge tube

geometry with uniform discharge current, is given as [41],

L=+ 1n(2)] (3.9)

1

where uo = 4n x 107 H/m, is the permeability of free space, | is the discharge tube length, r2 is
the inner radius of the coaxial current return conductor and ry is the radius of the inner
conductor. However, if the current through the tube exhibits on axis maximum, as in case of a
Cu-HBrL, then the inductance will be higher than that indicated by the equation 3.9. Unlike
the conventional CVL, the discharge current has axial peaking in a Cu-HBrL due to negligible
plasma skin effect and enhanced ion-ion recombination leading to discharge constriction [12].
As Pin increases, the electron density also enhances and the filling of the tube cross section by
the discharge current also increases. This leads to increase of r1 with increase of Pin as observed
in the present study and by others too [122]. Therefore, L is expected to decrease as observed.
It may be noted that the actual value of L may be 50 to 100% more than that of estimated by
formula 3.9, depending on the fact that how closely and tightly the peaking capacitor is fitted
in the laser head [41, 131]. For example, in our case, the calculated value of L is ~ 0.5 puH for
ri ~ 2 cm (the laser beam radius at Pin = 10 kW), ro~ 6 cm and | ~ 200 cm. The placement
factor (tightness & closeness to the laser head) of the peaking capacitor leads to an additional
inductance of ~ 0.3 pH. Thus, taking into account the fact that Cu-HBrL has axially peaking
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current, the net value of L could be close to around 1 pH which is in line with present

observation.

3.3.1.3 Active electrical input power & discharge resistance

Figs. 3.5 a & b show the temporal variation of the deposited electrical power into the
laser discharge and the dynamic laser discharge tube resistance, calculated by using equations
3.3 & 3.4 respectively. The temporal power deposition pattern is the manifestation of effective
coupling of electrical energy into CVL/Cu-HBrL discharge plasma. This is reflected in terms
of the laser output power and efficiency. On the other hand, the temporal variation in the laser
discharge resistance is an indication of how fast the discharge electrons gain energy. This
ultimately decides the maximum voltage hold-off across the discharge tube & energy transfer
to it. It is clear that the temporal variation pattern of the active electrical power deposition
changes with Pin. As Pin increases, the energy deposition becomes faster. For example, as Pin
increases from 5.6 kW to 10 kW, the durations of active electrical power deposition
(corresponding to first half sinusoidal) reduces from ~240 ns to ~140 ns. The active electrical

power depositions within the first half sinusoidal are 1.7 kW, 2.4 kW, 2.7 kW, 3 kW, 3.3 kW
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& 3.6 KW whereas their peak values are 1345 kW, 2215 kW, 2260 kW, 2575 kW, 2865 kW &
3300 kW respectively for Pin of 5.6 kW, 7 kW, 7.6 kW, 8.3 kW, 9.5 kW & 10 kW. Further,
the power deposition corresponding to first 100 ns from the onset of the power deposition are
estimated using equation 3.5 (putting the upper limit of integration =100 ns), for each Pin. The
effective dumped input power are 0.6 kW, 1.36 kW, 1.58 kW, 2 kW, 2.8 kW & 3.1 kW
corresponding to Pin of 5.6 kW, 7 kW, 7.6 kW, 8.3 kW, 9.5 kW & 10 kW respectively. These
values account for ~35%, ~57%, ~59%, ~67%, ~85% & ~86% of the power deposition
corresponding to first half sinusoidal durations respectively. This is linked with collapse of
dynamic discharge resistances (Fig. 3.5 b) almost exponentially from sub kilo-ohms to tens of
ohms during excitation pulse duration. The corresponding rates of input power deposition
(active input power within first 100 ns duration/100 ns) are 6 GW/s, 13.6 GW/s, 15.8 GWI/s,
20 GWI/s, 28 GWI/s & 31 GWI/s respectively. This is consistent with the fact that the dynamic
discharge resistances collapse at a much faster rate for higher values of Pin (Fig. 3.5 b). Faster
rate of active energy deposition results in faster rate of electron multiplication and quicker

collapse of the discharge tube resistance.

3.3.2 Time averaged characteristics
3.3.2.1 Average discharge resistance & pre-pulse electron density

Fig. 3.6 shows the variation of the average discharge resistance (<Rg¢>) with Pin,
calculated using equation 3.6. The value of <R¢> decreases from ~90 Q to ~56 Q as Pin
increases from 5.6 kW to 10 kW. This is comparable with typically reported values of 65 €,
48 Q and 37 Q for Cu-HBrL of 4 cm, 6 cm and 8 cm bore diameter respectively [171].
However, for a conventional CVL of bore diameter around 4 cm has <Rg> ~25 Q [168]. The
average discharge tube resistance of a longitudinally excited CVL/Cu-HBrL is given as [41],

L.P

<R;>=K'—F—
d ne(0). Tg(0)

(3.10)

where P = pressure of neon buffer gas, ne (0) = axial peak electron density, T4 (0) = axial gas
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temperature and K’ is a constant (depends on electron temperature). Therefore, for a given laser
tube/system, the tube resistance is inversely proportional to the electron density and gas
temperature. This peak electron density is also a function of pre-pulse electron density (neo) as
it grows from the neo. The pre-pulse electron density and the electron energy distribution
function, hence the electron temperatures, are closely related and depend on the electrical
discharge parameters [34, 35]. The ne can be evaluated from the laser discharge V & | pulses

and is given as [123],

Neo = — [P I(t)dt (3.12)

evy,

where e is the charge of electron, VL =zr1?l, is the laser active volume and t, is the time at
which break down occurs (Fig. 3.1b). Fig. 3.7 shows the variation of the estimated ne, with
Pin.. With the increase of Pin from 5.6 kW to 10 kW, neo increases by an order from ~10° to
~10% c¢m3. This figure is 2-3 order lower than the conventional CVL and is accounted by
resonant DA process of the low-energy/inter-pulse electrons with HBr (equation 1.16)
[120,121]. Similarly, to have an assessment of gas temperature effect on laser discharge

resistance, axial gas temperatures are calculated for different Pin, using equation 2.5. The
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estimated values of T4 (0) are 1935 K, 2075 K, 2175 K, 2225 K, 2295 K & 2385 K for the Pin
of 5.6 kW, 7 kW, 7.6 kW, 8.3 kW, 9.5 kW & 10 kW respectively for Cu-HBrL 4. It is evident
that both the parameters, ne (0) and T4 (0), increase with increase of Pin and hence are

responsible for decrease in the tube resistance.

3.3.2.2 Average electrical power deposition in laser discharge

Fig. 3.8 a shows the variation of the average values of transferred electrical power from
the pulser to laser head (calculated ignoring L, using equation 3.8), to the Cu-HBrL discharge
plasma (calculated taking L into account, using equation 3.3) and the active laser efficiency
(=Pout/Paump). As Pin increases from 5.6 kW to 10 kW, the electrical power transferred to the
laser head increases from ~2.3 kW to ~4.7 kW, out of which the corresponding electrical power

coupled to the laser discharge are ~2.2 kW to ~4 kW respectively. The corresponding laser
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Fig. 3.8 Variation of (a) average electrical power transferred to the laser head, to the laser
discharge & the active laser efficiency and (b) fractional electrical power transferred

to the laser head, to the laser discharge & fractional power loss for Cu-HBrL 4 with Pin

tube conversion efficiency decreases from ~3.2% to ~2.8% even though the laser output power
increases from 70 W to 110 W. However, the corresponding fraction of the electric power

coupled to the laser plasma (Pdump/Pin) remains almost at a level of ~40%, even though the
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fractional power transferred to the laser head (Pnead/Pin) keeps on increasing from ~40% to
~47% as Pin increases from 5.6 kW to 10 kW (Fig. 3.8 b). It is interesting to note that at the
lower Pin of 5.6 kW, though L is the highest but the fractional drop of the electrical input,
accounted for the distributive stray circuit elements, is less than 1% and keeps on increasing
upto ~7% at Pin~10 kW. This is consistent with the fact that for Pi, of 5.6 kW, dl/dt (10 - 90%)
is ~1 x 10° A/s against ~3.6 x 10° A/s for input power of 10 KW. The differing values of L and
dl/dt, for different Pin, account for a voltage drop of 1.8-1.9 kV and 3.5-3.6 kV for Pi, of 5.6
kW and 10 kW respectively. Therefore, the analytical results are in agreement with observed

trends of laser output power and laser tube efficiency.

3.3.3 Role of other operating parameters

The influence of other experimental parameters such as HBr concentration, buffer gas
flow rate, gas pressure and PRR are also analysed in a similar fashion from the recorded V-I
waveforms. Figs. 3.9 show the variation in transferred electrical power to laser head &
discharge along with average laser output power with HBr concentration (Fig. 3.9 a), buffer
gas flow rate (Fig. 3.9 b) and buffer gas pressure (Fig. 3.9 c). For these conditions, the data
have been recorded/analysed at Vcs fixed at 770 V corresponding to Pin of 9.5 kW at 16 kHz
PRR on Cu-HBrL 4. Itis observed that the HBr concentration affects significantly the energy
coupling behaviour to the Cu-HBrL discharge. With the variation of HBr concentration from
3% to 10%, the average laser out power varies from 54 to 77 W with a peak of 105 W at around
7% HBr concentration. Interestingly, Phead also varies from 2.8 to 3.8 kW with a peak of 4.4
kW at 7 -8% HBr concentration. On the other hand, the average electrical power coupled to the
Cu-HBrL discharge changes from 2.2 kW to 2.9 kW with maximum deposition of ~3.7 kW.
This corresponds to variation of fractional energy dumping (Paump/Pin) of ~23% to ~31% with
maximum of ~39%. Similarly, with the variation of flow rate from 2 to 6 lit.-atm./hr., the laser

power changes from ~40 W to ~105 W at constant Pi, of 9.5 kW. The corresponding
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Fig. 3.9 Variation of transferred electrical power to the laser head (Phead) & discharge

variations in Phead and Pqump are ~2.2 to ~4.3 kW and ~1.8 to ~3.7 kW respectively. This

corresponds to variation in the fractional energy dumping from ~19% to ~39%. As the buffer

gas pressure is varied from 20 to 50 mbar, the laser power changes from 95 to 88 W with a

peak of 105 W at ~35 mbar. This is in accordance with maximum power transferred to the laser

head (4.4 kW) as well as to the laser discharge plasma (3.7 kW) at ~35 mbar pressure. This

corresponds to the fractional energy coupling of ~39%. At the other extremes of 20 & 50 mbar,

the corresponding values are 4.1 kW, 3.3 kW, 35% & 4 kW, 3.2 kW, 34 % respectively.

Fig. 3.9 d shows the effect of PRR on Pnead, Paump and laser output power for Cu-HBrL
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4. The PRR is varied from 15 to 18 kHz, in a step of 1 kHz, at fixed Vcs of ~800 V, which
corresponds to variation in Pi, from ~9.5 to ~11 KW. The corresponding values of Phead, Pdump
and laser output power increased from ~4.4 to ~4.7 kW, ~3.8 to ~4.1 kW and ~104 to ~110 W
respectively. However, the fractional energy dumping into laser active medium changed from
~40% to ~37%. These variations in the fractional energy coupling and laser output power are
mainly attributable to variation of discharge impedance and/or lasant copper density for the
different operating parameters. Similar rigorous analysis of electrical power coupling for Cu-
HBrL 2 & 3 is also carried out. It is observed that the energy coupling trends are similar to that
of Cu-HBrL 4 presented above [156]. At the optimum condition, about ~40 % of the switched
input power is coupled to the laser plasma, in both the Cu-HBrL 2 & 3. Based on this, the laser
tube efficiencies of Cu-HBrL 2 and Cu-HBrL 3 are ~2.2% and ~2.3% against that of ~2.8%
for Cu-HBrL 4. The corresponding specific electric input power coupled becomes ~3.1 kW/lit.,
~2.6 kW/lit. and ~1.6 kW/Ilit. for Cu-HBrL 2 to 4 respectively (for respective active pumping
zone or laser beam output diameters of ~3 cm, ~3.5 cm & ~4 c¢cm). The respective specific
output powers come out to be ~70 W/lit., ~60 W/Ilit. and ~45 W/lit. These observations are in
line with the fact that for higher specific input power the laser efficiency decreases due to
increased gas heating effects [172].

The behaviour of power coupling efficiency, for the solid state pulser used, can be
understood as follows. The solid state pulser (Fig. 2.5a) contains several IGBT switches (4
Nos.), a pulsed transformer and three stages of MPCs. These elements introduce losses (core
loss: Pcore, COpper 10ss: Pcopper €tC.) When the electrical power is transferred from the storage
capacitor (Cs) to the laser head. For example, the losses for an MPC stage are given as [170],

Pore =M . Vi Ey. f (3.12)

3 2 [3/2
— -7 cv f lwire
Propper = 2.923 x 10 /2 v (3.13)
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where M’ = number of torroids used in the MPC, V1= volume of one torroidal core, Eq = energy
dissipated per pulse per m®, C = capacitance of the storage capacitor of the MPC, V = peak
voltage on the capacitor of the MPC, lwire = length of the wire and dwire= diameter of the wire
used in the torroid. The volume of MPC core (M.V7) is dependent on several parameters such
as compression ratio, energy per pulse handled by MPC, magnetic flux amplitude on core, core
packing factor and magnetic permeability of core material [170]. It is obvious that for a given
MPC the loss increases with increase of PRR (equations 3.12 & 3.13). MPCs used in
conventional CVLs typically at PRR of about 5 kHz introduce 10-20% power loss per stage
[168-170]. On the other hand Cu-HBrLs operate at around 3-4 times higher PRR as well as C
and V values are different. The losses with Cu-HBrL per stage of MPC will be higher than that
in a CVL. This is consistent with the observed large fraction losses in three stage MPC based

power supply as employed in the present work on Cu-HBr lasers.

3.4 Pulse pumping behaviour with thyratron pulser

The electrical discharge analysis of Cu-HBrL (Cu-HBrL 1) vis-a-vis conventional CVL
of equivalent tube geometry and excitation circuits (thyratron based CT-circuit) is also carried
out and compared. Both the Cu-HBrL 1 and CVL consist of discharge tube of almost equivalent
dimension i.e. bore dia. 5 cm vs. 4.7 cm & length 130 cm vs. 150 cm (Table 2.1). The Cu-
HBrL produces 42 W average power@18 kHz PRR with 1.1% efficiency (based on Pin)
operating with neon gas pressure of ~30 mbar, Cs/Cp=2 nF /1.2 nF & L = 1500 mH. On the
other hand, the CVL produces 33 W output power @ 6.5 kHz PRR with 0.7% efficiency
operating at with neon gas pressure of ~25 mbar, Cs/Co=5nF /2 nF & L =400 mH.

Figs. 3.10 a & b show the digitized version of recorded V/I waveforms of Cu-HBrL &
CVL at their respective maximum power conditions. The recorded actual pulses are shown in
Figs. 3.2 a & d. It is seen that there is a delay between the onset of the discharge voltage and

current pulses in both the lasers. However, the delay is ~65 ns in case of the Cu-HBrL as
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Fig. 3.10 Digitised recorded discharge voltage (a) & current (b) pulses for Cu-HBrL & CVL

compared to ~30 ns in CVL. More interestingly, in case of Cu- HBrL, the process of avalanche
of the discharge electrons takes place at ~15 ns before the maxima of the discharge
voltage/break-down whereas the same occurs at ~80 ns in case of the CVL. The discharge
voltage attains a peak of ~15 kV & ~12.6 kV whereas the discharge current attains a peak of
~150 A & ~240 A respectively for the Cu-HBrL and CVL. The rise time & half period of the
current pulse duration are ~60 ns & ~130 ns respectively for the Cu-HBrL and ~130 ns & ~350
ns respectively for the CVL. The estimated values of L, using equation 3.2, are ~750 nH and
~500 nH for the Cu-HBrL & CVL respectively. The larger L value in the Cu-HBr laser is
expected due to discharge quenching phenomena (equation 3.9). The higher value of discharge
current in CVL as compared Cu-HBrL is attributed to higher value of Cs used (5 nF vs. 2 nF)
as well as higher neo in CVL (=10 cm vs. ~10% cm3, estimated using equation 3.11). On the
other hand, shorter current pulse rise time in a Cu-HBrL is a combined effect of use of low
value Cp (1 nF vs. 2 nF) as well as role of DA action of HBr for removal of pre-pulse electrons
[33,121].

Based on the calculated discharge loop inductance values, the corresponding active
peak voltages, Vq(p) are estimated to be ~13.2 kV and ~11 kV respectively for the Cu-HBrL and

CVL. These values are about 12-13% less as compared to measured peak discharge voltages.
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Fig. 3.11 Temporal variation of active electrical power (a) & discharge resistance (b)

for Cu-HBrL & CVL

Figs. 3.11a & b show the temporal characteristics of the active electrical power and discharge
resistances respectively for both the lasers under investigation. The peak deposited electrical
powers & the duration of power deposition are around 1115 kW & 100 ns for Cu-HBrL and
2030 kW & 170 ns for CVL respectively. The pulse energy deposited, till any time t, can be
evaluated from the area under the Paump Vs. t curve (Fig. 3.11 a). For self-terminating, short
inversion time Cu-HBr and CVL, it is the energy deposited in the initial fast rising part of the
curve (Fig. 3.11 a) that dictates the laser power achieved. The calculated rate of active power
deposition is ~1.08 MW/s (= 65 mJ/60 ns) for Cu-HBrL and ~0.77 MW/s (= 100 mJ/130 ns)
for CVL. This faster rate of power deposition in Cu-HBr laser is consistent with its faster
collapse of discharge resistance (Fig. 3.11 b) as compared to CVL. This is in line with the
observed higher laser power & efficiency for the Cu-HBrL as compared to the CVL of almost
same dimension.

The Cu-HBr laser has also scores over the CVL in terms of better beam profile & faster
attainment of full laser power as shown in Figs. 3.12 a & b respectively, for the present
investigated case. The radial intensity profile of CVL has on-axis minimum as compared to on-

axis maximum (quasi-Gaussian profile) for the Cu-HBrL (Fig. 3.12a). The output beam width
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Fig. 3.12 Radial intensity profiles (a) and laser power build up (b) in Cu-HBrL & CVL

is almost same as the discharge tube diameter for CVL while it is ~60% of the discharge tube
diameter for Cu-HBrL. These differences are due to axial peaked nature of laser gain and
discharge quenching phenomena in a Cu-HBr laser, as explained earlier (sections 1.4 & 3.3).
The laser start-up and subsequent power build-up time of the Cu-HBrL is almost one third that
of the CVL (Fig. 3.12 b). This is due to lower working temperature as well as better coupling

of electrical energy from the pump source to laser the discharge in a Cu-HBrL.

3.5 Comparison with the published results and further scope

The analysis of the discharge characteristics and performance of laser system presented
here is consistent with the published related results on high power copper lasers. For a high
power, large bore Cu-HBrL (216 W from 8 cm bore, 300 cm long tube) system based on
MOSFET array & 3 stages of MPC combinations, the fractional power deposited in the laser
tube was in the range of 20 - 40% for different electrical input powers (33-36 kW) and PRR
of 16-18 kHz [7]. The power deposition fraction for a high average power large bore KE-CVL
(312 W @ 5 kHz PRR from 8 cm bore, 300 cm long tube) using similar pulser (IGBT-MPC)
configuration was ~30% [92]. These losses have been ascertained by calorimetric methods.

Similar studies with conventional CVL (30 W @ 5 kHz from 4.2 cm bore, 150 cm long
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tube) with a solid state pulser of similar configuration (IGBT + 3 stages of MPC) confirmed
that ~50% of Pin was deposited into the laser tube [168]. Though IGBT-MPC based pulser is
less efficient in depositing energy in CVLs, they are preferred due to their high average power
handling at high PRR, long life times and operational reliability [168]. Therefore our analysis
of power deposition of ~40% for Cu-HBrL 2 to 4, ~80% for Cu-HBrL 1 and ~70% for the CVL
in the laser tubes are within the range of the reported results and is even better than similar high
power 15-20 kHz repetition rate copper laser device. The difference in values of various
deposition fractions is due to difference in employed topology, power handling, MPC volume
and hence stray inductance etc. as obvious from equations 3.12 & 3.13. We believe that the
coupling fraction of electrical input power into discharge plasma can be increased by better
design of modulator. This can be achieved by making the MPC more compact to reduce stray
inductance and allowing the compression ratio to be retained for smaller core volumes as well
as by sharpening the current pulse rise time by lowering L. However higher power handling is
always associated with higher MPC volume and hence more power loss. The laser performance
presented is also comparable with similar 100 W class Cu-HBrL systems [5, 6, 9, 10]. The
different laser systems differed in terms of excitation schemes (CT scheme or IC scheme) and
laser volumes used. It is also interesting to note that part of the Paump (10-15%) is also lost in
the heating of the electrodes [172]. Though we have not carried out analysis for the power lost
in the electrodes, but assuming ~90% of the Paump IS Used in heating the laser plasma, the active
laser tube efficiency would be more than 3.5% at the maximum laser output power level.
Further 15-20% enhancement in laser extraction efficiency can be realised by avoiding the

parasitic cavity losses due to discharge sealing end windows [5, 6].

3.6 Conclusions
In conclusion, this chapter presented a comprehensive analysis (both time resolved &

time averaged) on the electrical pulse pumping characteristics of the developed 40 to 110 W
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average power Cu-HBrLs (Cu-HBrL 1 to 4). The analyses are carried out by numerically
processing of the laser head voltage and current waveforms, for various laser operating
parameters and active volumes. During transfer of energy to the laser discharge plasma,
fractional losses at the modulator are evaluated. The average laser performances at various
input powers are correlated with evaluated gas discharge parameters. A comparative
performance study between Cu-HBrL & CVL of equivalent geometry, pumped by thyratron
pulser, is also carried out. It is concluded that for IGBT-MPC solid state pulser, the energy
coupling to the active medium is ~40% and for the thyratron pulser this value is 70-80%. For
the solid state pulser the energy loss is due to loss in MPCs, pulse transformer & IGBT used
whereas for thyratron pulser it is due to the switch itself. Between the Cu-HBrL & CVL, the
energy coupling in the Cu-HBrL is better than that of CVL (~80% vs. ~70%) and is attributed
to better impedance matching behaviour for the former. This study provides guideline for the
efficient electrical pulse pumping of a Cu-HBrL vis-a-vis quick laser power optimisation by

monitoring and online analysis of the laser discharge voltage & current waveforms.
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Chapter 4

Studies on HBr gas purification for performance enhancement of
Cu-HBr laser

4.1 Introduction

It has already been pointed out that HBr gas is the most crucial component of a Cu-
HBrL and is responsible for its success with high-performance. Just to recapitulate, the HBr
reacts with copper metals in the discharge region to produce molecular complexes of copper
bromide which dissociate to produce lasant copper atoms at low temperature [111]. It also
lowers the pre-pulse electron density of the discharge by dissociative attachment (DA) reaction
[120, 121]. Out of the various gases used for copper laser performance enhancement, HBr gives
the best result owing to its higher DA cross section and stability [65, 112]. Therefore, any
impurity present in HBr gas, is very likely to poison the discharge due to its deleterious effects
on the evolution of intra-pulse electron energy distribution and discharge parameters. This will
affect the laser kinetics adversely and degrade the laser performance. Due to extremely
corrosive/reactive nature of HBr, the impurities such as dissociation and reactant products
creep in during the overall process of its manufacturing, storage and handling [163, 173-175].
For this reason, industrially processed HBr gas has typical shelf-life of about six months which
is mainly limited by catalytic disintegration of HBr molecule into hydrogen and bromine [163].
In this context, in a Cu-HBrL, the HBr gas used should be devoid of free hydrogen and bromine
components. Hence, it is essential to check the purity of HBr gas prior to its use in a Cu-HBrL
and devise a methodology to remove residual impurities present, which are detrimental to the
laser output performance. However, this issue has not been paid sufficient attention in the field.

This chapter presents the details of a purification process of HBr gas by fractional
distillation technique and evaluation of the purified HBr gas for improving the performance of

developed Cu-HBr laser in a test set up. The principle of the purification technique,
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development of a suitable HBr gas purification set up and mass spectrometry analysis
before/after the purification process are presented. The purified HBr gas is utilized for
enhancement of the laser output power, followed by an analysis of its discharge characteristics
to understand the physical mechanism. More than 30% improvement in the laser output power
of Cu-HBrL, has been demonstrated with the purified HBr gas. The effects of the distilled HBr
gas on the laser output power, efficiency and beam diameter are presented. The electrical
discharge characteristics such as change in discharge impedance and electrical power coupled
into the discharge are analysed for both the distilled/undistilled HBr gases. The underlying

physics responsible for the improved laser performance with purified HBr gas is discussed.

4.2 The HBr gas purification by fractional distillation

4.2.1 Principle of purification process

The principle of HBr gas purification is to reduce the residual concentration of
hydrogen and bromine. The purification process is based on fractional distillation of the
constituents. It utilizes the fact that the vapour pressure of gases is a function of temperature as
well as its nature/type. In the present case, a two-step fractional distillation is used which can
be understood as follows. The vapour pressure data of HBr and Br. as well as their ratios at
various temperatures are given in table 4.1 [176]. At temperature of -196 °C, both HBr and Br»
are solid as their melting points (MP) are -87 °C and -7 °C respectively [175, 177]. However,
at this temperature, Hz remains in gaseous state as its MP is -253 °C [175]. Hence at -196 °C
(liquid nitrogen temperature) the H> molecules are sucked out leaving behind the solid form
HBr and Br in the container. Then the temperature of the vessel containing the residual HBr
& Br; is increased to about -20 °C (ice-salt temperature). At this temperature, the HBr is in
gaseous form as its boiling point is at -67 °C whereas Br, remains solid and is trapped on the
wall of container. The HBr gas obtained after this distillation process is almost free from

hydrogen and is expected to have the Br, content of less than 0.5%.
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Table 4.1 Vapour pressure of HBr & Br, and their ratios at different temperatures [176]

Temperature (°C) PHar (torr) Per2 (torr) Per2/ PHgr
-196 ~10® <10® -
-171 ~107 ~1013 ~10H
-151 ~10* ~10° ~10°8
-85 ~10? ~10 ~10*
-64 ~103 ~10* ~10
-20 ~10* ~10 ~103
0 ~10* ~10? ~102
25 ~2 x 10* ~10? ~0.5x 10

4.2.2 Set up for HBr gas purification

Based on the above principle and vapour pressure data (table 4.1), an experimental set
up is designed for HBr gas purification. Fig. 4.1 shows the schematic of the purification set up
and its use in Cu-HBrL. It consists of two independent cooling units for cooling down to

temperature of -196 °C and -20 °C. The first unit/stage of the distillation set up consists of a
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Fig. 4.1 Schematic of the HBr gas purification set up used in Copper-HBr laser
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cryocan containing liquid nitrogen. The second unit consists of a heat insulated box containing
crushed ice with added common salt to lower the temperature to -20 °C. The temperature is
constantly monitored using a thermocouple based temperature sensor. The lowering of the
temperature of the salt-ice mixture (from 0 to -20 °C) is understood on the basis of shifting of
equilibrium of chemical potentials of the species involved [178].

The whole HBr purification process is as follows. Some quantity of HBr gas (Air
products, UK) is filled in a clean and leak proof (Helium leak rate < 10° mbar-lit./s, tested
using a Helium mass spectrometer leak detector) small stainless steel cylinder of volume about
350 cm? (length ~ 50 cm, bore diameter ~ 3 cm). This cylinder is then immersed in a cryocan
containing liquid nitrogen to cool it down to temperature of -196 °C. At this temperature, the
residual gases present in vapour phase are removed from the cylinder by a vacuum pump. Then
the HBr container is taken out of the cryocan. The temperature of the cylinder goes up and so
also the vapour pressure of its constituents. The gas mixture, left in the steel cylinder, is passed
through a long (~20 m), thin walled stainless steel capillary (outer diameter ~3 mm) coil placed
in the second stage of the distillation unit, the box containing common salt & ice mixture. The
long capillary coil is chosen to promote the effective entrapment action at its inner wall due to
its high ratio of surface area to volume. The purified HBr (largely devoid of H> & Br2) gas
coming out of the capillary is injected into the Cu-HBrL discharge medium through the
developed precision HBr gas mixing set up (section 2.2.3). A small part of the distilled gas,
obtained after second stage, is collected and diluted with Neon gas (1 mbar HBr + 10 mbar
Neon) measured using a stainless steel diaphragm vacuum gauge for mass spectrometric
analysis. This analysis is then carried out using a quadrupole mass spectrometer (Larimax DQC
2000: Anglo Scientific Instruments, UK).

4.2.3 Mass spectrometry of the HBr gases

Figs. 4.2 a & b show the recorded mass spectra of the distilled and the undistilled HBr
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101




gases respectively, taken with the quadrupole mass spectrometer. The vacuum chamber, with
which the spectrometer is attached, has equal bleeding gas mixture pressure of ~3 x 10~ mbar
in both the cases of HBr studied. Both the spectra show the distinguished peaks of Neon, HBr,
H», H, Br2 and Br very well. The peaks at mass numbers 1 and 2 correspond to atomic and
molecular hydrogen respectively. The peaks at mass numbers 20 and 22 are of two natural
isotopes of neon. The peaks at 79 and 81 are of natural isotopes of atomic bromine, whereas
peaks at mass numbers 158, 160 and 162 are that of molecular bromine of different isotopic
composition. The other smaller peaks observed are possibly resulted from back streaming
rotary & diffusion pump oil, reaction products of HBr with the vacuum chamber/spectrometer
wall material, reaction of trace carbon compounds with trace oxygen at the heated filament of
the mass spectrometer ion source as well as filament of the ion gauges and the presence of trace
atmospheric impurities [179]. It is seen that in case of the distilled HBr, the peaks of H, Hz, Br
and Brz are of much lower strength as compared to that of the undistilled HBr gas. In addition,
the peak heights of HBr in distilled case are also higher as compared to that of the undistilled
one. This confirms that after the fractional distillation the residual impurities (H/H2, Br/Br>)
present in the HBr gas are considerably reduced.

The observed mass spectrum can be understood as follows. In a quadrupole mass
spectrometer, molecules of a gas mixture undergo ionization and/or dissociation-ionization due
to collisions with electrons energised by the applied electric field. The ions are separated by
the quadrupole mass filter depending on their mass to charge ratio [179]. Hence, in the mass
spectra of molecules in a quadrupole mass spectrometer, which is characteristic of gas
composition, peaks of both the molecules as well as their dissociation products are expected.
Therefore, the exact concentration of the residual impurity present (H> & Brz) cannot be
quantified using this mass spectrometry technique. However, in a comparative study as carried

in our case, this spectrometry gives fairly good relative information. In both the spectra of the
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Figs. 4.2 a & b, several peaks of differing heights corresponding to a given species are
observed. These are attributable to their different isotopes as well as abundances [180]. For
example, the two peaks of atomic bromine, at mass number of 79 and 81, are almost of equal
heights and is a consequence of the fact that atomic bromine has two natural isotopes at the
above mass numbers with their natural abundances of 51% and 49% respectively. Based on
statistical analysis, molecular bromine is expected to have three distinguished peaks at mass
numbers 158, 160 and 162 with typical ratios of 1: 2 : 1i.e. "Br-"°Br : "°Br-®'Br : 8!Br-8!Br =
1:2: 1. Similar arguments can also be extended to explain two observed peaks of almost equal
heights for HBr. Here the hydrogen atom (with one major natural stable isotope of mass
number 1, abundance 99.985%) combines with two bromine isotopes to form HBr molecules
of mass number 80 and 82 i.e. 'H-"°Br & H-8!Br.

It is worth mentioning that, being highly corrosive and moisture sensitive in nature, the
shelf life of HBr gas depends on several factors such as handling, cylinder material used and
the leak integrity of the systems involved. Though it is not feasible always to carry out purity
check before use and neither is it practical too, but a tell-tale sign of the laser head voltage-
current waveforms can be taken as an indicative to adjudge the HBr purity. This is discussed

in the next section.

4.3 Effect of purified HBr gas on the performance of Cu-HBr laser

The purified HBr gas is used in Cu-HBrL to see the effect of purification on the laser
performance as compared to that of with unpurified case. The study is carried out in Cu-HBrL
1. The laser output powers and near-filed radial beam intensity profiles (by knife edge scan,
immediately after the beam exit window) are studied. The laser discharge voltage and current
waveforms are recorded, for both the cases, in the similar way as discussed in chapter 2. The
laser operating parameters (input power, buffer gas pressure & flow rates) are maintained at

same optimum level corresponding to undistilled HBr gas i.e. input power = ~3.7 kW, buffer
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gas pressure = ~30 mbar, HBr concentration = ~6%, buffer gas flow rate = ~3.5 lit.-atm/hr.
(see table 2.2, Cu-HBrL 1). The uncertainties in HBr partial pressure and gas flow rate, which
are mainly guided by the control electronics of the mass flow controller and resolution of the
ultra-precision (flow coefficient ~ 0.0004) needle valve used, are around 1%. However, the
measured laser output powers along with the laser voltage-current waveforms have been used

as an additional reference for ensuring the repeatability of the experimental conditions.

4.3.1 Laser output performance

With the use of the distilled HBr gas, the maximum average laser output power obtained
is 55 W at switched electrical input power Pin ~3.7 kW (Fig. 4.3a). On the other hand, at this
condition with undistilled HBr gas, the maximum average laser output power is 40 W. This
corresponds to an increase of about 37%. The corresponding increase in the laser efficiency is
from ~1.1% to ~1.5%. The stability of the average laser output power, observed over a period
of one hour, is also better with the distilled HBr case as compared to the undistilled one i. e.,
+1% (55 £ 0.5 W) vs. £ 2.5% (40 £ 1 W). In both the cases, the laser spatial intensity profiles
are axially peaked and very smooth Gaussian like (Fig. 4.3 b). However, for the case of purified

HBr gas, the axial concentration of laser output power is more as compared to that of the
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undistilled HBr case. The laser discharge is less quenched in case of the purified HBr gas and
the beam output diameter is found to be increased to ~4 cm (purified HBr gas) from ~3 cm

(unpurified HBr gas).

4.3.2 Laser discharge characteristics

In a Cu-HBrL, the improvement of laser performance has been attributed to
improvement in electrical discharge characteristics resulting from addition of HBr, as discussed
in chapter 3. These include increase in laser head voltage, lowering of pre-pulse electron
density, better penetration of radial electric field into the discharge region and better impedance
matching [7, 120, 121]. In view of this, the laser head voltage-current waveforms are recorded
and analysed, in a similar way as discussed in chapter 3 (section 3.2). Figs. 4.4a & b show the
digitised version of the measured laser head voltage and current waveforms respectively for
both the cases of HBr. The temporal characteristics of the head voltage and current are different
for the two types of HBr gas used. The maximum laser head voltage for the case of distilled
HBr is ~17 kV, which is about 13% more than that of the undistilled case, i.e. ~15 kV. Also,

the falling edge of the head voltage is slightly faster and beyond the half sinusoidal period,
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its magnitude is lower in case of the distilled HBr gas as compared to the undistilled one.
Similarly, the discharge current rise-time (5-95%), in case of the distilled HBr gas, is ~60 ns
against ~80 ns with that of the undistilled one. Additionally, beyond the half sinusoidal period,
its magnitude is also lower in case of the distilled HBr. However, there is only minor increase
(~3%) in the peak discharge current (lp), from ~150 A to ~155 A, for the case of undistilled

HBr gas against that of the distilled HBr gas.
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The active electrical pulse power depositions into the discharge in both the cases are
evaluated. The value of discharge loop inductances (L), calculated using the equation 3.2, are
~900 nH and ~700 nH respectively for the case of undistilled HBr and distilled HBr gases.
Based on this estimation and using equation 3.1, the corresponding peak active voltages are
~13.9 kV and ~15.3 kV. Figs. 4.5 a & b show the temporal variation of active electrical power
and discharge resistance. The peak active electrical power (equation 3.3) increases from ~1211
kW to ~1391 kW whereas the dynamic discharge resistance (equation 3.4) undergoes a swing
from ~1190 to ~11 ohm and ~2465 to ~14 ohm when distilled HBr gas is substituted by the
undistilled gas. In addition, the collapse of the dynamic discharge resistance occurs at a much
faster rate in case of distilled HBr gas as compared to the undistilled one i.e. ~2450 ohm within
100 ns vs. ~1180 ohm within 120 ns. Similarly, the average value of the discharge resistance,
given as the ratio of peak value of active voltage to peak value of the discharge current
(equation 3.6), are ~90 ohm and ~102 ohm respectively for the undistilled and distilled HBr
gases. The average electrical power deposited into the laser plasma (estimated using equation
3.5) are ~3.2 kW and ~2.9 kW respectively for the case of distilled HBr gas and undistilled
HBr gas. More importantly, the active electrical power within first 100 ns of the excitation
pulse, which plays a vital role in deciding the laser performance, are ~3 kW and ~2.6 kW

respectively for the distilled and undistilled HBr gases.

4.3.3 Analysis and discussion

The improvement in the discharge characteristics and hence the laser performance of
the Cu-HBrL can be understood by considering the discharge plasma kinetics with undistilled
and distilled HBr gases. In a Cu-HBrL, it has been demonstrated that the optimum laser
performance is crucially linked to the HBr partial pressure and its flow rate [130, 167]. In
another study on CuBr laser with HBr and H. additives, it has been concluded that the optimal

conditions of gas mixtures are necessary for improving the laser performance [181]. In a Cu-

107



HBr laser, the HBr partial pressure/flow rate governs the ground state copper atom density
whereas its flow rate replenishes the diffusion loss of atomic bromine [15, 167]. In the case of
undistilled HBr gas, the injected gas component consists of HBr molecules and their
dissociation products i.e. H2 and Br. It has also been demonstrated, from both the experimental
results and numerical calculations, that impurities such as excess concentration
(atomic/molecular) of bromine and/or hydrogen poison the copper laser discharge in general
and adversely affect its performance [62, 90, 99, 182]. The toxic effects of free hydrogen and
bromine on Cu-HBrL are manifested through many interlinked processes as detailed below.
(a) Reduced optimal DA process: As outlined previously, out of various gaseous
additive used for CVL performance improvement e.g. Ho, Br2, Cl2, HBr, HCI and HI etc., HBr
gives the best performance owing to its higher DA rate constants during inter-pulse period as
well as its stability [65,121]. For example, at electron temperature of 0.2-0.25 eV (typical
during inter-pulse period), the DA rate constants for Hz, Br, and HBr are ~10"1" cm®/sec,
~10"1 cm3/sec and ~10° cm®/sec respectively [121]. Therefore at the same concentration of
undistilled HBr and distilled HBr gas (~1.5 mbar in our case), the effective DA rate of the
undistilled HBr (mixture of HBr, H2 & Br») is expected to be lower than that of the distilled
one (mixture of ~0.5% Br, and HBr). This, in turn, is reflected in terms of higher phantom
current [118, 120] (current flowing through the laser tube prior to discharge break down,
reflected as a kink in current pulse) and delayed collapse of discharge resistance in Cu-HBrL
with undistilled HBr gas as observed in our case (Figs. 4.4 a & b). This is also the reason why
the discharge resistances (both average and dynamic values), laser head voltage as well as the
electrical power coupled (both peak as well as average values) to the laser discharge, are higher
in case of distilled HBr as compared to the undistilled one. These considerations lead to the

poorer laser performance with impure HBr gas.
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(b) Reduced ground state copper density: It is expected that the ground state copper
density, available prior to onset of the excitation pulse, would be less in case of Cu-HBrL with
undistilled HBr gas as compared to that of distilled one. This is because of three reasons. First,
more efficient DA process in case of distilled HBr is also expected to lead to a better recovery
of the ground state copper density through the process of fast two body neutralisation of copper
ions with bromine and hydrogen ions (equations 1.19 & 1.20) [120,121]. Second, excess
concentrations of hydrogen and bromine in Cu-HBrL discharge (in case of undistilled HBr gas)
are likely to deplete/lock the ground state copper density in the form of CuBr and CuH i.e.,
Cu + Br/H — CuBr/CuH [99]. These processes of locking of copper atoms are expected to be
lower in Cu-HBrL with distilled HBr gas. Third, the partial pressure of pure HBr gas injected
into the laser discharge is expected to be more than that of undistilled HBr gas consisting of
three components (HBr, Br2 & Hy). This, in turn, contributes more copper ground state density
for efficient lasing [167]. So, possibly the reduced ground state copper density along with
slower discharge pulse rise time (~ 80 ns vs. ~ 60 ns.: Fig. 4.4b) in case of Cu-HBrL with
undistilled HBr gas lead to lower laser power, as observed.

(c) Adverse electron energy distribution: In case of undistilled HBr gas, the presence of
excess free Brz and Hz, may also lead to the electron energy distribution function unfavourable
for efficient laser level pumping. This is because of the inefficient DA process and higher
plasma conductivity. This leads to slower build-up of electron temperature during initial part
of the excitation pulse that results in poorer laser performance [121]. In addition, Cu-HBrL
discharge plasma with pure HBr contains adequate amount H/Br concentration for efficient
laser kinetics. So any excess concentrations of the free Br> and Hy, present in Cu-HBrL
discharge, are also expected to share the electron energy during the pumping process through
additional routes of increased inelastic collisions thus making the laser pumping inefficient

[121, 90, 182].
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The increase in radial extent of the Cu-HBrL discharge with distilled HBr gas can be
attributed to be a combination of increased penetration of the radial electric field into the
discharge and effect of reduced discharge quenching. The lower phantom current in case of the
distilled HBr gas (Fig. 4.4b) is a signature of lower pre-pulse electron density and hence
increased skin depth of the radial electric field into the plasma [122]. In addition, in a Cu-HBTrL,
the negative ions formed by the DA process i.e. Br-and H-, constrict the discharge by enhancing
their volume recombination with copper ions e.g. Cu™+ Br/H — Cu + Br/H. This takes place
around the axial region of the discharge tube because of higher degree of ionization of copper
atoms on the tube axis as compared to the tube wall [122,124]. Both these factors contribute to
increase in the overall laser gain. As the input power coupled into the plasma increases, the
electron density during the excitation pulse also increases which lead to increased filling of the
discharge tube cross section by the discharge current. This explains the increase of spatial
extent of the electrical discharge/near-field laser beam diameter in case of distilled HBr gas.
Additionally, lowering of free hydrogen and bromine concentration in distilled HBr gas reduce
the discharge quenching effect [90, 99]. All these effects are expected to be responsible for
increase in laser output beam diameter as observed in the present study and by others too [124,
99, 118].

Further, the increase in spatial extent of the electrical discharge in a given laser system
not only increases the laser gain volume but also leads to reduction of L (discharge inductance)
as estimated [124, 41]. The reduction of L further sharpens the rise of the discharge current as
its rise time goes as V(LCp), where C, is the capacitance of the peaking capacitor mounted on
the Cu-HBrL head [41,131]. This in turn favours the increase in fractional electrical energy
coupling during first 100 ns of discharge period, as observed. Additionally, substantial increase
of discharge channel diameter vis-a-vis marginal increase in peak discharge current lead to

decrease in current density (~21 A/cm? to ~12 A/cm?), which further lowers the depletion of
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ground state copper density through lowering of ionization of copper atoms. So, increase of
ground state copper density together with faster current pulse favours higher laser gain and
hence higher laser power as observed with distilled HBr gas. Therefore, the improvement in
the Cu-HBrL performance with distilled HBr gas is attributed to lowering of concentration of
free bromine and hydrogen. This is mainly manifested as the increased average electrical
energy coupling to the discharge and improved laser kinetics. The reduced skin effect and
increased volumetric ion-ion recombination increase the radial extent of electric discharge that
led to larger laser beam diameter.

Similar observations of degradation of laser performance due to excessive
concentration of Hz and Br. has also been reported in CuBr-H> laser and special electrode
designs have been considered to trap the excessive bromine [126,104]. Degradation of Cu-
HBrL performance at high specific electrical input power (~3 kW/m), that lead to thermal
dissociation of HBr molecule due to increased gas temperature, has also been reported [14].
With addition of Br, to elemental CVL, continuous degradation of the average laser output
power has also been observed [90]. In a separate experiment by us, the degradation of the Cu-
HBrL average output power from 40 W to 27 W has been observed, as hydrogen gas is added

along with undistilled HBr gas.

4.4 Conclusions

In conclusion, this chapter presented a study on purification process of HBr gas by
fractional distillation technique and its use for performance enhancement of Cu-HBrL. The
residual impurities in HBr, mostly its catalytically dissociated products such as hydrogen and
bromine, are removed/suppressed by two step process at temperature of -196 °C and -20 °C
respectively. This is confirmed by comparing the mass spectrograph of the HBr gas before and
after distillation. The effect of such purified HBr gas on the Cu-HBrL discharge and output

performance characteristics such as the average output power, energy coupling efficiency and
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output beam diameter are studied. More than 37% improvement in the laser output power and
33% increase in beam diameter are observed by use of this distilled HBr gas as compared to
that of the undistilled gas. The underlying mechanisms of the enhancement are analysed by
comparing the electrical discharge characteristics. The improvement in the Cu-HBrL
performance with distilled HBr gas is attributed to lowering of bromine and hydrogen
concentration. This is mainly manifested as the increased average electrical energy coupling to
the discharge and improved laser kinetics. The presented work provides a guideline for the

improving performance of a Cu-HBr laser.
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Chapter 5

Studies on thermal lensing behaviour of Cu-HBr laser

5.1 Introduction

For the applications of copper lasers such as pump source of tunable lasers, nonlinear
frequency conversion for generation of coherent ultraviolet radiation and precision material
processing etc., one of the issues is to ensure the high quality of laser wavefront [16, 17]. This
involves consideration of thermal lensing and wavefront aberrations due to inhomogeneous
radial temperature distribution. This results in the spatial variation of particle density and hence
refractive index of the heated laser active medium. For conventional CVL, the thermal lensing
issues have been studied adequately [43, 45-47]. It is established that thermal lensing leads to
change in design parameters of the optical resonator in an oscillator, converging beams in CVL
MOPA systems and non-spherical aberrated laser wavefront leading to poor laser beam quality
[49, 183, 184]. However, these aspects have not been studied in case of a Cu-HBr laser. It is
expected that Cu-HBr laser will have different thermal lensing behaviour, as compared to
CVLs, due to its lower operating temperature and different discharge medium composition.

This chapter presents the experimental studies and theoretical analysis on the thermal
lensing characteristics of developed Cu-HBrL using an interferometer technique. These results
are also compared with that of a CVL of identical discharge tube geometry and excitation
conditions. The experimental results on thermal lens power due to contributions from both the
gaseous medium & discharge sealing optical windows as well as separately that of optical
windows are presented as a function of electrical input powers and gas mixture compositions.
A theoretical analysis, on the gas as well as window thermal lens, is presented taking into
account the radial temperature distribution, thermal conductivity, temperature coefficient of
the refractive indices of the media involved and the heat flux reaching the windows & its
absorption.
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5.2 Thermal lens and its measurement method

When a medium is heated, spatial variation in its particle density is created due to
inhomogeneous spatial temperature distribution across its cross section. This is due to finite
thermal conductivity of the medium involved and boundary conditions imposed by the
surroundings. For high aspect ratio cylindrically symmetric heated tube, such as in Cu-
HBrL/CVL, the radial component of the temperature variation dominates leading to radial
variation in particle density and hence refractive index. When a collimated probe laser beam
passes longitudinally through such a medium, it suffers focussing or defocusing action. This
focussing or defocusing (lensing) action created by the heated medium is called thermal
lensing. The strength and nature of the thermal lens of a medium is dependent on the magnitude
of variation of particle density as well as its thermo-optic coefficient. Though there are several
methods available for measuring the thermal lens of a medium, an interferometer based
technique [185] is used in the present thermal lensing study of Cu-HBrL/CVL. This technique
is preferred due to its better precision and accuracy, particularly for long focal length
measurement.

The heated gaseous active medium of Cu-HBrL/CVL is vacuum sealed by pair of fused
silica disks, acting as windows for the laser beam exit. Figs. 5.1 a & b show the experimental
set up for measuring the combined focal length of the heated active medium and optical
windows (Fig. 5.1a) and focal length of only the heated optical window (Fig. 5.1b). An
expanded and collimated probe He-Ne laser beam, matching the internal diameter of discharge
tube, is passed through the laser (active medium + windows) and is incident on a shear plate
at 45°, after exit (Fig. 5.1a). The reflected beams, from both faces of the shear plate, produce
interference pattern in the overlapping region [185]. When the Cu-HBrL/CVL, is in cold
condition (no electrical input), the shear plate is set to produce horizontal fringes. On the

application of electrical input power, the Cu-HBrL/CVL (active medium + end windows) is
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heated up to produce thermal (refractive index) gradient. The laser beam passing through it, at
such condition, undergoes convergence or divergence, resulting in change in its wavefront

curvature. The exit beam, incident on the shear plate, produces straight fringes with rotation.
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He-Ne laser
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Fig. 5.1 Experimental set up for measuring thermal lens focal length of Cu-HBrL/CVL.:

(a) heated active medium & optical windows together and (b) only heated optical window
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The angular extent of rotation, at the observation plane, is the measure of the focal length of
the lensing action offered by the laser. The focal length of net/combined thermal lens (Fc) is

estimated from the degree of rotation of fringes and is given by [185],

_sd
¢ Asin@

(5.1)

Here, S = the lateral shear and d’ = the fringe spacing produced by shear plate, given as,

t' sin 2i

= Yo 2

——— (5.3)

T 2na

where A = wavelength of the He-Ne laser (632.8 nm), & = rotation angle of the fringes, ¢’

average thickness of the wedge plate used (10 mm), i = the angle of incidence (45°), n
refractive index of the wedge plate material BK-7 glass (1.515 @ 632.8 nm) and o = the angle
of the wedge plate (20 arc-sec). Experimentally, & is measured by recording the shear
interferograms using a CCD camera with a frame grabber card interfaced to a computer.

For measurement of window thermal lens (Fig. 5.1b), the expanded/collimated He-Ne
laser beam is incident normal to the optical window of the Cu-HBrL/CVL. The fringes, due to
overlap of reflections from front and back surfaces of the optical window, are viewed at a
screen. At cold condition, the fringes produced are straight. As the optical window is heated
up (due to electrical input power to the laser), it behaves as a lens which results the fringes to
develop curvature. The measure of the radius of the curvature of the fringes is the thermal lens
due to a window. The thermal lens focal length, Fw, due to both the windows combined, is
given as [45],

(r5-1d)
= 54

where rp and rq are the radii of the p™ and g™ fringes respectively. Then, these focal lengths
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are converted to corresponding lens powers/diopters by taking inverse of Fc and Fy i.e. D¢ =
Fctand Dy = Fyl. The gas thermal lens power is then Dg = D¢ - Dy.

The dioptric lensing power of an optical medium, D, is proportional to spatial variation
of the optical thickness (n.l) of the medium, transverse to the direction of the optical beam

propagation, i.e.

a(n.l)
or

(5.5)

where n and | are the refractive index and thickness/length of the medium respectively and r is
the radial co-ordinate. The active medium (I) of Cu-HBrL/CVL is practically constant, largely
independent of operating conditions. In such cases, for the non-uniformity of n across the
medium cross-section resulting from non-uniform heating, the D value is proportional to the
magnitude of spatial variation of refractive index i.e.

on

D —
* or

(5.6)

For a composite media consisting of gaseous as well as solid media as the case of a CVL/Cu-

HBrL, equation 5.6, for combined lens diopter (Dc = D4 + Dw) can be written as,
Jon dn
—) + (—
e = [CD)o+ (5] 67)
0
such that the gas thermal lens power, Dgoc (a—:)g or (Ong/or) and the window thermal lens power,

0 L . .
Dwoc (a_:)w or onw/Or, where ng and ny are the refractive indices of the gaseous active medium

and window material respectively. So, the net thermal lens power of a Cu-HBrL/CVL is the
inter-play of thermal lens power due to the active medium and thermal lens power due to the
end windows, which in turn depend upon the radial variations of respective refractive indices.
These are further related to radial variation of temperature (0T/0r) as well as temperature

coefficients of their respective refractive indices (0n/0T) and are given as,
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and,
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&), = Gr), - (5r), = Dwer 322 (5.9)
The thermal lensing nature (focussing or defocussing) is decided by the sign of thermo-optic

coefficient, dn/dT. These theoretical considerations are very important for explaining the

thermal lensing behaviour of Cu-HBrL/CVL as discussed in section 5.3 onwards.

5.3 Experimental results on thermal lens power of Cu-HBrL and CVL

The measurements of thermal lens power are carried out in both Cu-HBrL and CVL,
separately. Both the lasers (Cu-HBrL & CVL) under investigation are based on identical
discharge tubes of internal diameter 4.7 cm and length 150 cm. Identical fused silica optical
windows are placed at ~30 cm from discharge tube ends to vacuum seal the laser discharge.
Both the lasers are excited using thyratron switch (EEV CX 1535) based resonantly charged
CT-circuit, up to electrical input power of 4.6 kW, and are operated in controlled buffer gas
flow condition for efficient operation. Figs. 5.2 a - e show the typical shear interferograms
recorded for estimation of combined focal length of thermal lens due to Cu-HBrL (a, b & ¢)
and CVL (a, d & e) at electrical input power of 0 kW (cold condition), 2.7 kW and 4.6 kW
respectively. The interferograms are recorded at equilibrium condition of the tube and window
temperature. Initially, in cold condition (0 kW), the shear fringes of the He-Ne laser are set
parallel to the x-axis for both the Cu-HBrL & CVL (Fig. 5.2a). As the input power is increased,
the fringes start tilting. At electrical input power of 2.7 kW, the tilt of the shear fringe of Cu-
HBrL is negative (clock wise rotation w.r.t. to Fig. 5.2 a) whereas for CVL, the observed tilt is
positive (anti-clock wise rotation w.r.t. to Fig. 5.2a). As the input power increases further to
4.6 kW, the fringes have positive tilt for both the lasers. However, the tilt is much smaller for

Cu-HBrL (Fig. 5.2c) as compared to that of CVL (Fig. 5.2e).
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Fig. 5.2 Shear interferrograms of combined thermal (active medium + windows)
lens estimation at 0 kW - Cu-HBrL & CVL (a), at 2.7 kW - Cu-HBrL (b),

at 4.6 kW - Cu-HBrL (c), at 2.7 kW —CVL (d), at 4.6 kW — CVL (e)
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Figs. 5.3 a - ¢ show the interferograms recorded for focal length estimation of optical
windows thermal lens of the Cu-HBrL and CVL. Again at the cold condition (0 kW) the fringes
are set straight (Fig. 5.3a). As the input power is increased to 4.6 kW, the interferograms of the

Cu-HBrL window show a very minute (non-estimable) change in curvature (Fig. 5.3b) against

a drastic change in case of CVL (Fig. 5.3c).

(a) (b) (©)
Fig. 5.3 Fringes due to window thermal lens of Cu-HBrL and CVL for different input powers:

(a) Cu-HBrL and CVL for 0 kW, (b) Cu-HBrL for 4.6 kW and (c) CVL for 4.6 kW

Fig. 5.4 shows the variation of estimated combined (active medium + windows) lens
diopter (D¢) with electrical input powers for both the lasers. As the input power increases from
2.7 KW to 4.6 kW, D¢ varies from -1.4 km™ to + 0.94 km™ for the Cu-HBrL and from + 1.4
km? to + 13 km™ for the CVL. Regarding the thermal lens of the windows, the curvature of
the fringes in case of Cu-HBrL (Fig. 5.3b) is too large to be measured and hence no estimation
of focal length has been possible even at the highest electrical input power (4.6 kW) used.
However, for the CVL, the window thermal lens power (Dw) dominates the overall thermal
lensing behaviour and it varies from +3 km™ to +15 km™ as the input power increases from 2.7
kW to 4.6 kW. An error analysis of the measured results is carried out. The smallest possible
measurable tilt/rotation of the fringes (resolution limit of measurement) corresponds to the

angular separation of one fringe width at the focal plane of the lens L3 (Fig. 5.1) where the
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Fig. 5.4 Variation of thermal lens power of Cu-HBrL and CVL with electrical input power

CCD is placed for recording. In the present experimental set ups, the measured fringe width at
CCD is about 2 mm, while the lens L3 of focal length is 25 mm. This corresponds to the lowest
measurable tilt/rotation angle (= fringe width/lens focal length) of about 0.5°. Using equation
5.1, this angular fringes resolution corresponds to the dioptric power resolution of about 0.35
km. Hence the dioptric power variation from -1.4 km™to + 13 km™, for both the lasers, is

well resolved by the present setup.
5.4 Analysis and discussion on thermal lens power

As outlined in section 5.2, the observed thermal lens behaviour in Cu-HBrL/CVL is a
combined effect of thermal lens due to the gaseous active medium and solid end windows. The
lensing behaviour of these two media is different due to differences in particle density gradient
(due to different temperature) and temperature coefficient of refractive indices. Therefore,
these two lensing effects are first treated separately and then combined to explain the

experimental results.
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5.4.1 Gas thermal lens

The thermal lensing behaviour of gaseous active medium of copper lasers is a complex
phenomenon which depends on many factors such as discharge tube geometry, gas pressure,
wall temperature and thermal conductivity as well as the thermo-optic coefficients of the
gaseous medium [43,45-47,51]. For typical laser operating conditions of Cu-HBrL/CVL, as
used in the present study, the thermo-optic coefficients of the gaseous constituents (ony/dT),
dominated by that of neon buffer gas, is ~ -101° K™[43,45,175,186]. Therefore, the radial
variation of gas temperature, dT4(r)/or, is expected to play a crucial role in resolving the
anomalies of thermal lens behaviour of the two lasers under investigation (equation 5.8). To
understand the effect of gas temperature profile, the radial gas temperature distribution for both
the lasers are computed using equation 2.4 (as discussed in chapter 2) with differing values of
gas thermal conductivity K (K = Ko Tg™) relevant for Cu-HBrL and CVL. For gas mixture of
CVL, m=0.685 & K, = 9.7 x 10 and for gas mixtures of a Cu-HBrL, m = 1.54 & K, = 1.84
x 1045, 7]. The tube wall temperatures are ~900 K and ~1800 K for Cu-HBrL and elemental

CVL respectively.

Fig. 5.5a shows the variation of Ty(r) with the radial distance, r, for the highest input
power of 4.6 kW. The estimated peak/axial gas temperatures are ~2360 K and ~3100 K for Cu-
HBrL and CVL respectively. The gas temperature gradient is calculated for central 90% of the
tube cross-section (r =-2.0 cm to + 2.0 cm), omitting the boundary points (r = £ 2.35 cm). It is
seen that the slope of the graphs, 0Ty(r)/dr, is higher in case of the CVL as compared to Cu-
HBrL. For example, at spatial locations of 0.5 cm, 1 cm, 1.5 cm and 2 cm from the tube axis,
the gas temperature gradients (evaluated each time with respect to the temperature at the tube
axis) are 102 K.cm?, 208 K.cm?, 322 K.cm?, 451 K.cm™ for the CVL and 80 K.cm?, 165
K.cm?, 267 K.cm™, 416 K.cm™ for the Cu-HBrL. It is clear that in CVL, the radial variation

of gas temperature in more than that of Cu-HBrL. Physically this is also expected because
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Fig. 5.5 Computed radial gas temperature profiles for Cu-HBrL and CVL (a) at equilibrium

condition for electrical input of 4.6 kW and (b) immediately after the discharge is on

presence of hydrogen as a dissociation product of HBr in a Cu-HBrL plasma. The presence of
hydrogen molecules in the gas mixture increase the thermal conductivity, hence increased
radial heat transfer in Cu-HBrL as compared to CVL of identical configuration [59, 175]. This
makes the gas temperature distribution of Cu-HBrL to be relatively flatter than that of CVL.

Therefore, the spatial gradient of the active medium particle density is expected to be larger in

CVL [43].

For the CVL, Dgchanges from ~ -1.6 km™ to ~ -2 km™ as the input power is increased
from 2.7 kW to 4.6 kW. As already mentioned, for the Cu-HBrL as Dy is too low to be
measured and hence the quantitative estimation of Dg (= Dc — Dw) is not possible. However,
qualitative understanding of active medium gas lens is made by studying the rotation of fringes
immediately (time t = 0) after putting the discharge on, in the Cu-HBrL with and without HBr
gas flow (in set up of Fig. 5.1a). The results are shown in Figs. 5.6 a, b & c. Gas lens power is
again estimated from tilt of the fringes from a pre-set initial horizontal value (Fig. 5.6a). Since
immediately after the putting the discharge on, no appreciable heating of discharge tube has
taken place, the fringe rotation is exclusively due to that of gas lens. The gas lens power (Dg)

is found to be -2.5 km™ with HBr introduced (Fig. 5.6b) and -3.0 km™* without HBr (Fig. 5.6c).
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(a) (b) ()

Fig. 5.6 Recorded shear fringes (a) Cold condition, no discharge (b) Cold condition, Cu-

HBrL, discharge just on (c) Cold condition, CVL (no HBr), discharge just on

In cold condition (T, ~ 300 K), without HBr gas flow, a Cu-HBrL resembles a CVL.
Hence in cold condition, the gas lens of CVL is seen to be stronger than that of a Cu-HBrL.
This is consistent with the computed radial gas temperature profiles for Cu-HBrL and CVL in
cold condition (Fig. 5.5b). The estimated peak/axial gas temperatures in this case are ~2280 K
and ~2300 K for Cu-HBrL and CVL respectively. The radial temperature gradient, 0Tgy(r)/cr,
is higher for CVL as compared to Cu-HBrL. Hence, though the gas lens in Cu-HBrL could not
be measured in the present set up, it is anticipated to be weaker as compared to CVL. This is
also in line with other published works for thermal lens studies in elemental CVL [43, 45, 46]
and CO; laser [187], where the thermal gas lens has become stronger with increase in electrical

input power and hence increased axial gas temperature.

5.4.2 Window thermal lens

As indicated in equation 5.9, the window thermal lens depends on the thermo-optic
coefficient of the window material as well as its radial temperature gradient established at
equilibrium condition. The radial temperature gradient of the window depends on the net
incident heat flux, the wavelength range of the radiated heat, thermal conductivity of the

window material and its boundary conditions. The heat flux mainly comes from the tube wall
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since the gas emissivity is negligible [11]. The heat radiation emitted by the discharge tube end
can be considered to be that of blackbody type. The power radiated by it, Prad, can be estimated
by applying Stephen-Boltzmann law of black body radiation as,

Prgg =AcoTh= meo (RE— RHT} (5.10)
where A = end surface area of the discharge tube, ¢ = emissivity of alumina (~0.5), o = Stephen-
Boltzmann constant =5.67 x 108 W m? K*, T, = discharge tube wall temperature, Ri = internal
radius of the discharge tube and R, = outer radius of the discharge tube. The fraction of radiated
power reaching to the laser window, Pradw), iS given as,

M) AQ) ~ TwPrad
41 ' 4ml?

Praa.ow) = ( (5.11)

where AQ is the solid angle extended by the discharge tube end at the window surface of radius
rw Situated at a distance of |’ from the tube end. This radiated heat reaching at the window
undergo absorption which is characteristic of window material and wavelength of radiation.
Thus taking the absorptivity () into consideration and simplification of equations 5.10 & 5.11
yields the radiative power absorbed by the window, Pass(W), as,

n Be o1 (R3— RA)Ty

Pabs.(w) = 2172 (5.12)

Putting the values of Ri =2.35 x 102m, R,=2.85 x 102 m, ry=7.5x 102 mand /’= 0.3
m in equation 5.10, the heat radiated by the alumina discharge tube end are ~243 W and ~15
W respectively for CVL and Cu-HBrL. Out of this, heat reaching at the window is ~3.3 W and
~0.21 W for CVL and Cu-HBrL respectively (using equation 5.11). These radiated powers are
spreaded over certain infra-red wavelength range with peak intensity corresponding to
wavelength, designated as JAmax. The Amax is @ function of temperature of the body emitting

radiation given by Wien’s displacement law of blackbody radiation as,

Anax. = = (5.13)
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where b is the Wien’s displacement constant and is equal to 2.898 x 10° m.K. The
corresponding irradiance peak lies at wavelength (Amax) Of ~1.61 pum and ~3.22 pm
respectively for CVL and Cu-HBrL. The incident heat flux get absorbed by the respective
windows, consequently these heat up. This absorption is a function of incident IR wavelength.
For the fused silica windows, used in the present work, there is a peak in absorption at
wavelength around 2.7 £ 0.5 um due to hydroxyl ion [49]. The typical absorption fraction by
the fused silica windows of thickness, 1 cm (as presently used), is about 40% at Amax. ~ 1.61
um and about 90% at Amax. ~ 3.22 um [49]. Hence, the net absorbed heat power is ~1.32 W for
windows in CVL as compared to ~0.18 W for the Cu-HBrL. Therefore, the window of the Cu-
HBrL is less heated as compared to that of CVL. So, the radial temperature gradient of the
fused silica laser window, 0Tw(r)/Cr, is also expected to be much larger in CVL as compared
to Cu-HBrL. This is line with the fact that the measured (with thermocouple) axial temperatures
of the fused silica windows are ~50 °C and ~25 °C for CVL and Cu-HBrL respectively, for
constant boundary condition of ~20 °C (cooling water). This explains the much larger value of
window thermal lens in CVL as compared to Cu-HBrL.

As already mentioned that the window thermal lens in Cu-HBrL could not be measured
with this present set up, however an upper bound on its value can be anticipated. Since about
1.32 W of absorbed heat gives rise the lens power of + 15 km™ (in CVL), hence the 0.18 W of
absorbed heat in Cu-HBrL will correspond to a thermal lens power of around + 2 km™. This
figure can be treated as an upper bound on window thermal lens of Cu-HBrL. It is also
expected that employing, fluoride windows e.g. MgF2, CaF2 will result in much smaller thermal
lensing due to their much less IR absorption corresponding to Cu-HBrL/CVL heat radiation
and better thermal conductivity (21 Wm™K? for MgF,, 9.7 Wm?* K for CaF, vs. 1.38
WmK? for fused silica) as compared to that of fused silica [49]. However, the cost and

engineering issues associated with these materials are major factors of consideration. In
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addition, the window bulging effect arising out of pressure difference across it e.g. at one side
of the window the pressure is 1 atm. and at the other side it is 25-30 mbar, plays role in deciding
the window thermal lensing. This is under thin window approximation as the window thickness
(20 mm) is much smaller than its diameter (75 mm). The bulging effect of fused silica is
expected to be lower than the commonly used material BK-7. This is due to lower value of
Poisson’s ratio for fused silica (0.17) as compared to that for BK-7 (0.21). However, since the
present study is focused on the comparative thermal lensing behaviour of the two lasers and
the pressure difference is almost same for both the cases, hence it is least likely to affect the

relative thermal lensing trends of the two lasers under discussion.

5.4.3 Combined thermal lens

The combined thermal lens observations (Figs. 5.2 a - e) tell two important facts. First,
the net thermal lensing is much more stronger in a CVL as compared to than in a Cu-HBrL,
Second, in the investigated input power range (2.7 to 4.6 kW), the thermal lensing nature
change from negative (de-focussing) to positive (focusing) in Cu-HBrL as compared to always
remaining positive for CVL. From the analysis and discussion presented previous sections, it
is clear that the window thermal lens dominates the overall thermal lensing behaviour in a Cu-
HBrL/CVL. This is attributed to much larger magnitude of on/dT of the window material (fused
silica) as compared to that of the gaseous constituent particles (mostly dominated by neon) i.e.,
ong/oT ~ -101° K1 for gaseous constituents [43,45,175,186] vs. onw/0T ~ +10° K'* for fused
silica window material [49]. It is also observed that the fused silica window behaves as positive
lens (focusing) whereas the gaseous active medium behaved as negative lens (defocusing). The
opposite behaviour gas lens and window lens are due to opposite nature of on/oT for gas
(negative) and the window material (fused silica) used (positive). That is why, as the input
power increases, the window thermal overtakes that of the gas lens and the net thermal lens

becomes + ve for both the Cu-HBrL and CVL.
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5.5 Conclusions

In conclusion, this chapter presented experimental studies and theoretical analysis on
the thermal lensing characteristics of the developed Cu-HBrL using an interferometer
technique. These results are also compared with that of a conventional CVL of identical
discharge tube geometry and input-power/excitation conditions. It is observed that in typical
operating conditions, the Cu-HBrL has much weaker thermal lens as compared to that in the
CVL (~ +0.95 km™ vs. ~ + 13 km™®). The experimental results are explained qualitatively by a
comprehensive theoretical analysis on the gas thermal lens as well as the window thermal lens,
taking into account the radial temperature distribution, thermal conductivity, temperature
coefficient of the refractive indices of the media involved and the heat flux reaching the
windows & its absorption. It is observed that the contribution of the optical windows thermal
lens dominates over that of the gaseous active medium. The dominance of window thermal
lens in overall thermal lensing behaviour of Cu-HBrL/CVL is attributed to higher temperature
coefficient of refractive index for window material as compared to that of gaseous active
medium (on/oT ~ +10° K1 vs. ~ -10%° K1), The overall thermal lens power of Cu-HBrL than
that of CVL is due to its much lower working temperature as well as relatively flatter radial
gas temperature. The analysis agrees well with the observed trends. This aspect of spatial beam
characteristics of a Cu-HBrL is of crucial importance for applications requiring high beam
quality laser output such as in nonlinear frequency conversion for UV generation presented in

the thesis, in later chapter.
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Chapter 6

Studies on spectral characteristics of Cu-HBr laser

6.1 Introduction

The knowledge of spectral emission characteristics of a Cu-HBr laser such as line-
width, frequency and their stability are very important for many of its applications in general
and efficient nonlinear frequency conversion for UV generation in particular. In nonlinear
frequency conversion, the conversion efficiency is maximized by ensuring that the spectral
line-width of the pump fundamental beam to be well within the spectral acceptance band-width
of the nonlinear crystal employed [188,189]. In this context, for the nonlinear frequency
conversion, as carried out in this thesis, it is desirable to carry out a study on the spectral line-
width and frequency characteristics of a Cu-HBTrL. In literature, only a few studies on the line-
width issues have been reported in CVL and copper bromide/chloride lasers at very low laser
output power [190-195]. However, these aspects have not been paid attention in a Cu-HBrL in
general and at high average laser power levels in particular. It is expected that the spectral
characteristics of a Cu-HBrL would be different from other variants of copper laser due to
different operating temperature, gas composition and laser gain distributions.

In view of this, the present chapter deals with a detailed experimental study and the
related theoretical analysis on the spectral emission characteristics of both the green (G: 510.6
nm) and yellow (Y: 578.2 nm) radiations of a Cu-HBrL for different laser operating parameters.
The Cu-HBrL spectral emission characteristics such as line-width, emission frequency & their
stability are studied as a function of electrical input power, HBr concentration and optical
resonator. The experimental results are explained by a comprehensive theoretical analysis

followed by simulation of the spectral line-shapes of both the radiations.

6.2 Theory of spectral emission of a Cu-HBr laser
The spectral composition of a Cu-HBrL can be thought of as a single emission line or
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consisting of several hyperfine emission lines. These two approximations basically differ in
terms of exclusion/inclusion of isotope shifts and hyperfine splitting of the energy levels
associated with copper atom. The major intrinsic physical processes governing the spectral
emission line-width of a Cu-HBrL are isotope shift, hyperfine splitting, line broadening and
temperature & gain distribution effects associated with the energy levels of radiating copper

atoms [190, 193, 194, 196].

6.2.1 Isotope shift and hyperfine splitting

Copper has two natural isotopes, ®3Cu & %°Cu, with abundance ratio of 69% : 31%,
which contribute to net observable isotope shift in both the emission lines of a Cu-HBrL.
Additionally, both the isotopes have nuclear spin | = 3/2, which account for their non-zero
magnetic dipole (requirement: | > 0) as well as electric quadrupole moment (requirement: | >
1). This leads to additional interactions with total electron angular moments (J) of the atomic
state, known as the hyperfine interaction, leading to further splitting of the energy levels of the
copper atom. Fig. 6.1 shows the relevant energy levels of natural copper atom (3*Cu & %°Cu)

depicting the laser transitions associated with a Cu-HBrL emission spectra.

These hyperfine energy levels have a definite value of total angular momentum F (17“ =

I+])suchthat | —I| < F < |J + I|. Both the upper and lower fine-structure energy level of
the green transition i.e. P32 & 2Dsy2, split into four hyperfine components of F =0, 1, 2, 3 and
F =1, 2, 3, 4 respectively. Similarly the energy levels of the yellow transition i.e. P12 & ?Dsp,
splitintoF=1,2and F =0, 1, 2, 3 respectively. However, the allowed transitions between the
hyperfine levels are restricted by the selection rule AF = 0, 1. This leads the green component
(?P32— 2Dsy2) to consist of total 18 hyperfine transitions (ag to ig for %3Cu & ag: to iy for °Cu)
and the yellow component (>P12— 2Ds2) to consist of total 12 hyperfine transitions (ay to fy for
%3Cu & ay to f,- for Cu). The frequency shifts of the hyperfine components (Av#) with respect

to the center frequency, vo, are given by [191],
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(6.1)

2

AvH = _AC B\ (3C(C+1)—-4I(+1)]JJ+1)
V75 = Vhrs = Vo = 5~ (Z)( 22 =D = 1) )

where A and B are magnetic dipole and electric quadrupole hyperfine constants respectively

whereas C = F(F+1) - J(J+1) - I(I1+1) whose typical values are given in Ref. 191.

[ETIVEN o]

4
3
1
Fig. 6.1 Hyperfine energy levels and transitions in copper atom relevant to Cu-HBrL
For each of the hyperfine transitions, the relative intensity is given as [197],
1 (IF gL JU+D) @)+ eF+)eF'+) (] F 1 2 6.2
(] _)] ) X ﬁiSO (2]+1) {F’ ]’ 1} ( ' )

where fiso IS the isotopic abundance factor. This is calculated using Wigner 6-J symbol (a
reduced matrix of the Clebsch-Gordan coefficient) [198]. Table 6.1 shows the frequency shifts

and the relative intensities calculated for the involved hyperfine transitions in a copper atom.
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Table 6.1: Frequency shifts and relative intensities of the hyperfine components of Cu-HBrL

lines based on transitions in natural copper atom

Green (510.6 nm) : G Yellow (578.2 nm) : Y
63Cu 65Cu 63CU 65Cu
Hyperfing Av® | le. [Hyperfing AvHP | le. [Hyperfine| AvH | le. |Hyperfinel AvHE | I
transition| (GHz) transition| (GHz) transition | (GHz) transition | (GHz)

ag | -2424 100 ay |-0.343[045| a, |-3819[1.00] a, |-1.868 0.45
by | 0165 [0.62| b, | 2410 [028| b, | 0858 [0.36] b, | 3.124 |0.16
cg | 0722 [0.16] ¢y | 3011 [007| ¢, | 1872[036] ¢, | 4211 |0.16
dg | 1909 [035] dy | 4297 |016| dy | 4422|036] d, | 6.965 |0.16
e; | 2328 [0.19] ey | 4742 [009| e, |5436[007] e, | 8051 |0.03
f, | 2885 [0.01| f, | 5343 |0.005] f, | 6.136 [0.14| f, | 8.821 |0.06
gy | 3067 [0.16| gy | 5530|007 - - |- - - | -
hg |3259 [015] hy |5.765[007| - - |- - - | -
i | 3678 (002 iy |6.210 001 - - |- - - | -

6.2.2 Line broadening effects

The broadening effects in a Cu-HBrL include both the homogenous and
inhomogeneous components. The homogenous broadening includes mainly natural
broadening, collision broadening caused by identical (Cu) atoms i.e. resonance/self-
broadening, by foreign gas (Ne, HBr, H, Br etc.) particles i.e. foreign gas or Van der Waals
broadening and by charged particles i.e. Stark broadening, all producing Lorentzian line shape.
On the other hand the inhomogeneous broadening is mainly due to thermal Doppler broadening
which produces Gaussian line shape. The FWHM (Hz) of the resonance broadening (R),
foreign gas broadening (W), Doppler broadening (D) and natural broadening (N) are given by

[195, 199-201],

AVvR ~297 x 1078n,, (6.3)
8R Ocy—1- P
AW ~ - u <Zk cu-k k> (6.4)
7T3kB < Tg > u
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<Ty4>

AvP ~7.16 x 1077 v,
Mcy

(6.5)

AvN = .
v = (6.6)

where A,,; = transition probability of upper laser level with respect to the lower level, R,, = the
universal gas constant, < T, > = average gas temperature (K), M, = mass of radiating copper
atom (amu), u = (XxM;1)™! = reduced mass, M, = mass of k™ colliding partner in the
discharge region (Ne, HBr, H & Br etc.), a¢,—x= collision cross section of copper atom with

k" species ~ %(d(;u + d)? where d, and d, are diameters (m) of copper atom and k™

species atom/molecule, k5 = Boltzman constant, P, = partial pressure of the k" species and v,=
frequency of emission. The widths of the natural broadening (Av"), resonance broadening
(AvR), foreign gas broadening (Av") & Stark broadening (AvS) combine and produce the
Lorentzian width (Av’) given by [195],

AvE = AvN + AvR + AV + AVS (6.7)
The Gaussian width of the Doppler broadening (Av?) is then folded with the Lorentzian width

(Av?) to produce the Voigt profile of width Av which is approximated by the equation [202],

Av = 0.5346 AvE + ,/0.2166 (AvE)2 + (AvD)? (6.8)
The broadening mechanisms of each hyperfine component proceed independently of all other
components and are combined to produce a net profile [196,200]. The convolution of the Voigt
profiles of all the hyperfine components, taking their relative intensity and isotopic composition

factors into consideration, produce a net line-shape of intensity distribution given as [12],

I(v) = Z @; Biso.pyl' (vj) = Z @ Biso.plIN (vi) + 1R (vj) + 1" (v;) +1°(v;)]  (6.9)

iJ J
where @; and ;s (jy are the relative intensity and the isotopic composition factor of the jo

hyperfine component respectively.
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6.3 Measurement of spectral characteristics of Cu-HBr laser lines
6.3.1 Experimental arrangement and laser parameters

Fig. 6.2 shows the schematic of the experimental arrangement for the recording the
spectral characteristics of Cu-HBrL lines. The Cu-HBrL (Cu-HBrL 2) is based on a 4.7 cm
bore diameter, 150 cm long discharge tube and is pumped using IGBT-solid state switch based
high voltage pulse modulator at a PRR of 18 kHz. The optical resonator employed is a standard
plane- plane type with a length of about 250 cm. The Cu-HBrL emission lines, G & Y, are
separated using a dichroic beam splitter and sampled to a high precision Fizeau interferometer
based wavelength meter (High Finesse: Angstrom WS-7) for measuring the laser line-width
and transition frequency [203-204], as discussed in section 6.3.2. Long term (~1 minute)
variations in spectral emission line-widths as well as the transition frequencies of both the Cu-
HBrL lines are recorded for various wall plug electrical input powers (from 6 to 9.5 kW) and
HBr concentrations [values corresponding to optimum (~7%), below(~5%) and above

optimum (~9%) level] used. The laser discharge tube temperature is maintained at ~900 K.

HR OC Dichrotc
(R~99.9%) Cu-HBr laser ® ~ %) beam splitter
f/ L — e | N ©
1% 71 . S A
[ gy — L
Laser power meter/
. beam dump
Optical
fibre coupler Lens
e — Optical wedge
v
PC & analysisng Wavemeter Ins & Neutral N} Laser power meter/
software (WS-7) denstty filters beam dump

Fig. 6.2 The experimental set up for measurement of Cu-HBrL spectral characteristics
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Figs. 6.3 a & b show the variation of average laser output power of the G and Y
components as well as their ratios of Cu-HBr laser with variation of the electrical input power
and HBr concentration respectively. It is observed that as the input power increases from 6 to
9.5 kW, the laser power of the G and Y components increase from 23 to 38 W and 15 to 34 W
respectively. However, their power ratio (G/Y') decreases monotonically from 1.53 to 1.12 with
increase of the input power. On the other hand, HBr concentration affects the variation of the
laser power of the G and Y component as well as their ratio in a different manner. With
variation of HBr concentration from ~5% to ~9%, the G component power is maximum at the
optimum HBr concentration. However, the Y component power keep on increasing as the HBr
concentration is changed from ~5% to ~9%. At the above optimum HBr concentration, the Y
component power is higher than that of the G. With such increase in HBr concentration, the G

to Y component power ratio reduces from 1.82 to 0.87.
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a 0]
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2 g J
2 115 < da Green * 115 &
3391 Yellow g2 30+ 2
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8201 - 2 820 Yelow g
a -— allo 410 % a -— 110 o
5 g & g
5 10 3 10-
5 5 ﬁ 10 5
g g - 8
0 T T T T T T T T T 05 g 0 T T T T T T T T T T 05 o
5 6 7 8 g 10 4 5 8 7 8 9 10

Wall plug electrical input power (kW) HBr concentration (%)
Fig. 6.3 Variation of laser output power of green and yellow component of Cu-HBTr laser with

(a) electrical input power and (b) HBr concentration

6.3.2 Measurement principle
The broadband Cu-HBrL lines may be considered as narrowband source with several
side bands. Thus the fringes produced in the optical unit of the wave meter based on optical

wedges, due to Cu-HBrL lines, are weighted sum of the fringes from many spectral components
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of the light. This results in the fringes of diminished contrast as compared to that of a single
frequency laser. The interference pattern thus produced are recorded by two photodiode arrays
and transferred to a PC, in real-time, for estimation of the line-widths and the corresponding
transition frequencies with reference to previously calibrated laser signal [203, 204]. In the
PC, the laser line-width is calculated from the fringe contrast ratio whereas the frequency is
calculated from the period and phase of the fringe pattern produced. These results are displayed
on the monitor of the PC in real time. In the present case of Cu-HBrL, the contrast dilution is
due to all the frequency components taken together. Hence the wavemeter gives a good
representation of the complex line shapes. The line-width measured by the wavelength meter
is in good agreement with that of conventional Fabry-Perot etalon based measurements [18,
204, 205]. The maximum upper limit of the line width measurable in the wavelength meter,
primarily determined by the thickness of the Fizeau wedges used, is 10 GHz with accuracy of
200 MHz and with resolution as well as absolute accuracy of 10 MHz and 60 MHz respectively
[203]. Therefore, the line-width of Cu-HBrL transitions observed is a combined effect of
intrinsic physical processes associated with the laser gain medium & the finite resolution of the
measuring device i.e. instrumental resolution line-width. For present set up, the later one is

almost same (10 MHz) and hence the observed line-width is mainly the actual values.

6.4 Experimental results and analysis on the spectral behaviour of Cu-HBr laser
6.4.1 Parametric effects on spectral characteristics

Figs. 6.4 a & b show the typical wave-meter traces of G and Y components of Cu-HBrL
recorded for electrical input power of 8 kW and optimum HBr concentration. Similar wave-
meter traces are recorded for variation in electrical input power and HBr concentration. The
mean values of the single pulse line-widths (represented by middle lines) of the traces give the
average spectral emission line-width (Av) whereas their standard deviation give its fluctuations

[6(Av)]. For both the G and Y components, the variations of line-widths (Avg & Avy) and their
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fluctuations [6(Av)y & &(Av)y] with respect to different electrical input powers and HBr
concentrations are shown in Figs. 6.4 a & b respectively. It is observed that as the input power
increases, Av and 3(Av) of both G and Y components increase monotonically but the rate of

increase of both Avy and d(Av)y are more than Avg and d(Av)yg.

1007 ) Green 10090 Yellow

7] i pnebpiteret b

S 6.0 &g} 6.0 :

= . s

% 404 i 404

520- LA LA ',:2‘0-'I"'vvv"v"'l
0:30 1:00 1:30 0:00 0:30 1:00 1:30

Time (min.) Time (min.)

Fig. 6.4 Typical wave meter traces recorded for Cu-HBrL radiations: (a) Green & (b) Yellow
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Fig. 6.5 Variation on emission line-width and its fluctuation for green and yellow component

of Cu-HBr laser with (a) electrical input power and (b) HBr concentration

As the input power increases from 6 to 9.5 kW, both Avg and Avy increase from 4 to 4.7
GHz and 6.5 to 9.3 GHz respectively. Similarly both 6(Av)g and 3(Av)y also increase from 50
to 180 MHz and 60 to 575 MHz respectively for increase in electrical input power of 6 to 9.5
kW. On the other hand, the Av and &(Av) show opposite trends with different HBr

concentrations. With the increase of HBr concentrations from ~5% to ~9%, both Avg and Avy
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continuously increases from 3.9 to 4.7 GHz and 7.2 to 8.7 GHz respectively. However, 6(Av)g
& Jd(Av)y are at maximum of 100 MHz and 420 MHz respectively at optimum HBr
concentration (~7%). At the below and above of this concentration (i.e. ~5% & ~9%
respectively), the values of 6(Av)g are 90 MHz & 30 MHz and that of 6(Av)y are 320 MHz, 110
MHz respectively. These line-widths can be compared with those of a conventional CVL of ~7
GHz & ~11 GHz and a CuBr laser of 5-6 GHz & 6-8 GHz respectively for the G and Y
components [190-195]. The larger line widths observed in CVL are mainly due to higher gas
and wall temperature leading to larger Doppler broadening widths. Figs. 6.6 a & b show the
fluctuations in transition frequency [5(vo)] of the G & Y line of Cu-HBrL with different

electrical input powers and HBr concentrations.
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Fig. 6.6 Variation in fluctuation in transition frequencies of green and yellow line of

Cu-HBrL with (a) electrical input power and (b) HBr concentration

With variation of the electrical input power from 6 to 9.5 kW, the fluctuation in central
transition frequencies of both the G & Y lines show opposite trends. For the G line, the
corresponding frequency fluctuation increases from ~10 MHz to ~100 MHz, centered around
587.04472, 587.04461, 587.04489 & 587.04479 THz for the respective input powers. On the
other hand, for the Y line, the frequency fluctuation decreases from ~410 to ~10 MHz, centered
around 518.35218, 518.35001, 518.35005 & 518.35010 THz for the respective electrical input
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powers used. For both the lines, the fluctuations in the central frequencies are minimum at the
optimum HBr concentration, with corresponding values of ~30 and ~10 MHz for the G and Y
lines respectively. The corresponding central frequencies are 587.04463, 587.04489 &
587.04475 THz for the G line and 518.35147, 518.35005 & 518.35010 THz for the Y line, for
below optimum (~5%), optimum (~7%) and above optimum (~9%) HBr concentration
respectively. It is also observed that changing of the resonator, from plane-plane to unstable,
does not produce any appreciable change in the spectral characteristics of the Cu-HBr laser. It
is worth mentioning that proper longitudinal modes are not established in this case due to long
resonator cavity & short laser gain duration that permit only 3 to 4 round trips. However, under
the assumption that axial modes are established, there should be a large number of axial modes
(~ 66 to ~ 78 for green and ~ 108 to ~ 155), with frequency separation of about ~60 MHz
[c/2L; : ¢ = speed of light & L, = length of resonator cavity (~250cm)], present within the large

spectral gain width of Cu-HBrL i. e. ~ 4 to ~ 4.7 GHz (green) and ~ 6.5 to ~ 9 GHz (yellow).

6.4.2 Analysis and discussion

The observed spectral emission characteristics of a Cu-HBrL are combined effect of
various intrinsic physical processes associated with the laser gain medium. The intrinsic
physical processes depend on the energy coupled into the Cu-HBrL plasma as it decides the
laser gain, active medium temperature distributions which are different for different input
powers and HBr concentrations. The electrical power coupled/deposited into the presently used
Cu-HBrL 2 discharge are already estimated in chapter 3, at various operating conditions, from
the recorded voltage-current waveforms at the laser head. With the variation of the wall plug
electrical input power from 6 to 9.5 kW, the deposited/coupled electrical power increases
monotonically from ~2.16 to ~3.38 kW. The corresponding estimated average and axial gas
temperatures also increase from ~2200 to ~2405 K and ~2410 to ~2700 K respectively.

Similarly, with the variation of the HBr concentration from ~5 to ~9%, the coupled power,
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average and axial gas temperature increase from ~2.56 to ~3.12 kW, ~2270 to ~2465 K and
~2470 to ~2725 K respectively.

In a Cu-HBrL, the active medium composition during the lasing period is dominated
by mixture of Ne, Cu, HBr and its dissociation products such as H and Br. The Cu-HBrL 2 is
operated with total pressure nearly about 30 mbar in which the HBr partial pressure is ~2 mbar.
So it is judicious to assume that the equilibrium concentration of gaseous species in the
discharge during the lasing period would be ~28 mbar of Ne, ~ 1 mbar of HBr, ~1 mbar of H
and ~1 mbar of Br. Therefore, their contributions to the spectral emission width of Cu-HBrL
are evalauted using equations 6.3 to 6.6. For typical average gas temperatute of <Ty> = 2200
K, substituting values of Ay (green) =~1.95 x 10° s, Ayl (yellow) = 1.9 x 10° s1[34], ncy~ 10%°
cm3, Pugr~ 102 Pa (~1 mbar), Py~ 10 Pa (~1 mbar), Pgr~ 102 Pa (~1 mbar), Pne~ 28 x 102
Pa (~28 mbar), dne~ 76 pm, dxpr= 141.4 pm, dgr~ 230 pm and dy~ 50 pm [206], in equations
6.3t0 6.6 we get Avg ~0.31 MHz, AvyY 0.3 MHz, Av® =30 MHz, Av" =0.75 MHz, Av}

~ 2475 MHz and Av_{? ~ 2186 MHz. For typical operating conditions of a Cu-HBrL for which

ne~ 10'% cm® and <Tg> ~ 2200 K, AvS =~ 0.9 MHz [199]. The equations 6.7 and 6.8 lead to
the net convoluted line-width Av =~ 2492 MHz and 2203 MHz respectively for the G and Y
components. So, in standard operating condition of a Cu-HBrL as that of ours, the magnitudes
of individual as well as the combined contributions of natural, resonance, foreign gas and Stark
broadening are significantly smaller than that of the Doppler broadening i.e., Avt = few tens of
MHz vs. AvP = few GHz. At this condition, the line-shape intensity distribution of equation 6.9

can be rewritten as [12],

4 (In2) (v=vy)?
(@vy)?

(6.10)

I(V) = Z aj ﬁiSO.(j) ID(V]) = Z I (V]) e
j j

where I(v;), vo; and Aij are the relative intensity, central frequency and Doppler width of the
j™ hyperfine component respectively. Using the relevant data from table 6.1, the spectral
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emission line-shapes are simulated. Figs. 6.7 a & b show the representative line shape profiles
of spontaneous emission, with individual hyperfine components (dull lines) as well as their
convolution (bold line), for the G and Y component of Cu-HBrL, at a chosen average gas

temperature of 2200 K. This exercise is repeated for various gas temperatures from 800 to
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Fig. 6.7 Typical calcultaed spectral emission line shape with individual hyperfine

components of Cu-HBr laser radiations for (a) Green line and (b) Yellow line
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Fig. 6.8 The simulated convoluted line shapes of Cu-HBr laser emission at different average

gas temperatures for (a) Green radiation and (b) Yellow radiation

3000 K, in a step of 200-300 K and the results are shown in Figs. 6.8 a & b for G and Y

components respectively [13]. It is evident that the G line of Cu-HBrL is dominated by a single

strong hyperfine component followed by the other three relatively weak components i.e.,

142



Irer.(ag) : lrer.(bg) @ Irel.(ag’) : lrer.(dg) =1.00 : 0.62 : 0.45 : 0.35 whereas the Y line is dominated by
one strong component followed by four relatively weak components i.e., lrel.(ay):lre.(ay)
lrer.(by) : Irer.(Cy):lrer.(dy)=1.00: 0.45: 0.36 : 0.36 : 0.36. The net spread/shift of all the hyperfine
components taken together for the G line (ag - iy’) is ~8.63 GHz and that of Y line (ay- fy’) is
~12.64 GHz.

Fig. 6.9 shows the variation of the convoluetd FWHM line-widths of green and yellow
lines with average gas temperatures from 2000 to 3000 K. For comparison, the variation of
calculated line-widths (Doppler), of both the radiation components of Cu-HBr laser, under
single emission line approximation (without consideration of isotope shifts & hyperfine
splittings) are presented. It is seen that with increase in gas temperature, the corresponding
convoluted line-widths increase from ~7.45 to ~7.68 GHz and ~10.35 to ~11.45 GHz for the
green and yellow components respectively. On the other hand, for the single emission line

approximation, the corresponding line-widths of green and yellow components vary from 2.36
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t0 2.89 GHz and 2.08 to 2.55 GHz respectively. The magnitudes and trends of variation in line-
widths with input powers / gas temperatures are in agreement with the analysis presented here
based on isotope shift and hyperfine splitting of copper atom. However, the measured values
are lower than that of the calculated values. It may be mentioned that our estimations of
convoluted widths have not taken care of the exact gain distributions among the hyperfine
components at different operating conditions. In addition, there are uncertainties in number
density of particles in the plasma due to uncertainties in gas temperature as well as laser level
pumping. All these factors might be the reason behind the discrepancies between the
experimental observations and theoretical calculations [12].

In practice, the observed line-width is dependent on the operating parameters in general
and the electrical power coupled into the laser discharge in particular. This is because, it decides
the gain of the hyperfine components as well as their Doppler broadening widths whose
convolution produces the observable line-width. As the input power increases, the gains of the
hyperfine components also increase. This subsequently leads to more number of hyperfine
components crossing the saturation threshold and their contribution to the net observable line-
width increases. In addition, increased electrical input power and hence increased average gas
temperature lead to increase of both the Doppler line-width of each hyperfine line as well as
convoluted widths. In the present study, the laser is operating at high average output power
which corresponds to far above saturation. This along with the fact that the hyperfine
components of yellow are more widely separated in frequency domain than that of the green,
explains the observed result that the line-width of the green line is lower than that of the yellow.

With increase of the input power, the gains of the relatively lower intense hyperfine
components increases and go above saturation threshold. These relative lower intensty
hyperfine components of yellow line are more widely separated than those of the green, which

explains the observed result that the rate of increase line-width with electrical input power of
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yellow is more than that of the green. Similarly, as the HBr concentration increases, it leads to
decrease in inter-pulse electron density through increased DA process [121,124]. This in turn
leads to increase in discharge impedance and hence the electrical energy dumped into the
discharge, which are manifested in terms of increased Doppler broadening and hence the laser
line-widths. In addition, increased HBr concentration also leads to increased copper density in
the discharge region and hence affects the gain distribution among the hyperfine components.

The line-width and transition frequency fluctuations (standard deviation) of the Cu-
HBrL lines observed may be explained as follows. In a Cu-HBrL, the line-width fluctuations
may be attributed to fluctuations in refractive index of the heated active medium due to
temperature and instantaneous pulse to pulse pump power variation due to repetitive pulsing.
These subsequently affect the electron temperature, gas temperature and thermal speed
distribution of the copper atoms inside the discharge tube and hence lower gain. In addition,
several hyperfine transitions originate from the same hyperfine upper level, which lead to gain
competition among the transition components. Therefore, it is possible that as the input power
coupled to the discharge increases the local fluctuations in temperature and refractive indices
etc. also increase. These fluctuations are likely to have more effect on the yellow lines of the
Cu-HBrL line due to its lower gain than that of the green, where some of its transitions might
be oscillating around the threshold level, thus leading to more observable line-width
fluctuations for yellow than that of the green. Similar argument follows for the case of HBr
concentrations.

The indifference in the results of spectral line-emission characteristics with the different
resonators used may be attributed to the fact that the study is made at high laser average power
levels. In this situation all the hyperfine transitions are far above saturation threshold and an
unstable resonator is not able to suppress the lasing at any of the hyperfine transitions due to

high gain values.
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6.5 Conclusions

In conclusion, this chapter presented a detailed experimental study and the related
theoretical analysis on the spectral line-emission characteristics of both the green and yellow
radiations of a Cu-HBrL for different laser operating conditions. The experimental study is
carried out using high precision Fizeau interferometer based wavelength meter, whereas the
Cu-HBrL is operating at high average power conditions. The experimental results on the
spectral line-emission characteristics such as line-width, emission frequency & their stability
for different electrical input powers, HBr concentrations are studied in detail. The effect of
electrical input power and HBr concentration are crucial on Cu-HBrL spectral line-emission
characteristics, unlike that of the resonator used. At typical laser operating condition, the
emission line-width of Cu-HBr laser varies within ~4 to ~5 GHz for green component and
within ~6 to ~9 GHz for yellow component with the line-width and emission frequency
(central) fluctuation of few 10s to 100s of MHz. The experimental observations are explained
by a comprehensive theoretical analysis followed by simulation of the spectral emission line-
shapes of both the radiations. This is carried out taking into account the isotope shift, hyperfine
splitting and relevant line broadening effects (mostly Doppler) associated with the energy
levels of natural copper atom. The theoretical results, in conjunction with the temperature &

laser gain distribution effects, agree well with the observed trends.

146



Chapter 7

Studies on the beam divergence & pointing stability of Cu-HBr laser

7.1 Introduction

The laser beam divergence and pointing stability of Cu-HBr laser radiations are crucial
parameters in applications requiring finely focused beams such as second-harmonic/sum-
frequency generation (SHG/SFG) for UV & its use for writing of fiber Bragg gratings (FBGS),
precision material processing and tunable laser pumping (dye & Ti:Saphire) etc. [31, 189, 207-
209]. In the nonlinear UV conversion, the beam divergence of the Cu-HBrL decides its focused
intensity and hence the frequency conversion efficiency. In addition, the fundamental beam
divergence and pointing stability dictate the phase matching optimization in nonlinear crystal
for efficient SHG or SFG of Cu-HBr laser. It is also equally important to know the long term
variation in single pulse divergence & pointing angle and intensity, to plan the effective
utilization of copper laser based visible/UV sources in the mentioned applications. These issues
are more relevant for a Cu-HBrL due to its operation at high PRR, high specific power
conditions that lead to increased power loading and thermally induced phenomena affecting
the spatio-temporal laser beam characteristics. The exhaustive study of beam quality aspects
of Cu-HBFr laser has been missing in the field and is the focus of present chapter.

This chapter presents a comprehensive study on beam quality aspects on both the green
(G) and yellow (YY) radiations of a Cu-HBrL for different laser operating conditions. The
experimental results on variation of far-field divergence and pointing stability with different
electrical input powers, HBr concentrations and optical resonators (plane-plane & unstable) are
presented in detail for both the radiation components of the developed Cu-HBr laser. Both the
time averaged and pulse to pulse variations are studied. The experimental study is augmented
with near-field spatial intensity profiles & temporal pulse shapes of both the radiations. The

related analysis and discussion encompass the estimation of beam divergence for different
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resonators, role of spatio-temporal laser gain characteristics, thermally induced perturbations
and effect of diffraction. The whole study has culminated into generation of high quality Cu-
HBr laser beams as required for efficient UV generation through nonlinear optical conversion

as presented in chapter 9.

7.2 Measurement for Cu-HBr laser beam divergence & pointing stability
7.2.1 Set up for measurement

Fig. 7.1 shows the schematic of set up for studying the far-field beam divergence and
pointing stability characteristics of a Cu-HBrL. The laser system, Cu-HBrL 2 (Table 2.1), is
based on discharge tube of 4.7cm bore dia. & 150 cm length and is excited using IGBT-solid
state switch based pulser at 18 kHz PRR [156]. In the first set of measurements, the beam
quality is studied for both the green & yellow radiation components of the Cu-HBrL, with a
plane-plane resonator (PPR, reflectivity: ~99% & ~7%) of 250 cm cavity length (L)

(configuration A in Fig. 7.1). The green & yellow radiations are suitably separated by a dichroic
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Fig. 7.1 Schematic of the set up for studying the spatial & energy characteristics of Cu-HBrL
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filter and are studied sequentially for far-field beam divergence, far-field beam pointing
stability, near-field radial intensity profiles, laser output powers and temporal pulse profiles for
different electrical input powers (6 to 9.5 kW) and HBr concentrations (5 to 9%). The
measurements are carried out by suitably sampling the laser beams with the use of beam-
splitters, optical wedges and beam-steering mirrors, as described in Fig. 7.1. Then the
experimental study is repeated with confocal unstable resonators (URs) of different
magnifications (M = |F, /F,|, where F1 (250 cm) & F» are focal lengths of mirrors M1 & M2
and are separated by a distance L, = F1 - |F,|,) e.g. M =12.5, 50 & 100 (configuration B in Fig.
7.1) at 5 KW input power and optimized HBr concentration (~6%). The discharge tube
temperature is maintained at ~900 K.

For the measurement of beam divergence and pointing stability, the reflected beam
from the optical wedge (OW,) is focused by a lens L1 (fi= 50 cm) and filtered for amplified
spontaneous emission (ASE) noise at the focal plane of L1 using an aperture (~500 pm diameter
for PBURs & ~1500 pm diameter for PPR). The pinholes are wide enough to allow the exit of
the laser beams without limiting their spatial extent. This ASE filtered spot is then imaged,
with magnification of 2.3-2.4 for PPR and 2.6-2.7 for UR at the CCD head (Pixelfly ge, PCO
AG of pixel size 6.45 um x 6.45 um) using another lens Ly (f2 = 25 cm), suitably placed. The
beam intensities are suitably attenuated using suitable combinations of neutral density (ND)
filters to prevent saturation & damage to the CCD. These magnification values are confirmed
by calibrating the system with a known size pinhole. The far-field images are captured by a
personal computer (PC) & frame grabber card set up and are analysed using in-house developed
beam analysis software [210]. The CCD acquiring time is set to be 50 us which is little less
than the inter-pulse time (~55.56 ps) ensuring single pulse recording. The subsequent images
are acquired after time interval of 1 s at 1 Hz rate. At the end of acquiring preset number (512)

of images, the individual line profiles stored in the allocated memory is saved as a
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composite/stacked image. These images are then analysed for estimation of far-field beam
characteristics. The error of the measurement is limited by the pixel size of the CCD camera
and is estimated to be about + 5 prad. The near-field spatial intensity profiles are recorded after
suitably attenuating & imaging the laser exit on the CCD camera placed after the lens L. Part
of the beams are also sampled to fast biplaner photo-diodes (PD12) (Hamamatsu: R1193U-52)
for monitoring the temporal pulse characteristics, recorded with a 500 MHz oscilloscope

(Lecroy: Waverunner 6050A).

7.2.2 Principle of measurement and base data

Figs. 7.2 a & b show the typical composite pictures (horizontal stack) of the magnified
far-field spot for G and Y components of the Cu-HBr laser, with PPR and PBUR M=50
respectively, at optimized conditions. The vertical stack is similar to the horizontal stack. The
far-field spots of both G & Y components consist of an intense central core surrounded by low
intensity outer area. The zigzag shape of the stacked picture is indicative of positional jitter of
the far-field pattern and hence pointing instability of laser beam. Figs. 7.3 a & b and Figs. 7.4

a & b show the typical composite far-field intensity distributions, of the G & Y components of

Green Yellow Green Yellow
512 5124 5124 5121

Number of pulses
Number of pulses
Number of pulses
Number of pulses

0+ 0 o "
—= 5 . =

~1280 um ~1500 um ~180 MM ~152um
Far-field spot diameter Far-field spot diameter Far-field spot diameter ~ Far-field spot diameter

(a) (b)

Fig. 7.2 Typical recorded composite pictures (horizontal stack, 512 pulses) of far-field spot

for green and yellow component of Cu-HBr laser with PPR (a) and PBUR M=50 (b)
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Fig. 7.3 Typical composite far-field intensity distributions (512 pulses) of green (a) and

yellow(b) component of Cu-HBr laser with PPR

487 : : - Green | 1624 : " Yellow |
1591 51299
E | : |
5 5691 S 974
J & |
2379 2 649
@ c
g 3
€190 £ 325

0 0

0 386.4 772.8 1159.2  1545.6 0 251.55 503.1 754.65  1006.2
Radial distance (Jm) Radial distance (um)
(@) (b)

Fig. 7.4 Typical composite far-field intensity distributions (512 pulses) of green (a) and

yellow (b) component of Cu-HBr laser with PBUR M=50

the Cu-HBr laser, with PPR and PBUR M=50 respectively. These are derived from Figs. 7.2 a
& b. Similar exercises have been carried out for all other experimental conditions.
The beam quality parameters as evaluated as follows. For each pulse the numerical
values of divergence (6;) and pointing angle (6;) are given as [13, 48],
0, = Aw;/d (7.1)
§; = As;/d (7.2)
where Asi = spatial displacement of the far-field intensity peak of it pulse from the mean peak

position, Awi = width of the far-field intensity distribution at the 1/e? points of the intensity
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maxima of i pulse, d = distance of the plane of minimum spot size from the lens Li. The
pointing instability (&) at a given condition is taken as their mean value over all the pulses
recorded. The far-field intensity data is obtained from intensity counts of the images recorded
by the CCD camera. The fluctuations in far-field divergence (Af) and intensity (Al) are
estimated as,

AO =<6 >—0,,, (7.3)

Al =<1>—I, (7.4)
<0> & Oex are the average/mean value of divergence & extreme value of the divergence, <I>
& lext are the mean value of far-field intensity count & extreme values of the intensity count
resepectively. These experiments and analysis are carried out for both the G & Ycomponents
of Cu-HBrL with various laser operating conditions as well as optical resonators as discussed

in the following sections.

7.3 Spatial beam quality behaviour of Cu-HBr laser with plane-plane resonator
7.3.1 Far-field beam divergence

Figs. 7.5 a & b show the typical variation of single pulse far-field beam divergence of
G and Y radiations of Cu-HBrL with PPR. These are the actual corrected data after taking care
of the magnification used in far-field recording. Similar graphs are generated for all other

experimental conditions of electrical input powers and HBr concentrations, from which the
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Fig. 7.5 Typical variations in single pulse far-field beam divergence of Cu-HBrL

radiations with PPR: (a) Green and (b) Yellow
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Fig. 7.6 Variation of <0> and AO of recorded 512 pulses of green and yellow component of

Cu-HBrL with PPR for different (a) electrical input powers and (b) HBr concentrations

mean value of the divergences and long term divergence fluctuations are estimated (using
relations 7.1 & 7.3). Figs. 7.6 a & b show the variation in mean value of divergences (<6>)
and their fluctuations (A8) of the G & Y beams (<6>¢, <0>y and Ay, ABg,) with respect to
different electrical input powers and HBr concentrations respectively. As the electric input
power increases from 6 to 9.5 kW, both <6>4 and <6>y increase monotonically from 1050 to
1090 urad and 1110 to 1300 prad respectively. These account for increase of ~4% and ~17%
respectively. Similarly, both ABg and A6y increase monotonically from + 26 to + 43 prad and
+32 to + 45 prad respectively with increase of the electrical input power from 6 to 9.5 kKW. It
may be noted that at all the input power used both <6>y and A6y are more than <6>g and A6y.
However, these trends are different for different HBr concentrations used (~5%, ~7% & ~9%)
as shown in Fig. 7.6 b. The value of <6>y is always higher than <6>4. These values are 1860,
1080 & 1120 prad for the G component and 1883, 1215 & 1392 prad for the Y component
respectively, corresponding to HBr concentration of ~5%, ~7% and ~9% at electrical input of
8 kW. However, both <6>y3 & <0>y are higher at HBr concentrations far from the optimum
level. On the other hand, Ay is about 47, + 33 & + 48 prad where as A0y is about + 41, + 38

& + 42 prad for HBr concentrations of 5%, 7% & 9% respectively.
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7.3.2 Far-field beam pointing stability & intensity fluctuation

Figs. 7.7 a & b and Figs. 7.8 a & b show the typical long term variation in single pulse
far-field beam pointing angle and corresponding intensity of G and Y radiations of Cu-HBrL
with PPR at 8 kW input power. Similar graphs are generated for all other experimental
conditions of electrical input powers and HBr concentrations, from which the mean value of
divergences and long teram divergence fluctuations are estimated (using relations 7.1 & 7.3).

Figs. 7.9 a & b show the variation of pointing instability [64 & &y] and fluctuation in far-field
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Fig. 7.7 Typical pulse to pulse variations in far-field beam pointing angle of Cu-HBrL

radiations with PPR: (a) Green and (b) Yellow
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Fig. 7.9 Variation of beam pointing instability) (6 and intensity fluctuations (AZ/]) of green

& yellow component of Cu-HBrL with (a) Electrical input powers & (b) HBr concentrations

beam intensity [(Al/<I>)g & (AU/<I>)y] of both G & Y components with respect to electrical
input powers and HBr concentrations respectively. With variation of the electrical input from
6 to 9.5 kW, both 8¢ and dy increase monotonically from + 27 to + 50 urad and + 25 to £ 53
urad respectively. For electrical input less than 8 kW, dq is slightly higher than 6y where as for
the input power beyond 8 kW, the trend is just opposite. Similarly, both (Al/I)g &(Al/T)y also
increase from £5.9% to + 9.8% & =+ 5.6% to + 8.7% respectively for corresponding increase
in input power. However, for different HBr concentrations used in this study, dg iS almost
constant at a level of + 37-38 prad. On the other hand, &y is minimum of =+ 37 urad for optimum
HBr concentration (~7%) and is within £ 118-125 prad for both below and above optimum
HBr concentrations. Similarly the value of (Al/<I>)g and (AI/<I>)y are + 11.5%, £ 7.2% & *

9% and + 14.5%, £ 6.4% & + 8.7% resepctively for low, optimum and high HBr concentrations.

7.3.3 Radial and temporal intensity profiles

The far-field beam divergence and pointing stability behaviour of Cu-HBr lasers are
linked with the near field radial intensity profile and the laser pulse duration as well as its
temporal modulation characteristics [13]. These parameters are different for the G and Y
components and are strongly dependent on the laser gain characterising operating parameters
such as electrical input power as well as HBr concentrations. Figs. 7.10 a & b show the typically

recorded near-field spatial intensity profiles of G & Y beams at 8 kW for optimum and below
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optimum HBr concentration respectively. At all the input power used, where corresponding
HBr concentration is slightly changed for maximum laser power, the profiles show similar

quasi-Gaussian behaviour as in Fig. 7.10a. However, for HBr concentrations (5% & 9%) other
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Fig. 7.10 Typical radial intensity profiles of green & yellow component of Cu-HBrL at 8 kW

input power for (a) optimum HBr concentration (7%) and (b) low HBr concentration (5%)
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Fig. 7.11 Temporal intensity profiles of green & yellow component of Cu-HBrL at 8 kW input

power for optimum HBr concentration (a & b) and low HBr concentration (c & d)
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than the optimum value (~7%), the spatial intensity profiles develop slight deep (<10%) in
center. Figs. 7.11 a - d show the temporal evolution of laser intensity of G & Y beams for
optimum & below optimum HBr concentration, at 8 kW input power. For all other input powers
used, temporal profiles are more or less similar albeit with different durations. However, there
is significant change both in shapes and durations of the G & Y components for different HBr
concentrations. In all the cases, the laser beam diameters as well as the pulse durations have

been estimated as the width of the 1/e? points of the maxima in the profiles.

Figs. 7.12 a & b show the variation of the laser pulse duration (tg, Ty) and beam diameter
(Dg, Dy) of G and Y components with variation of electrical input power & HBr concentration
respectively. As the input power increases from 6 to 9.5 kW, both Dy & Dy increase from 25 to
29 mm & 26 to 30 mm respectively, whereas tg & Ty increase from 80 to 90 ns & 78 to 100 ns
respectively. On the other hand, with variation in HBr concentration from 5 to 9%, both Dy &
Dy decrease from 32 to 25 mm & 30 to 25 mm respectively, whereas tg & ty are maximum at
7% HBr concentration and decrease to 68 ns / 64 ns & 74 ns / 82 ns for 5% & 9% HBr
concentrations respectively. Similarly, with increase of the input power (6 to 9.5 kW) the
respective G & Y laser power ratio decrease from 1.53 (23 W/15 W) to 1.12 (38 W/34 W)

whereas with increase of HBr concentration (5 to 9%) the G to Y laser power ratios are 1.82
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(31W/17 W), 1.21 (25 W/29 W) & 0.87 (26 W/30 W) respectively. These details are described
in section 6.2.1 of chapter 6 of this thesis. These are the indications of variations in their
respective laser gains and are linked with Cu-HBrL kinetics as discussed in section 3.3 of

chapter 3 in the present thesis [33-35, 124].

The near-field intensity profile and its width play crucial role in deciding the beam
divergence in terms of its minimum attainable diffraction limit p.. For the quasi-Gaussian
nature of near-field profiles, as measured in our case (Figs. 7.10 & 7.15 a), 6p.=3.051/D
(already discussed in section 1.4.2.3, chapter 1). Therefore, the values 6pi, for the case of
different input powers used from 6 to 9.5 kW, are about 62.3 to 53.70 prad for G and about
67.83 to 58.78 urad for Y component respectively. Similarly, for HBr concentrations of 5%,
7% & 9% the values Op. are about 48.67, 55.62 & 62.29 prad for G and about 58.78, 60.81 &
70.54 urad for Y component. The Op. values are functions of input power or HBr concentration
due to variation of near-field beam diameter, D, with these parameters (Figs. 7.12 a & b). These
transform the variation in <6>¢ from about 16.86 to 20.30 DL and in <6>y from 16.37 to 22.11
DL respectively for the variation in input power from 6 to 9.5 kW. The variation in A8y iS
about £ 0.42 to + 0.80 DL and in Afy is about + 0.47 to £ 0.77 DL for the respective input
power from 6 to 9.5 kW. However, for HBr concentrations from 5 to 9%, the values of A6 are

about + 0.97 to £ 0.77 DL and A6y are about + 0.70 to + 0.60 DL respectively.

7.4 Spatial beam quality behaviour of Cu-HBr laser with confocal unstable resonators
7.4.1 Beam divergence & pointing stability behaviour

The far-field beam divergence, pointing stability & intensity variations as well as the
near-field spatio-temporal intensity profiles are studied with confocal PBURs of three different
magnifications M = 12.5, 50 & 100. Figs. 7.13 a - f show the variations of the of single pulse
far-field beam divergence, pointing angle & intensity fluctuation of recorded 512 Nos. of pulses

of G(a, c&e) and Y (b, d & f) components of Cu-HBrL with PBUR M =50. The diveregnce
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Fig. 7.13 Variation of single pulse far-field beam divergence, pointing angle & intensity for
recorded 512 pulses of Cu-HBrL with PBUR M=50 : Green (a, ¢ & e) and Yellow (b, d &)
and poiting angle data are corrected for the magnification used in far-field recording. For the
other two PBURs of M = 12.5 & 100, similar results/graphs are obtained from the recorded
composite images of the far-filed spatial beam intensity profiles (outlined in section 7.2.2).

However, the magnitude of the observed results are different.

Figs. 7.14 a & b show the variation of the far-field average beam divergence & its
fluctuation and the pointing stability & intensity fluctuation of Cu-HBrL radiations with
different magnifications of the PBURs used. It is observed that as the magnification of the

PBUR increases from 12.5 to 100, the average beam divergence (<0>) decreases rapidly from
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Fig. 7.14 Variation of the beam divergence & its fluctuation (a) and the pointing stability &

intensity fluctuation (b) of Cu-HBrL radiations with different magnification of the PBURs

PBUR increases from 12.5 to 100, the average beam divergence (<6>) decreases rapidly from
268 urad to 89 prad for the G component and from 230 prad to 71 prad for the Y component
respectively. However, the correpsonding fluctuations (A8) remain within £20 to £25 prad.
Similarly, with the increase of the magnification of the PBUR from 12.5 to 100, the far-field
beam pointing instability as well as the long term intensity fluctuation (AI/<I>) decreases form
+25 prad to +15 prad and £30% to £20% for the G component whereas for the Y component
the corresponding values decrease from +19 prad to =10 prad and £ 35% to £ 20% . It may
be mentioned that the average average beam divergence & its fluctuation, pointing stability
and intensity variations with PPR at this electrical input power (~5 kW as used for the case of
URs) are 1500 prad & 25 prad, = 30 prad and + 6% for the G component whereas for the Y
component these values are 1400 prad & + 28 prad, + 27 urad and + 6% respectively. At this
condition (=5 kW electrical input power), the average brightness [= Beam average power / {r°.
(beam radius)?. 62}] of the Cu-HBrL beams are estimated to be about 5.19 x 10° W/cm?.sr,
1.35x 10" W/ecm?2.sr, 6.52 x 10" W/cm?.sr & 1.15 x 108 W/cm?.sr (for G component) and 3.31
x 10% W/cm?.sr, 1.10 x 10" W/cm2.sr, 5.75 x 10" W/cm?.sr & 1.03 x 108 W/cm?.sr (for Y

component) corresponding to PPR, PBURs of M = 12.5, 50 & 100 respectively.
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These spatial characteristics of a Cu-HBrL can be compared with that of a conventional
CVL of identical size (2.8 cm bore dia. x 150 cm long tube). The far-field beam divergence,
pointing instability & intensity fluctuations of the CVL [48], as reported only for the G
component, with PPR are 3000 prad, + 120 prad & + 25%; with PBUR M = 12.5 are 150 prad,
+ 45 prad & + 47% whereas with PBUR M =100 these values are <0>q= 122 urad, AOg = £15
urad, &g = 15 prad & (Al/<I>)q = £ 30% respectively. For the Y component, as reported only
with PBUR M=100, these values are <0>y = 108 prad, Ay = £10 prad, éy = £10 prad &
(A/<I>)y = £ 45% [207]. On the other hand, these values in a Cu-HBrL are far better than that

of the conventional CVL, as presented above.

7.4.2 Radial and temporal intensity profiles

Fig. 7.15a shows the recorded near-field radial intensity profiles for G and Y
components of the Cu-HBrL with PBUR M = 50. For PBURs of M=12.5 & 100, the profiles
are similar. The central dip in the intensity profiles of both the G and Y components are due to
their reflection off the scraper mirror with central hole in the on-axis configuration of UR, as
employed. Also, the small modulation in the spatial profiles are due to effects of diffraction

by the hard edge of the scrapper mirror used (Fig. 7.1, config. B). Despite the central null in
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Fig. 7.15 Typical recorded intensity profiles of G & Y component of Cu-HBrL with PBUR

(M=50): (a) radial profiles and (b) temporal profiles
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the near-field intensity distribution, the far-field profiles (Fig. 7.4) are axially peaked due to
almost uniphase nature of the UR beam. It is also clear that spatial profiles of the intra-resonator
circualing beams are axially peaked & quasi-Gaussian in nature. The laser beam diameters for
both the G and Y components are about 25 mm for PPR as well as PBURs used. For the PBURs,
with both Dy & Dy of 25 mm, the variation in <6>y corresponds from about 4.3 DL to 1.45
DL and in <6>y corresponds from about 3.26 DL to 1 DL, with increase of the M of the PBURS
from 12.5 to 100. However, the variations of both A6y & A6y are within + 0.3 to + 0.35 DL.
Therefore, the changes in the beam diameters lead to variation in degrees of diffraction effects
(< A/D), that affects the observable beam divergence.

Fig. 7.15 b shows the typical recorded laser pulses of the G and Y components of Cu-
HBr laser with PBUR M=50. For the PBURs of M=12.5 & 100, the pulse shapes are similar
however of different durations. The pulse durations (at 1/e?) of the G components are ~55 ns,
~50 ns & ~44 ns and for the Y components are ~50 ns, ~45 ns & ~39 ns for the PBURs of M
=12.5, 50 & 100 respectively. It is observed that the temporal profiles of the G components
show three distinctly modulated peaks, out of which the first two are almost of same heights.
On the other hand, the Y component has only two modulated peaks, out of which the first one
is prominent. It is aslo observed that the Y pulse builds up later (~5 ns) as well as slowly as
compared to that of the G, but extends upto 10-12 ns after the termination of the G pulse. These
phenomena are linked with the laser kinetics associated with Cu-HBrL as discussed in chapters
1 & 2 of this thesis. The temporal pulse shapes of G & Y components of PPR and UR Cu-

HBr laser are further deliberated upon while discussing their SHG/SFG in the chapter 9.

7.5 Analysis of observed beam quality behviour of the Cu-HBr laser
From the above experimental results following facts have emerged. First, the far-field
beam divergence, pointing stability values and their fluctuations as well as far-field intensity

variations scale up (degrade) with increase of the input power of Cu-HBrL. The beam quality
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also degrades with change of HBr concentration away from the optimized level. Second, the
beam divergence & its variation and pointing stability of both the G & Y components improve
significantly with the increase of the optical resonator magnifications from M=1 (PPR) to M =
100 (UR). At the same time, the pulse to pulse far-field intensity variation worsens when the
optical resonator is changed from PPR to PBURs. Among the URs, increase of magnification
leads to reduced variation in far-field intensity. Also the G & Y components have different
beam quality characteristics. The observed trends (Fig. 7.5 — Fig. 7.15) need to be analyzed.
Analyzing the beam quality i.e. divergence, pointing angle and their pulse to pulse
variation is a complex issue due to interconnctedness of various beam quality deciding
parameters. Any change in input power or HBr concentration leads to change in near-field
spatial intensity distribution, temporal laser modulation, laser gain build-up time & gain
duration, beam divergence evolution, ASE present in the laser pulse, gas heating, gain medium
refractive index and plasma parameters. In addition, in the present experiment, the long term
beam stability, lasting over 500 seconds are recorded, where beam disturbances/wave-front
distortions originating over the different time slots i.e. laser pulse duration, inter-pulse period,
active medium thermal relaxation time, short & long term thermally driven fluctuations in the
active medium remain present [13, 48]. The complex inter-dependence as well as the combined

effects of all these factors contribute to the net observable spatial characteristics.
7.5.1 Beam quality of Cu-HBrL vs. input power & HBr concentration

The output pulse of a laser oscillator builds up from the spontaneous emission which is
highly random in phase and amplitude across the beam cross section. Therefore, the beam
divergence of a laser evolves with time from the optical noise/ASE seed radiation. During
several transits within the optical resonator; this undergoes repeated spatial filtering (through
the gain medium aperture) & amplification, and finally attains a steady state. This requires

hundreds of round trips in the gain medium [13, 48]. Owing to its short inversion time and high
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gain of Cu-HBrL, the steady state i.e. resonator mode establishment, is not achieved and a
significant amount of ASE is expected to be present in the output of the radiations. The quality
of the copper laser radiation is controlled by the ASE right from the onset of its gain [50]. The
extent to which the ASE affects the spatial beam quality, depends on the gain duration, rise
time & its temporal evolution dynamics. More the laser gain and faster its rise time, more will
be the ASE content in the beam. So, there is a presence of significant amount of ASE in the
Cu-HBrL beam. A study in CuBr + Ha laser (equivalent to Cu-HBrL) revealed the presence of
20-50% ASE in the laser output pulse [211]. Also, in a Cu-HBrL, the measured single pulse
divergence is an weighted average of the intra-pulse beam divergences corresponding to
various round trips i.e. 8 = ¥; w;.6;, where wi is the weighted fraction of i round trip,
approximately represented by the strength of peaks of the temporal profile [13, 48, 212-214].
The later the dominant peak(s)/gain maxima occur in the laser temporal pulse profile, the better
is the overall observable pulse averaged divergence.

The laser beam quality is also degraded due to wave-front distortion by the heated laser
discharge plasma, high incidence laser flux on the resonator mirror and also due to acoustical
perturbation originating from multi-kHz PRR pulsed power pumping [9, 13, 48, 49]. However,
for the fixed PRR of the Cu-HBr laser (18 kHz in the present case), it is the relative thermal
induced effect that dictates the overall wave-front distortion as input power or HBr
concentration is changed. The existence of radial temperature gradient (section 5.4.1, chapter
5) in the discharge tube leads to radial refractive index variation in a Cu-HBrL plasma [11].
This leads to wavefront disturbances in terms of beam deflection, focusing/defocusing and
other higher order phase profile distortions such as spherical aberration, astigmatism etc. Any
thermally driven fluctuations in different time slots i.e. laser pulse duration, inter-pulse period,
active medium thermal relaxation time etc. in the Cu-HBrL laser discharge plasma act as

perturbation in the radial refractive index distribution and hence result in wave-front
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distortions. These distortions are also manifested as pulse to pulse fluctuations in the beam
position/pointing and divergence [13, 48].

Hence, referring to beam quality results (section 7.3) with increase in the input power
from 6 to 9.5 kW, the energy coupled into Cu-HBrL plasma, laser gain, ASE and the heating
effects increase. These result increased thermally induced adverse effects, leading to increase
in <6>, AO and & for both the G & Y components of Cu-HBrL, as observed. However, the rate
of increase of gain, hence ASE content, with input power is expected to be higher for the lower
gain Y component as compared to G. This is evident from slower gain rise of Y as compared
to G (Figs. 7.11 a & b) and also from the decrease of G to Y laser power ratio from 1.53 to
1.12 (Fig. 6.6 a, chapter 6) as input power in increased from 6 to 9.5 kW. It is also evident from
the laser temporal pulse profile (Figs. 7.11 a, b, ¢ & d) that for G, as compared to Y, the
dominant peak (s) occur later in time where the beam divergence has evolved to much lower
values. Hence the G component has better pulse averaged divergence (0) as compared to Y at
all input powers. The lower beam divegence of G component also results in lower value of
diveregnce flucuations and high poiting instability as compared to Y.

On the other hand, for different HBr concentrations from 5 to 9%, even though the
electrical input power remains same, the fractional energy coupled to the laser discharge and
hence availabile copper density differ [12, 124]. These affect the gain rise time as well as the
gain duration of both the components. As the upper laser level of Y line lies energetically lower
than that of G, hence the Y transition is expected to be affected more than that of G [12, 13].
This is evident from the fact that both at higher and lower HBr concentrations, the gain duration
as well as the gain build ups are lower than that for the optimum HBr concentration (Figs. 7.11
¢ & d). Also, the near-field spatial intensity profiles of the Y component, at both the higher and
lower HBr concentrations, show slightly more centrally deep profile unlike that of the G

component (Figs. 7.10 a & b). Hence, the observed results can be explained proceeding with
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similar arguements as in case of the input power together with the observed intensity profiles.

7.5.2 Beam quality of Cu-HBrL with plane-plane & unstable resonators

For a high gain, high Fresnel number (Ng = D%L,) pulsed laser device, the evolution
of far-field beam divergence for PPR & PBURs is controlled mainly by ratio of discharge tube
(beam) diameter to resonator length [215, 216]. For a PPR, the beam divergence, attained after
n round trip (2n passes) in the laser cavity, is given as 8, = D/2nL, (n =1, 2, 3,... is the
round trip number & L = the optical resonator cavity length). Therefore, the number of round

trips (no) and time (to) required to attain the DL divergence (steady state) is given as,

(D/2Ly) D?

© [(Bp/'l/D)] 2PpALy (7.9)
D2

Ty = 5o Ac (7.6)

where c is the speed of light and Bp = 3.05 (section 1.4.2.3, chapter 1). For beam diameter D =

25 mm, the values of no & 1o are ~81 & ~1340 ns for G and ~71 & ~1180 ns for Y component
of Cu-HBrL. For input power variation from 6.0 to 9.5 kW in Cu-HBrL, more specifically, this
corresponds to number of required round trips of 80 to 108 for G and 77 to 102 for Y
components. This is because with increase in electrical input power, the electron density in the
active medium also scales up. This in turn leads to enhanced filling of discharge across tube
cross section and hence increase in the laser beam diameter (Figs. 7.12). For the HBr
concentrations (5%, 7% & 9%), the corresponding number of round trips required are about
132, 101 & 80 for G and about 102, 95 & 71 for Y components. However, the available gain
duration of the Cu-HBrL radiations (Figs. 7.12) restrict the number of cavity round trips to only
5-6 for PPR. So, with PPR, the steady state is not attainable in Cu-HBrL. Hence, the beam
divergence of Cu-HBrL with PPR is comparatively large, of the order of 10s of DL (Sec. 7.3.3).

On the other hand, for PBURs, the beam divergence attained after each round trip is
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reduced further by the resonator cavity magnification factor M, which after n™ round trip is
given as 8,, = D/M"L, [215, 216]. The number of cavity round trips (no) as well as time (7o)
required by the laser radiations to attain the DL / steady state divergence value, in such case,

are given as [48,189, 215],

n,=1+1In M,/In M (7.7)
7o = 2L, (1+32)/c (7.8)

where Mo = D?%/[Bp A (2L — L*/F1)]. For the PBURs of M = 12.5, 50 & 100, as used in our case,
the values of 7o come out to be ~46 ns, ~38 ns & ~35 ns for G and ~45 ns, ~37 ns & ~34 ns for
Y component respectively. These values translates to the number of required round trip values
to about 3, 2.3 & 2 for both the G & Y components of Cu-HBrL with near-field beam diameter
D = 25 mm. In the present study, the laser pulse durations (1/e? width) are observed to be ~55
ns, ~50 ns & ~44 ns for the G and ~50 ns, ~45 ns & ~39 ns for the Y component respectively
for PBUR M = 12.5, 50 & 100. This indicates the possibility of obtaining near DL beam
divergence in Cu-HBrL with the PBURSs. It is also clear that higher the resonator magnification,
lower will be the obtained beam divergence, as actually observed. Also, the the beam
divergence & pointing instability is lower for the Y-component as compared to G due to its

lower gain and lesser ASE content.

It has already been pointed out that the thermal induced perturbations are operative in
high power & high PRR Cu-HBrL. The resulting wave-front distortions are manifested as
fluctuations in the beam position/pointing and divergence. These distortions are also linked
with the misalignment sensitivity (S) of the resonator axis [S= 2M/(M-1)] [48, 217]. For PPR
(M—1), the S value is very large high, whereas it decreases with increase of M. The S value
reduces to 2.17, 2.04 and 2.02 for PBUR of M = 12.5, 50 & 100 respectively. Also, as the

resonator magnification increases, spatial filtering of the seed optical noise as well as wavefront
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distortions through the gain medium aperture becomes better [218, 219]. This facilitates the
optical radiations to attain steady state faster and temporal integrity of the wavefronts become
better. This leads to reduction in beam divergence as well as the pointing instability with

increase of the resonator magnifications from M~1 (PPR) to M=100 (UR) as observed.

7.5.3 Far-field intensity variation
The observed far-field intensity variation trends of the investigated Cu-HBrL can be

explained as follows. The far field peak intensity is given as [13],

IrF = y. Peak intensity of laser pulse on CCD face = (Ep/)
FF=Y. y p =v. LM F0)2/4]
4y E,
= ler = 2276z (7.9)

where y = photosensitivity of the CCD, Ep = laser pulse energy falling on the CCD face, M’ =
magnification of the far-field laser spot at the CCD face, f; =50 cm. In the present experiment
y, M’ and f are almost constant. Therefore, the fluctuations in Ep, z and @ collectively contribute

to the net observable fluctuation in the far field intensity and can be written as [13],

Alpp

IFF

~
~

+|AT+2|A9 7.10
T 9 (' )

25,
Ep

where the terms in the right hand side represent stability/fluctuations in the laser output pulse

energy, laser pulse duration and far-field divergence. In a Cu-HBrL, At/t is almost negligible
and hence AI/<I> is mainly governed by AEp/Ep and A6/6 [13, 48, 207].

Generally, the laser pulse energy stability (AEy/Ep) of a laser in general and a Cu-HBrL
in particular, is dependent on the beam pointing stability, pump pulse energy stability,
local/global fluctuations in the plasma parameters such as plasma-electron-density/plasma-
impedance that decide the energy coupling, laser gain and the optimum feedback fraction of
the output coupler of resonator required. In the investigated Cu-HBr laser, the role of pointing

fluctuation on the pulse energy instability is negligible as the maximum beam movement (Lr.o)
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over resonator length L, is very small (<1%) to change the single pulse resonator feedback
fraction or diffraction loss to cause far field intensity variation. However, it has already been
brought out (chapter 3) that any change in the input power and/or HBr concentration, will affect
the coupled pump power (energy) to the gain medium. In general, either with the increase in
input electrical power or moving away from optimum HBr concentration, the coupled pulse
energy stability will degrade. This may be explained as follows. In a Cu-HBrL, as the input
power increases, the local/global fluctuations in the plasma parameters such as in the electron
and other particle density also increase. This is mainly due to increase of gas temperature [12,
13]. The enhanced gas temperature leads to increased thermal dissociation of the HBr molecule
i.e., HBr —H/H>+ Br/Br,, which subsequently degrades the dissociative attachment process of
electrons in the plasma [7]. This in turn leads to increased pulse to pulse fluctuation in energy
coupling into the Cu-HBrL plasma. These effects lead to increased laser output pulse energy
fluctuations with increase in input power and HBr concentration far from optimum. This
behavior is also expected to be different for G & Y components due to different gain
characteristics. This is evident from the observed A6/0 increase from 2.5% to 3.9% for G
component and from 2.9% to 3.5% for Y component as the input power increases from 6 to 9.5
kW. Therefore, the increased divergence fluctuation and laser pulse energy instability together
increase the fluctuation in the far-field intensity with increase in input power and/or change in
HBr concentration.

The pulse energy stability of a laser oscillator is also influenced by the optical feedback
strength of the resonator. This is linked with the reflectivity of the output coupler. Higher is the
reflectivity of the output coupler, better is the energy stability as the resonator establishes more
control over the cavity radiation. In a Cu-HBrL, the optimum reflectivity of the output coupler

(Ro) is inversely related with the laser gain (g,!) and can be represented approximately as [13],

gol ~ [(1;_01?0) +1n (Ri())] (7.11)
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For the present Cu-HBrL with PPR, R, of ~3.5% (single side anti-reflection coated
fused silica blank) have been used for maximum laser output power. On the other hand, with
the change of resonator from PPR to PBUR of different magnifications, the feedback fraction
also changes. The feedback fractions of PBURs are typically =~ (100/M?) % [48]. For the cases
of PBURs of M=12.5, 50 & 100, this comes out to be 0.64%, 0.04% & 0.01% respectively. For
this reason, the far-field intensity variation in case of PRR is better than that of PBURs.
However, as the M of the PBURSs increases, the variation of the divergence within a pulse
becomes slower due to better spatial filtering actions for the optical noise. Similar trends in
variation in intra-pulse divergence, obtained by taking streak scan of the far-field spot of CVLs
with different resonators, have been observed [220]. Therefore, slightly less variation in the
far-field intensity, for PBURs of higher M, is attributed to lower divergence fluctuation and

slower variation in far-field divergence.

7.6 Conclusions

In conclusion, this chapter presented a comprehensive study on the beam divergence
and pointing stability behaviour of both the green and yellow radiation components of a Cu-
HBrL with different electrical input power, HBr concentration as well as optical resonators
(PPR & PBURs of M =12.5 to 100). Both the time averaged and pulse to pulse variations in
the beam divergence and pointing stability are studied. The experimental study is augmented
with near-field spatial intensity profiles & temporal pulse shapes of both the radiations. Highly
stable and diffraction limited beams of both the green and yellow radiations have been obtained
with the use of unstable resonators of different magnifications. The observed results are
suitably analysed and discussed encompassing the estimation of divergence for different
resonators, role of spatio-temporal laser gain characteristics, thermally induced perturbations
and the effect of diffraction. These high quality laser beams are required for efficient UV

generation through nonlinear optical conversion as described in the chapters 8 & 9.
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Chapter 8

Review on nonlinear frequency conversion of copper lasers

8.1 Introduction

The range of applications of copper lasers is considerably broadened by the capability
to shift their output radiation in frequency, particularly to ultra-violet (UV) region of the
spectrum [15, 16]. The coherent mid-UV radiations (255.3, 271.2 & 289.1 nm) are obtained by
nonlinear frequency conversion processes such as second harmonic & sum frequency
generation (SHG & SFG) of copper laser radiations (510.6 & 578.2 nm) in nonlinear crystal
[220-234]. However, the SHG/SFG based visible to UV nonlinear conversions of CVL/Cu-
HBrL pose several challenges. First, the SHG/SFG conversion at high pulse repetition rate
(PRR), high average power leads to limiting performances by thermal dephasing effects &
crystal damage due to absorption of UV/visible radiations. Second, the low peak power / pulse
energy of copper lasers require tight focusing of laser beam into the nonlinear crystal for high
conversion. This requires proper focusing geometry (optical) to limit the focused beam
divergence angle within angular acceptance of the nonlinear crystal. Third, there is a limited
choice on nonlinear phase-matchable crystals for UV generation. In addition, nonlinear crystals
with sufficiently low absorption at the frequencies involved, reasonably large angular/
temperature acceptance, low walk-off and high damage threshold, are desired.

This chapter reviews the works on the SHG and SFG of copper laser radiations (G &
Y). The fundamentals of SHG/SFG processes, relevant coupled wave equations and phase
matching conditions are presented in brief. The criteria for choosing suitable nonlinear crystals
for SHG/SFG based high repetition, high average power UV generation are presented taking
into account the phase matching conditions, nonlinear coefficients, damage threshold,
absorption at the involved optical frequencies, thermal effects, acceptance angle and beam

walk-off effects. The experimental and theoretical works on the SHG/SFG processes of CVLs,
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which are mostly carried out at 5-6 kHz PRR, are reviewed in terms of variety of nonlinear
crystals, focusing geometries and pump beam quality. The limited reported studies on the SHG
of green radiations of 10-18 kHz PRR as obtained from Cu-HBrL, KE-CVL & CuBrL are
presented. The limiting factors of the frequency conversion process at high PRR and high

average powers are discussed.

8.2 Basics of nonlinear frequency conversion
8.2.1 Nonlinear polarisation
Nonlinear frequency conversion effects are analyzed by considering the response of the
dielectric material at the atomic level to the electric field of an intense light beam. The
propagation of an electromagnetic wave through a material creates perturbation to its spatio-
temporal electrical charge distribution creating electric dipoles whose macroscopic
manifestation is the polarization. For high electric field strength (typically ~10'! VV/m) as used
in case of nonlinear optics/frequency-conversion processes, the magnitude of the induced
instantaneous polarization per unit volume P(t), can be expressed in terms of the magnitude
of the applied instantaneous electric field E(t) as [235],
P(t) = Xie [x™WEM(®)] = ZTP™ (D) (8.1a)
= P(t) = PO(@) + PNL() (8.1b)
where g = 8.854 x 102 F/m, is the electric permittivity of free space and ¥ is dielectric
susceptibility of order n, which is a tensor of rank n with 3™*'components. For n = 1, it describes
the linear response of the material whereas for n > 2, it describes the nonlinear response of the
material. The term PNL(t), which describes the nonlinear polarization, takes into account all the
higher order polarization terms. With lasers of high intensity/electric field, the nonlinear
polarization effects come into picture and corresponding radiations are observed.
Very often the dielectric susceptibility is represented by the so called d-coefficient,

where d is also a tensor. For SHG/SFG, it is related to the dielectric susceptibility tensor [®ij]
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as dix= %X(Z)ijk [188, 235]. Most nonlinear crystals are described by only a few non-vanishing

terms of d-coefficients. Furthermore, for the crystals of interest, there is usually only one
predominant d-coefficient associated with a beam propagation direction which vyields
maximum harmonic power. For a fixed geometry i.e. for fixed propagation and polarization
directions, it is possible to express the nonlinear polarization using effective d-coefficient (def)

which depends on type of crystal (uniaxial or biaxial), its class and angle phase matching (type-

| or type-11) used. For such condition, dest can be expressed readily as deft = % 2P [188, 235].

8.2.2 Coupled wave equation
The electromagnetic waves, in a nonlinear crystal (non-magnetic dielectric medium
with no free charge or current), are described by Maxwell’s equations given as,

() V.D=0 (i) V.B=0 (iii)VxE=—%—f (iv)VxB=poZ—lt) (8.2)

where D = ¢E is the electric displacement vector (C/m?), B = poH is the magnetic induction
vector (also known as field strength / magnetic flux density) (tesla), H is the magnetic intensity
(A/m) and po = magnetic permeability of free space = 1.25664 x 10 H/m. For a nonlinear
medium, D is composed of linear and nonlinear parts and are related by,

D = €oE + P = g0E + P11 + pNL=p(1) + pNL (8.3)
where D@ s the linear part of the electric displacement vector such that D& = gE + PW=¢E,
Coupling of the equations 8.2 and 8.3, gives rise to the fundamental equation of nonlinear
optics, for a loss less dielectric medium as [188, 235],

aZE aZPNL

VZE — UoEo 55 = Ho—5 (8.4)

This is the equation used throughout the nonlinear optics where the nonlinear polarization PNt
acts as a source term to couple the input waves to generate new frequencies. In the absence of

source term, equation 8.4 admits solution of the form of free waves propagating with velocity
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c/n where the linear refractive index n satisfies the relation n? = ¢/eo = (1 + x). For dispersive
medium, the terms E, D and PN also become frequency dependent and each frequency

component of the field must be considered separately satisfying the wave equation 8.4.

8.2.3 Second harmonic and sum frequency generation

The plane monochromatic waves of frequencies w1 and wo, interacting in a nonlinear
crystal, generate electromagnetic radiation at the sum frequency ws = w1+w> (provided phase
matching condition is satisfied). The electric fields at frequencies w: and w> generate
polarization at ws which acts as a source for generation of an electromagnetic wave at ws. The
electric fields associated with each frequency components i.e. E1, E2 & Ej, satisfy the equation
8.4. As the beams propagate inside the interacting medium (along z-direction), the electric field
amplitudes, E1 & E; start depleting and Es starts growing due to nonlinear polarization P3N-
with amplitude P3Nt (o< defr.E1.E2). In the limiting case of low conversion efficiency, the
fundamental beams are not significantly depleted i.e. 0E1/0z = OE2/0z = 0. This is valid when
intensity of the fundamental pump is not very high and/or the length of the interacting nonlinear
medium (L) is small. Then, the pump field amplitudes Ei(z) and E2(z) deplete very
slowly/slightly with z over Lnc i.e. E1(2).E2(z) = E1.E2. However, the time averaged amplitude
Es or the intensity I3 in SFG grows with increase of z [I3(z) = 2n3&,c |E3(2)|?] and at the
exit plane, these are obtained by integrating the corresponding amplitude equation from z =0

toz =L as [188, 235],

Ey(L) = Zideff.w§E1Ez fLeiAkz iy = Zideff,nglEz eiBKL _ 1 o5)
3 fesc? 0 ksc? iAk :
3/2 a)ZdZ 121 AKL
0 11213

where sinc® (AkL/2) = [sin? (AKL/2)) /(AKL/2)?] and Ak = ks- (ki+ k2 ) is the wave vector
mismatch or phase mismatch factor such that ki=ni.wi/c & nj is the refractive index of the

nonlinear medium for wave of i" frequency (i = 1, 2, 3). For SHG process, substituting w1 =
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w2=w and w3 = 2w, the expression for SHG intensity (Ishc) and conversion efficiency (swc)

are obtained as [235],

Uo\3/2 w?dipr L2125 (AKL
Ispe = L, = 8 (—) ————— sinc? (—) 8.7
sHe = 2w £ 2,10 sinc ) (8.7)
Uo\3/2 w?dipr L, (AKL
g (_> Ferf o e (_> 8.8
NsHe = N2w & 2 1y, sinc > (8.8)

where 1,=P./A is the pump power per unit beam cross section area and Ak = k2. - 2K, IS the

wave vector mismatch or phase mismatch between the second harmonic & fundamental waves.

It is clear from the above equations that the SHG/SFG process is strongly dependent on
the phase mismatch expressed by the sinc? function. The harmonic power is maximum when
Ak.L =0, i.e. at the exact phase matching condition. For AKL #0, the efficiency of the process
is severely reduced. For fixed Ak, I», increases with L along the crystal length, attains a
maximum value at a distance from the face of incidence L; = n/Ak = A/[4(n2, - Ny)] (called
phase coherence length) and then falls to zero with a period of AKL/2 = z. Therefore, L is the
maximum crystal length that is useful for producing the second harmonic power which, under
ordinary circumstances, is of the order of several 10s of um [188, 235]. These low values of
crystal length lead to very low SHG conversion efficiency i.e. 52, ~ 10%-10% %. So,
irrespective of choice on I, and L, I,,, — 0 if (AkL/2) = m. Thus for efficient SHG/SFG,
it is very important that the phase matching condition is very closely satisfied i.e. Ak = 0. The
phase matching processes for efficient frequency conversion in a nonlinear crystal are

described in next section.

8.2.4 Phase matching for SHG/SFG process
Phase matching conditions imply that the refractive indices of the nonlinear crystal at
the involved frequencies should match e.g. N2, = ne, for SHG (Ak = 0 =kzw = 2K = N2 =

Nw) and N3. w3 = N1. w1+ N2. w2 for SFG (Ak = 0 = K3 = Kwi + K2 = N3. @3= N1, w1+N2. @2).
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For normal dispersive materials, it is not possible to satisfy these refractive index matching
conditions as n scales with . However, when a ray enters an anisotropic/birefringent medium,
it splits up into two rays: ordinary ray (o-ray) and extraordinary ray (e-ray). These rays
propagate along different directions and are orthogonally polarized. The refractive indices of
these two rays are different (ne # no), except along optic/c-axis of the crystal. The o-ray is
characterized by the same velocity for all directions of propagation and hence gives rise to
spherical wavefront; whereas the e-ray has different velocities along different propagation
direction and hence give rise to non-spherical wavefront. The dependence of refractive index
of e-wave, at a given frequency w, on the angle 6 between the propagation direction and the

optic axis in a uniaxial crystal is given by [235],

1 cos?6 sin26 (8.9)
nZ(®)  ni ng '

The phase matching/refractive index matching condition in an anisotropic crystal is
satisfied by taking the two waves of different types (different n, and ne). For a —ve uniaxial
crystal (ne < no), it is possible to find a direction along which n,w)= Ne2e). Similarly for a +ve
uniaxial crystal (ne >no) the direction would correspond to that along which Nne)=no2.). The
angle at which this condition is satisfied is called phase matching angle, 8m. This situation is
typically illustrated in Fig. 8.1 for a —ve uniaxial crystal such as B-BBO. For a —ve uniaxial

crystal (o 0— e type interaction), 8m is given by [188, 235],

2 2
6, = cos1 [no(zw)] ool -[now] (8.10)
Now) 1 [ [nezaw)] —[Moczw)]

Depending on the types of waves (o0-wave or e-wave) involved in SHG/SFG process,
the phase matching is classified as type-I or type-1l. Interactions of kihndoo - eoree —» o0
are termed as type-I phase matching whereas interactions of kindeo - 0,0e - 0,e0—-¢,0

e — e are termed as type-11 phase matching. Similarly depending on the phase matching angle
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employed, it is termed as critical phase matching (6m # 90°) or non-critical phase matching
(6m = 90°). Depending on the techniques used to attain the phase matching condition, it is also
categorized as angle phase matching (angle tuned) and temperature phase matching
(temperature tuned). In the present thesis work, type-1 critically phase matched, negative

uniaxial BBO crystal is used to study SHG/SFG of Cu-HBr laser radiations.

z (optic) axis

)
(-ve uniaxial crystal)
X
Fig. 8.1 Index surfaces for type-I critically Fig. 8.2 Spatial beam walk-off in a type-I
phase matched -ve uniaxial crystal [236] critically phase matched -ve uniaxial

crystal [188]

8.2.5 Beam walk-off

In an anisotropic/birefringent crystal, the direction of energy flow (defined by poynting
vector S) and that of the wave vector/phase vector k (defined as normal to wavefront) may not
remain same throughout the crystal length, finally getting separated after certain distance (Fig.
8.2). This phenomenon is called spatial or birefringent or poynting vector walk-off and is
associated with some finite angle p (called walk-off angle) between S and k. As the fundamental
and the second harmonic waves propagate along the anisotropic crystal, the power generated
at the second harmonic gets separated from the fundamental, due to the effect of “spatial walk-
off’. For a —ve uniaxial type-l phase matched crystal [Now)=Ner2w)(@m)], the spatial walk-off

angle between the S and k of the e-wave (at frequency 2w) is given by [188],
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[ne(Zw) (em)]z [ 1 . 1
2 el [Mow)]”

tanp = sin26,, (8.11)

The walk-off effect limits the effective length over which harmonic generation takes
place. In effect, the conversion efficiency gets limited and the spatial profile of product beam
is broadened and the beam quality is degraded. If the fundamental beam has transverse
dimension a, then the fundamental and second harmonic beams get separated inside the

nonlinear crystal after a distance La, called aperture length, and is given approximately as [188],

a a
o= G577 (8.12)

The spatial walk-off occurs only for e-ray as its refractive index ne and the phase velocity are
dependent on the angle of propagation with respect to optic axis. A beam with ordinary
polarization (where the refractive index is not dependent on the propagation angle) does not
experience walk-off. It may be noted from equation 8.11 that, for noncritical phase matching
(6m=90°), there is no walk-off (p = 0); except for the finite beam divergence. This in turn leads
to less constraint on the beam size and length of the nonlinear crystal. However, non-critical
phase matching requires operation of the crystal at a temperature which is not close to room
temperature. The magnitude of the walk-off angle in typical cases ranges between a few mrad
and some tens of mrad [236]. The walk-off effect plays a crucial role in deciding the SHG/SFG
performance in type-I critically phase matched, negative uniaxial BBO crystal, as investigated

in the present thesis.

8.3 Issues in high average power high pulse repetition rate SHG/SFG

For low average power and low repetition rate SHG/SFG process, the high conversion
efficiency can be obtained by using appropriate fundamental laser power with proper phase
matching conditions. However, for high average power, high repetition rate SHG/SFG, there
are key limiting issues related with phase mismatch due thermal effects, large fundamental

beam divergence, pointing instability and line-width [237]. The thermal effects are induced
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primarily by optical absorption in the crystal. The nonlinear process for visible to UV frequency
conversion is dominated by UV absorption. This result in thermal instability, hampering the
establishment of phase matching condition except for intermittent short periods of time and the
thermal gradient, which prevents simultaneous phase matching in all part of the crystal. Large
beam divergence, pointing instability and line-width of high average power, high repetition
rate laser systems are due to multi-transverse and axial mode operation. In angle tuned phase
matching process, a small deviation from phase matching angle leads to reduction in SHG/SFG
conversion efficiency. The phase mismatch factors, i.e. thermal, angular and spectral taken
together, lead to large reduction in the conversion efficiency. In addition, the effect of pump
beam depletion as well as walk-off effect need to be taken into account for high peak SHG/SFG
conversion efficiency (>15-20%) of high power laser pulses.

The wave vector mismatch can be expressed as a function of crystal temperature T,
wavelength of the interacting waves A and deviation 6 from phase matching angle. The
dependence of Ak of these parameters in the first order approximation is given as [237],

Ak(6,T, 1) =~ Ak(0) + 9(Ak) AB + 9(Ak) AT + 9(Ak) iy
AR a0 oT oA

(8.13)

where Ak(0) is the phase mismatch which equals to zero for exact phase matching. The partial
derivative w. r. t. one of the arguments are taken under condition that the other two arguments
are constant. In the following sub-sections the effect of these parameters on SHG/SFG

processes are discussed.

8.3.1 Effect of temperature

Deviation of the crystal temperature from the phase matching condition (AT=7-Tnm)
decrease efficiency of the nonlinear frequency conversion process as a sinc? function (Fig. 8.3).
To determine the extent of allowed variation of temperature on the SHG/SFG process, the wave
vector mismatch Ak(T) is expanded in a Taylor series about the phase matching temperature

(Tm) and taking the first order approximation as [188, 237],
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a(Ak)

Mk(T) = [B52] AT (8.14)

The temperature range by which the SHG/SFG intensity reduces to half of its maximum

a(Ak)

value is called temperature bandwidth (ATgy,) which is related as Aksw = [ ]Tm ATsw =

0.886 T [a (Ak)

0.886 1 ;0 (Ak)
: V[

]em ATsw= ATw = ( ]Tm So the full temperature bandwidth, also

called acceptance temperature (AT,..) of the crystal, which is twice of the above bandwidth,

for critical phase matching condition is given as [188],
AToee = 17725 (25271 (8.15)

For a type-1 phase matched —ve uniaxial crystal (0 0— e), the acceptance temperature is [188],

0.44 A, /L
AT, ee = = (8.16)
d[nezw)—To(w /0T
For high power SHG/SFG applications, a crystal with large value of AT,.. is desirable.
10 10 ;
g } 0.8 By, o sinc? o(T-Ta) g ] 0.81 P, sinc? (8 - fry) \
2 20 g2 806 fe i
=l =R
04 FTHM g0 |Fam)
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(TTp) —— 0-0n) ——
Deviation from phase matching temperature (K) Angular departure from phase matching angle
Fig. 8.3 Variation of P2, with deviation Fig. 8.4 Variation of P2, with angular
from phase matching temperature [188] deviation from phase matching angle [188]

8.3.2 Effect of laser beam divergence and line-width
High average power lasers have many transverse modes which give rise to a beam of
many times diffraction limited divergence; hence the resulting SHG/SFG efficiency is lower

than that of the single mode laser of same laser power. In addition, the higher divergence
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angles of the high power, high PRR laser beams lead to inefficient coupling of the fundamental
to second harmonic wave. This fact, along with a larger power density safety margin to avoid
the crystal damage, limits the SHG/SFG conversion efficiency of multimode lasers. For small
angular deviation about phase matching direction (6m), the efficiency of conversion will
decrease as sinc? function and the phase velocity mismatch due to beam divergence/angular
deviation 6 is obtained by first order approximation of Taylor series expansion of Ak as,
Ak = [0(Ak)/06],, .76 (8.17)
For critical phase matching, the full angle band width, also called acceptance angle of

the crystal, is given as [188],

(k)11
Aoec = 17727 [%]0 (8.18)

The derivative [%]'1 used in the above equation depends on the dispersion of the refractive

indices and on the type of phase matching. So for a given crystal, the acceptance angle is
different for type of phase matching (type-1 or type-I1 and critical or noncritical) and interaction
(SHG or SFG) employed. For a typical case of type-I phase matched —ve uniaxial crystal (o o

— e interactions), the SHG acceptance angle is deduced to be [188],

0.44 [A4-Mo(w)/L]

[nO(Zw)— ne(Zw)] sin 26,,

A8, = (8.19)

The angular deviation, A@, can also be interpreted as the beam divergence of the
fundamental laser beam at which the conversion efficiency drops to one half of its peak value.
When second harmonic power is plotted as a function of polar angle 6 for a uniaxial crystal,
the acceptance angle is equal to the full width of the curve at 0.405 of maximum (Fig. 8.4). For
angle phase matched crystal the acceptance angle is typically of the order of one mrad. For
non-critical phase matched SHG crystals, the acceptance angles in the polar direction are of the
order of tens of mrad. Uniaxial crystals have rotational symmetry around z and the acceptance

angle is therefore very large in the azimuthal direction. This fact may be utilized to increase
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the SHG efficiency by cylindrically focusing a beam to a line thereby managing the radiation
power density at the crystal while not exceeding the acceptance angle. This approach is used
in the present thesis with BBO crystal as presented in the next chapter.

Deviations of the frequency from the phase matching frequency (Av = v-vm) also causes
the efficiency of the frequency conversion process to decrease in a similar manner as that of
the temperature and angle. Proceeding with similar manner as above, the spectral acceptance

width of a nonlinear crystal is given as [188],

_ m [9(Ak)] ™1
M = 1.772 7 [T]am (8.20)

For a typical case of type-I phase matched —ve uniaxial crystal (o 0— e), the acceptance
spectral width is given as,

~ 0.44 (1, /L)
Alacc_ [ano(w) 3 lane(Zw)(e)] (821)

9w 2 0Mzq

It is desired to have a large value of Adacc, particularly while planning SHG/SFG of lasers of
very high bandwidth e.g. Nd-glass and dye lasers. For the Cu-HBrL, being based on atomic
transitions, the line-width is relatively narrow in the range of 5-10 GHz as studied in chapter 6

of this thesis. Here, the requirement on crystal’s spectral acceptance bandwidth is less stringent.

8.3.3 Pump beam depletion

The approximation of negligible pump beam depletion is valid only for small
conversion efficiency of typically <10% [188, 235]. For large input intensity or large crystal
length, the depletion of pump beam must be taken into account. Most modern laser systems
generate high peak powers with good beam quality and incorporate high optical quality
nonlinear crystals. These lead to higher conversion efficiencies typically 20 to 50% or more.
In this case, depletion of the fundamental beam has to be considered to adequately describe

and explain the experimental results. At perfect phase matching condition (Ak = 0), the transfer
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of energy from the input wave to the second harmonic is maximized and the conversion
efficiency approaches unity. Fig. 8.5 shows the variation of depleted fundamental and second
harmonic power for perfect phase matching condition (Ak = 0), which are connected by

expressions given by [188, 235],

Pu(L) = P,(0) sech?(L/Ly;) (8.22)
Po(L) = Pu(0) tanh?(L/Ly;) (8.23)
where, L (8.24)

by = 3/202d,, ;2
w
j[sdg—g) — 2 121,]

new? 2w
defines the characteristic length scale of nonlinear interaction. With perfectly phase matched

SHG, L is the length of nonlinear crystal that would produce conversion efficiency ~58%.
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Fig. 8.5 Variation of SHG and depleted-fundamental power with interaction length
in a nonlinear crystal [188]

It can be seen that L. is inversely proportional to pump intensity and [der./(Nw2.N20)] >
which means the stronger the nonlinearity, shorter will be Lnc. It can be seen from Fig. 8.5 that
as the fundamental intensity is depleted, it asymptotically approaches to zero, while the SHG
efficiency approaches one. The reason for this behavior is that the fundamental intensity drives
the nonlinear polarization producing SHG; as the fundamental is depleted, it becomes less
effective in driving the nonlinearity. Therefore, when both the fundamental wave depletion and

dephasing are considered, SHG efficiency rises with increasing drive until an optimum value
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is reached. Back-conversion is the reason for the reduction of the conversion efficiency after a
peak value has been attained. When the phases are not perfectly matched, power is cycled
between the fundamental and harmonic waves. Thus focusing the pump beam below the
optimum spot size does not lead to a further increase in conversion efficiency. Focusing the
beam into the nonlinear crystal increases intensity as well as beam divergence and therefore
dephasing. Hence, beyond a point, the adverse effect of dephasing on the efficiency dominate

over any benefits gained from a further increase in fundamental intensity.

8.4 Review of results on SHG & SFG of copper lasers
8.4.1 Nonlinear crystals

The SHG and SFG of copper lasers lead to generation of coherent UV source at
wavelengths of 255.3 nm, 289.1 nm & 271.2 nm with high PRR (5-20 kHz) and multi-watt
average power. For this purpose, an ideal crystal for high average power SHG/SFG UV
generation is one in which the frequency conversion occurs with high efficiency even when the
average power level of the incident fundamental radiation is high. The ideal crystal must have
reasonable birefringence (to permit phase matching at the involved wavelengths/interactions),
high nonlinear coefficient (des.), high damage threshold (surface & bulk), low optical
absorption at the involved wavelengths (visible & UV), large size with optical uniformity, large
angular, spectral & temperature bandwidth, high thermal conductivity, low walk-off angle, low
cost, non-hygroscopic and ease of fabrication. All these characteristics, at their best values,
are seldom available in a single crystal and hence compromises need to be made. The choice
of nonlinear crystal becomes even more restrictive for high power visible to UV conversion
due to absorption and phase matching issues. For the efficient visible to UV SHG/SFG process
of copper lasers, most of the crystals, belong to the borate family.

In the beginning, ADP (Ammonium Dihydrogen Phosphate: NH4H2PO4) and KDP

(Potassium Dihydrogen Phosphate: KH2PO4) were used as nonlinear frequency converter of
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copper laser radiations [221, 239]. An improved variant of KDP crystal i.e. DKDP (Deuterated
KDP: KD2POg4) have also been used [230, 241]. The KDP & DKDP crystals provide phase
matching for SHG of only yellow component and SFG of copper laser. However the borate
crystals specifically BBO (Beta Barium Borate: -BaB204) as well as the newly emerged
CLBO (Cesium Lithium Borate: CsLiB¢O10) provide efficient phase matching for SHG/SFG
of both the green and yellow wavelengths. Multi-Watt average power UV (SHG/SFG)
radiations have been realised with BBO and CLBO crystals [224-227, 229-234]. The BBO
crystals are most successful for the UV generation from copper lasers, whereas the highest UV
average power from copper laser frequency conversion has been obtained using CLBO crystal.
The other well developed borate crystal, LBO, has good UV transmission, but its inadequate
birefringence in the visible to UV region, limits phase matching for SHG/SFG of copper lasers.

A BBO is a highly efficient —ve uniaxial crystal with good transmission from 190 nm
to 3600 nm and wide SHG/SFG phase matching wavelength range of 190-1750 nm. It has
larger (~4 times) de coefficient, larger (~10 times) figure of merit (de®/n®) as well as higher
bulk damage threshold (~10 GW/cm?), as compared to KDP. It is also less susceptible to UV
absorption (~5%/cm) [236, 237]. The type-l phase matching angle of BBO for the nonlinear
frequency conversion are 50.6° (SHG of green), 46.3° (SFG) & 42.5° (SHG of yellow). For
510.6 nm to 255.3 nm conversion, it has large nonlinear coefficient (deff) ~ 1.7 pm/V, narrow
acceptance angle (Afacc) ~ 0.38 mrad-cm, large walk-off angle (p) ~4.8°, small acceptance
temperature band width (ATacc) ~10 °C-cm, large spectral acceptance bandwidth (Adacc) ~ 1
nm-cm and small phase matching temperature coefficient (dOm/dT) ~ 0.044 mrad/°C [229].
Low peak power of copper lasers (10-100 kW) demands the fundamental beam to be focussed
for efficient frequency conversion. However the BBO’s narrow acceptance angle and small
surface damage threshold (~1 GW/cm?) limit the maximum pump intensity to be used. On the

contrary, CLBO (type-1 SHG green, Om = 68°) has higher Afacc of ~1.11 mrad-cm, lower walk-
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off angle of ~ 1.6° and higher dOm/dT of ~ 0.167 mrad/°C, higher ATz of ~ 19 °C and higher
damage threshold than BBO [229]. These figures are particularly suitable for high power, high
PRR SHG/SFG of copper lasers, even though it has lower nonlinear co-efficient (derr. ~ 0.9
pm/V). The highest average UV power about 15 W (255.3 nm) from SHG of green wavelength
of copper laser, at 28% conversion efficiency, has been at 12 kHz PRR [229]. However, CLBO
is highly hygroscopic and degrades very quickly, therefore its usage and choice is limited. In

the present thesis, BBO is the crystal of choice.

8.4.2 Pump focusing geometries — Spherical spot focusing & cylindrical line focusing

The simplest pump geometry for SHG/SFG of copper lasers employs spherical focusing
elements to produce circular focused pump spot at the nonlinear crystal (BBO). In order to
achieve high power densities at the crystal, well above the threshold for SHG/SFG conversion
(10-100 MW/cm?), focusing of high quality laser beam with short focal length lens is needed.
However, the small and high intensity pump spot leads to reduced interaction length due to
beam walk-off within the crystal and surface damage [237]. Attempt to use long focal length
lens reduces the conversion efficiency due to reduced fundamental beam peak intensity.
Nevertheless, with spherical focusing geometry, moderate UV powers and conversion
efficiencies have been obtained in frequency conversion of copper laser radiations. For
example, with spherical focusing of high quality (~3 DL) CVL beam, maximum average UV
powers of 460 mW, 300 mW & 465 mW have been obtained at 255.3 nm, 289.1 nm & 271.2
nm with conversion efficiencies of 9.6%, 5.5% & 6.4% respectively at 7 kHz PRR [238]. In a
Cu-HBrL, 1.3 W average power UV (255.3 nm) at 17 kHz PRR with 10.3% conversion
efficiency has been generated using spherical focusing geometry, with high quality pump beam
(~1.4DL) [232].

It is clear that with the spherical focusing, the nonlinear conversion efficiency of copper

lasers are limited to about 10%, in addition to detrimental effects of beam walk-off, non-
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uniform thermal detuning & crystal damage. These limiting issues have been effectively
addressed utilizing the cylindrical line focusing pump beam geometry based on the fact that in
an uni-axial crystal, like BBO, the acceptance angle in azimuthal direction is large. For a typical
crystal length of 1 cm and phase matching angle of 6m~ 45°, the acceptance angle in non-
critical plane is of the order of several tens of mrad as compared to much less than one mrad in
critical plane [227]. Utilising this fact, a cylindrical lens has been used to line focus the pump
beam in the crystal. The beam has been focussed in noncritical plane whereas it remained
collimated in the critical plane. This way the whole of the pump beam has been put within the
angular acceptance range of the crystal. The cylindrical focusing also ensures longer interaction
length before the beams walk-off. With this arrangement, the fundamental beam intensity
becomes proportional to the fundamental beam divergence rather than its square as in the case
of spherical focusing [239]. This reduces the crystal heating effect as well as chances of crystal
damage. These factors, combined, has led to higher nonlinear conversion efficiencies. The
maximum average conversion efficiency of 34% and peak conversion efficiency of 48-49%
(instantaneous) have been demonstrated from CVLs with this cylindrical line focussing
geometry [220, 227]. Also, the conversion efficiencies of 20-30%, with watt-level UV powers,
are routinely available from CVLs with the line focussing geometries. Therefore, the line
focussing geometry is the preferred choice for SHG/SFG conversion of copper laser radiations

as also pursued in the present work.

8.4.3 SHG & SFG at PRR ~5-10 kHz (conventional CVL)

The first report of generation UV radiation from copper laser was by Isaev et. al. with
spherical focussing geometry [221]. They used non-critical phase matched ADP crystal at -32
°C for SHG of green radiation of CVL and obtained about 5 m\W average power at 8.3 kHz
PRR and 1% conversion efficiency. The conversion efficiency degraded sharply, with

temperature away from the phase matching. This was attributed to the increased thermal
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dephasing as a consequence of non-uniform heating and thermal lensing. The SFG UV (271.2
nm) of average output power of 600 mW and SHG (from yellow) UV (289.1 nm) of average
power of 120 mW, were generated by Polunin et. al. [240], from conventional CVL, using a
KDP crystal with conversion efficiency of ~ 5%. The SFG UV output power of 750 mW with
improved conversion efficiency of about 12%, was obtained using DKDP crystal [241]. This
enhanced efficiency was attributed to the increased transmission at SFG wavelength, higher
derr coefficient and low beam walk-off angle of DKDP over KDP and ADP. In addition, beam
quality of the fundamental beam played a crucial role for increasing the SFG efficiency from
3.3% to 12%., with increase of magnification of unstable resonator from 5 to 200.

Using the then newly developed BBO crystal, UV (255.3 nm) average power of ~35
mW at 0.7% conversion efficiency was initially reported by Zhang et. al. [242]. This was later
upgraded by Kuroda et al. to 230 mW at 9 % conversion efficiency, by use of high quality BBO
crystal as well as high beam quality of CVL [243]. Coultts et. al. used high quality 7 kHz PRR
CVL beam (~3 DL) as well as high quality focusing optics with BBO and generated maximum
average powers of 460 mW, 300 mW & 465 mW at 255.3 nm, 289.1 nm & 271.2 nm with
conversion efficiencies of 9.6%, 5.5% & 6.4% respectively [238]. The first multi-watt UV
power of 2 W (255. 3 nm) at 7% conversion efficiency was demonstrated by Freegarde and
Naylor [244]. Molander et. al. used injection controlled CVL oscillator to produce 11.8 W
high quality green output and obtained 2.1 W UV (255. 3 nm) average power at 18% SH
conversion efficiency [222]. The UV output power was limited by thermal stresses, thermal
detuning as well as crystal face damage due to high intensity with spherical focusing. With
diffraction limited beam obtained using self-filtering unstable resonator (SFUR) CVL, the
255.3 nm UV radiation of average power ~ 315 mW was produced with average and
instantaneous conversion efficiency of 21% and 30% respectively [245].

With use of cylindrical line focusing instead of conventional spherical focusing, a boost
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in efficiency in nonlinear frequency conversion of CVVL was realized by Coultts et. al. in BBO
crystal coupled with improved CVL beam quality [223]. With a small scale CVL, operating at
4 kHz PRR with UR M=51, UV average output powers of 1.3 W, 0.89 W & 0.99 W were
obtained at 255.3 nm, 289.1 nm & 271.2 nm, with respective conversion efficiencies of 24%,
28% & 12% respectively [223]. The UV average output powers were further scaled to 1.75 W
at 255.3 nm, 1.5 W at 271.2 nm & 1.2 W at 289.1 nm using line focus geometry [227]. The
average conversion efficiency of SHG of green wavelength was 34% with peak value at 48%.
The same group also developed the CVL MOPA system of near DL output beam (25 W) and
produced 3.6 W at 255.3 nm, 2.0 W at 289.1 nm & 3.8 W 271.2 nm with respective conversion
efficiencies of 20%, 22% and 14% [224]. Thermal effects in the BBO crystal limited the UV
output and reduced the conversion efficiencies. Trickett et. al. obtained 3.15 W UV at 255.3
nm at 26% conversion efficiency with 9 kHz PRR CVL (12 W green) [246]. About 1.4 W UV
was generated, with a 2.5 W fundamental beam from a small SFUR CVL as oscillator and 20
mm CVL as an amplifier [247]. With generalized diffraction filtered resonator (GDFR) CVL
MOPA system, 2.3 W average UV (255.3 nm) output power with conversion efficiency of 22
% was generated at the fundamental input power of 11.8 W [220]. With GDFR CVL oscillator
alone, the peak and average SH conversion efficiency of 49 % & 30% was demonstrated [220]
with 660 mW UV power (255.3 nm) at average pump power of 2.1 W.

The UV (255.3 nm) average power of 9.0 W was obtained by Molander et. al. [225]
using two 5 mm long BBO crystals in alternative Z configuration and line focusing geometries.
The CVL beam (510 .6 nm) was of average power 113 W obtained from injection seeded
oscillator and power amplifier. The SH conversion efficiency was only 8 %, limited due to
reflection losses and thermal effects in the crystal. Batenin et. al. [230], used a two-pass CVL
amplifier beam of 25 W average power at 10 kHz PRR to study the second harmonic process

with BBO and DKDP crystals. The SHG of both the G & Y radiations well as their SFG were
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carried out. The SFG conversion was studied with both BBO & DKDP, whereas the SHG
conversions were studied with only BBO. The SFG average UV power was 3.6 W with 24%
conversion efficiency for BBO crystal and 2.1 W with 14% conversion efficiency for the
DKDP crystal. The SHG average power for the green was 2.1 W (27% conv. efficiency) and
3.4 W (44% conv. efficiency). In BBO crystal, the conversion efficiencies of 28%, 23% &
17.5% at 255.3 nm, 271.2 nm & 289.1 nm have been reported from single CVL system using
tunable acoustic filter [248]. In this case, the different CVL radiations and amplitudes are
controlled selectively using tunable acoustic filter. Recently, the role of pulse to pulse variation
of divergence, pointing and amplitude of CVL radiations on SHG/SFG was studied [207]. At
PRR of 5.5 kHz with UR M=100 CVL oscillator, UV average powers of 0.94 W (255.3 nm),
0.61 W (289.1 nm) & 1.2 W (271.2 nm) were obtained at respective conversion efficiencies of
16.7%, 14.5% & 12.4%. At the same fundamental input power (2.7), the conversion efficiency
of yellow was better that that of green (12.7% vs. 11%) and the reason was attributed to better

far-field stability characteristics of the former radiation.

8.4.4 SHG & SFG at PRR ~ 10-20 kHz (Cu-HBrL, CuBrL & KE-CVL)

The SHG/SFG UV generation from conventional CVL radiations is restricted to
typically 5-10 kHz PRR and is well studied as outlined in the previous section. Higher PRR
coherent pulsed UV radiations (250-300 nm) are always desirable for many scientific and
industrial applications. The high PRR variant copper lasers such as Cu-HBrL, CuBrL & KE-
CVL provide means for generating the same through SHG/SFG processes. These lasers
produce maximum average power in the PRR of 15-20 kHz with excellent beam quality. The
conditions of SHG/SFG using a Cu-HBr laser are somewhat different from that of the
conventional CVL because of its relatively higher PRR, longer pulses and lower peak power.
The spatio-temporal characteristics of this laser are also different from that of the CVL and

may influence its beam quality and SHG efficiency. Additionally, at higher PRR, the average
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thermal effects on the crystal is expected to be more, which lead to increased thermal
dephasing/detuning effects.

There are only a few reported studies on SHG of Cu-HBr laser operating at 15-20 kHz
PRR range. Isaev et. al. [232] have studied the SHG of Cu-HBr laser operating at 17 kHz PRR
and used a BBO crystal as nonlinear medium. This study was carried out for the 510.6 nm
radiation of the Cu-HBr laser (12.6 W, ~1.4 DL) using spherical focusing geometry. They
achieved around 1.3 W average power UV radiation, corresponding to average conversion
efficiency of ~10.3% and peak instantaneous conversion efficiency of ~20%. The reason for
liming conversion efficiency was attributed to heating of the crystal due to absorption of either
the UV output and /or the pump radiation. In another study, Huot et. al. [233] reported
generation of 5.1 W average power UV (255.3 nm), with a single Cu-HBr laser beam operating
at 15 kHz PRR and using two BBO crystals. With the use of two BBO crystals in parallel,
under cylindrical focusing geometry, they were able to achieve conversion efficiency ~16%.
However, with single BBO crystal, they obtained 3.2 W UV average powers corresponding to
20% conversion efficiency. There are no other literatures available on SHG of Cu-HBr lasers.

Few studies are also reported using KE-CVL and with CuBrL. Trickett et. al. [231]
carried out experiments with KE-CVL systems using s-BBO and CLBO crystals. The laser was
operated at 18 kHz and 10 kHz PRR with PBUR M=100 and produced 13.5 W and 11.5 W
high beam quality green power, respectively. At 10 kHz PRR, the maximum average SHG UV
power was 3.9 W (conv. eff. of ~29%) and 4.7 W (conv. eff. of ~35%) with the s-BBO crystal
and CLBO crystal respectively. At 18 kHz PRR, with s-BBO crystal, the maximum average
SHG UV power was 2.3 W at 20% conversion efficiency. However, in this study, CLBO
degraded rapidly, due to absorption of moisture, within few hours of experiment and could not
be operated at 18 kHz PRR. Larger acceptance angle of CLBO and higher UV transmission are

responsible for higher conversion efficiency due to reduced thermal dephasing. Brown et. al.
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[229] demonstrated 15 W average power UV (255.3 nm) through SHG of 54 W average power,
high beam quality (~2.5 DL) KE-CVL MOPA operating at PRR of 12 kHz. A CLBO crystal
was used and the maximum average UV power corresponded to 28% average conversion
efficiency. However using BBO crystal instead of CLBO, only 3.3 W average UV power was
obtained at 6 kHz PRR of 27 W KE-CVL MOPA power at 12% conversion efficiency. Beyond
PRR of 6 kHz, the BBO crystal got damaged. At the fundamental power level used, the crystal
temperature increased by 17 °C for CLBO where as it was 53 °C for the BBO. Because of this
change in temperature, the phase matching angle also changed by ~2.84 mrad and ~2.33 mrad
respectively for the CLBO and the BBO crystal used. These differing trends were attributed to
the fact that CLBO has lower UV absorption thus lower temperature gradient, larger
temperature acceptance bandwidth (thus minimizing the effect of thermal dephasing) and lower
walk-off angle thus allowing larger crystal interaction length. These factors lead to higher SH
conversion efficiency with stable operation. The output of low-power (~2.5 W) CuBr + H>
laser, fitted with UR M=73.33 producing high quality beam (~155 prad divergence), was used
SHG/SFG UV generation in spherical focusing condition in BBO at 16.6 kHz PRR [249].
Frequency converted UV average output power of ~94 mW (255.3 nm), ~24 mW (289.1 nm)
& ~28 mW (271.2 nm) were obtained at conversion efficiencies of ~4.8%, ~3.6% & ~0.9%
respectively.

It is clear from the above review that there is a very limited study reported on the
SHG/SFG of copper laser at 15-20 kHz PRR in general and that of Cu-HBrL in particular.
There are only two studies reported on SHG of green radiation of Cu-HBrL. However, there
are no study on SHG of its yellow component as well as SFG of both the green & yellow
component of Cu-HBrL. In view of this, a detailed study on the nonlinear frequency conversion
(SHG & SFG) of Cu-HBrL, operating at 18 kHz PRR, is taken up in the present thesis and

presented in the next chapter.

192



Chapter 9

Studies on second-harmonic and sum-frequency generation of

Cu-HBr laser

9.1 Introduction

Development and studies on high PRR (15-20 kHz), watt-level average power, ns-
second duration coherent UV (250-300 nm) radiations, produced through SHG/SFG of Cu-
HBr laser radiations, have important implications both from the point of view of research in
the field and their applications. The high PRR UV radiations are expected to increase the
processing speed of manufacturing of photonic components, UV-photolithography, machining
of semiconductors, glass/ceramics & polymers as well as photo-excitation studies of many
elements [15, 16, 20, 31]. The Cu-HBr laser is one of the ideal high PRR visible sources for
the same. Conventional CVL based frequency converted UV sources, limited to PRR of 5-10
kHz, are well studied, as summarised in chapter 8. However, there are only two reported studies
on nonlinear frequency conversion of Cu-HBrL (SHG of green) [232, 233]. No attention has
been paid on SHG of the yellow component as well as the SFG of Cu-HBrL. The conditions
for SHG/SFG of a Cu-HBr laser are expected to be different due to its relatively higher PRR,
longer pulses, lower peak power and better spatio-temporal beam quality behaviour. These
factors are likely to affect the efficiency of the SHG and SFG processes. Studies on the beam
quality aspects of Cu-HBrLs, relevant for these nonlinear frequency conversions, have already
been taken up and elaborated in chapters 5, 6 & 7. In the present thesis, extensive experimental
studies are carried out on SHG & SFG of Cu-HBr laser radiations.

This chapter presents detailed experimental studies and analysis on SHG of both the
green and yellow radiations of the Cu-HBrL (PRR: 18 kHz) along with their SFG, in a type-I,
critically phase matched BBO crystal. In order to prevent the crystal damage, the SHG/SFG
study is limited to the fundamental beam average power of about 10 W. These nonlinear
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frequency conversion studies are performed on Cu-HBrL with plane-plane (PPR) and unstable
resonators (PBURs) of different magnifications (beam quality). The details of the experimental
set up as well as the results on optimization of SHG/SFG efficiency of the Cu-HBrL as a
function of pump focusing conditions for different focusing geometry (spherical & cylindrical),
focal length of the focusing lens, fundamental beam optical power and optical resonator and/or
their magnifications (PPR & PBUR M=12.5, 50 and 100) are presented. Temporal variation of
the SHG/SFG conversion coefficients and conversion efficiencies are evaluated from analysis
based on optical pulses of the fundamental and generated UV beams. The SHG process is also

studied with mechanically chopped fundamental beams and the results are analysed.

9.2 Thermal consideration in SHG/SFG processes of a Cu-HBr laser

The Cu-HBr lasers are high average power, high PRR (~ 20 kHz) visible laser sources.
For their SHG/SFG UV conversion processes, the thermal effects i.e. dephasing, self-focusing/
defocusing & crystal damage etc. in the nonlinear crystal, play crucial role in deciding the
SHG/SFG conversion efficiencies and the resulting UV power. Out of these, the thermal
dephasing effects are very sensitive to the pump beam power/intensity and observable even at
moderate pump power level (5-10 W), in case of BBO [224, 232, 234, 237, 250]. The thermal
effects are mainly caused by the absorption of the visible pump and generated UV radiations
as well as by multi-photon absorption processes in the crystal [237, 250]. The multi-photon
absorption is accompanied with electron transition from the valence band to conduction band
i.e. free carrier generation. These free carrier generation in turn leads additional absorption
[250] as well as wave-vector/phase mismatch. This wave mismatch is proportional to square
of the two-photon absorbed radiation. For the SHG/SFG of high power pulsed visible to UV
nonlinear conversion, the crystal defects induced by two photon absorption (TPA) of high peak
power UV radiation leads to increased absorption of both visible and UV radiation [237, 250].

The negative influence of these crystal defects is accumulative for multi-kHz pulse repetition
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rate visible pump pulses, where the inter-pulse period of 50-200 us (typical for copper lasers)
is not sufficient to decay these dynamic defects whose life time is in range of 1-100
milliseconds [237, 250, 251]. In addition the thermal diffusion time for a BBO crystal is ~10s
of millisecond [252]. Therefore, a non-uniform temperature distribution is created inside the
nonlinear crystal causing refractive index variation and hence phase-mismatch. Higher the PRR
(as in Cu-HBrLs), more serious is the thermal dephasing effect. However, the thermal
dephasing can be partially compensated by adjusting the crystal angle.

The thermal dephasing becomes dominant if the absorbed power (yc.LPay) in the crystal
(yc = absorption coefficient of BBO crystal, L= length of BBO crystal & Pay = average power
of visible-pump or generated UV beam) exceeds a certain critical value given by [221, 232],

KA

For. = amyyar

9.1)

where A = wavelength of radiation involved (fundamental and/or their SHG & SFG), K =
thermal conductivity of the nonlinear crystal (0.8 W/mK for BBO), d(An)/0T = change of
birefringence of the crystal with temperature. For type-I phase matched BBO crystal, used in
the present study in the thesis, O(An)/0T = ONo(w)/0T - ONewy/0T = 7.3 x 10°%/K [251, 253, 254],
the critical absorbed powers for the fundamentals & their SHG of green are ~56 mW (510.6
nm) & ~28 mW (255.3 nm) and for the SHG of yellow are ~ 63.4 mW (578.2 nm) & ~31.7
mW (289.1 nm) respectively. The corresponding critical power for SFG wavelength lies in
between the above two figures. For the BBO crystal of length 1 cm (as used in present work)
and value of y ~ 4%/cm (for 255.3 to 289.1 nm) & ~1%/cm (for 510.6 nm, 578.2 nm) [251,
253, 254], the average limiting powers of propagating visible/UV beams, beyond which the
thermal dephasing effects will be critical, are estimated to be ~ 5.6 W (510.6 nm), ~ 6.3 W
(578.2 nm), 0.7 W (255.3 nm), 0.79 W (289.1 nm) & 0.74 W (271.2 nm). In view of this, in
the present study, the average pump/fundamental power of Cu-HBrL is mostly limited to less
than 10 W.
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9.3 Set up for SHG/SFG of Cu-HBr laser
9.3.1 The experimental arrangement

Figs. 9.1 & 9.2 show the schematic & actual photograph of the experimental
arrangement for studying the SHG/SFG of Cu-HBrL. The laser is fitted with confocal PBUR

containing an intra-cavity cube polarizer (BSP). For different PBURs (M = 12.5, 50 & 100)

/£ AN S M
/ Cu - HBr laser N €
£ A
/ kY ‘_i‘: SCM
nM, BSP
ASE filter Green P DCmM
£ - Jﬂrﬂ{r{ Yellow
1
. BBO crystal L I
4 Fused Enam
silica ume
prism
Debleted BSFP- Beam splitting polariser
pump UV beam SCM : Scrapper mirror
beam DCM : Dichroic mirror

Fig. 9.1 Schematic of the experimental set up for SHG of Cu-HBr laser (G component). For
SHG of Y component, a suitable DCM is used. For SFG, a broadband plane mirror is used in

place of DCM and f1 & f, are achromatic lens pair of 10X demagnification.

2o
Generated pump
beam |UV Beam |heam
—

Fig. 9.2 Photograph of the experimental set up for SHG of Cu-HBr laser
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used in this study, only the convex button mirror is replaced by another one of suitable focal
length as detailed in chapter 7. For PPR, the mirrors M1 & M are replaced by high reflecting
plane mirror & fused silica blank respectively. For SHG study, G or Y component is selected
by suitable high reflecting dichroic mirror (DCM). However for SFG study, the DCM is
replaced by a high reflecting (for both G & Y) broadband plane mirror. The selected beam (G
or Y) is then compressed by 10 times to about 2.5 mm using a telescopic lens pair (f1, f> = 100,
10 cm) and ASE is filtered at the common focal plane with an aperture of diameter 0.5 mm for
URs & of diameter 1.5 mm for PPR. For SFG, the lenses are achromats for G and Y
wavelengths. The ASE filtered, collimated beam is then focused by a BK-7 cylindrical lens (f3)
on a BBO crystal (6 x 4 x 10 mm?3, cut angle = 47°). This allows angle phase matching for SHG
of G (Bpm = 50.7°), SHG of Y (0pm = 42.5°) and SFG of G + Y (6pm = 46.3°) in a single crystal
by suitably tilting it to match the type-1 phase matching angle. The axis direction of the
cylindrical lens is along the phase matching and walk-off directions (critical plane). The crystal
is mounted on 5-axis micro-positioner for precision angle tuning. The depleted fundamental &
generated UV beams are collimated using a cylindrical lens (f4= 10 cm) and are separated

using a prism, both made of fused silica (suprasil).

9.3.2 Measurement techniques

The temporal profiles of the radiations (fundamental & depleted G/Y and generated
UV) are monitored using a pair of identical bi-planner photo diodes of sub-ns rise time
(Hamamatsu, R1193U-52) & 500 MHz oscilloscope (Lecroy: Wave runner-6050A). The
average values of the SHG & SFG UV output powers as well as fundamental pump powers are
monitored using a power meter with user selectable measuring range and resolution (Gentech,
TPM 300). The resolutions as well as accuracies for UV and visible power measurements are
1 mW and 0.1 W respectively. The incident pump power on the crystal is varied using a suitable

combination of beam splitters. The average pump power is measured just before the focusing
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lens f3. Therefore the fundamental power taken for the SHG/SFG conversion efficiency
calculations is corrected for ~ 8% reflection losses due to both the faces of f. Similarly, the
measured UV powers after prism are corrected for ~20% reflection losses in a combination of
collimating lens f4 and prism separator, in line with the practice adopted in reported literature
in the field [220, 222, 224, 226-247]. The temporal variation of instantaneous peak powers of
the fundamental pump beam and the generated UV beams are estimated from the digitized
temporal profiles of the corresponding radiations with 1 ns resolution, averaged over 10 pulses.
The wavelengths of the generated UV radiations are confirmed by recording the optical spectra
of the radiations using a fiber optic spectro-photometer (Avantes). Prior to the detailed
experimental study on the SHG/SFG process, the obtained SHG/SFG UV radiations are
confirmed by recording the optical spectra of the radiations using a fiber optic spectro-
photometer (Avantes). Figs. 9.3 a, b & ¢ show the recorded SHG & SFG spectra, obtained by

suitably tilting the BBO crystal with respect to the pump beam(s) (green and/or yellow).
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Fig. 9.3 Spectrum of SHG & SFG radiations of Cu-HBr laser (a) SHG of green (b) SHG of

yellow & (c) SFG of green & yellow
9.4 Experimental results on SHG & SFG of Cu-HBr laser
9.4.1 Optimisation of focusing conditions
In the SHG/SFG process, Cu-HBr laser radiations need to be focused onto the nonlinear
crystal to obtain the desired peak intensity and the generated UV output power depends on the
pump focusing conditions. Hence, the optimization of the focusing conditions for the
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SHG/SFG of G & Y beams are carried for all the resonators used (PPR, M =1 and PBURS,
M=12.5, 50 & 100) in Cu-HBr laser. Figs. 9.4 a & b show the variation of SHG UV average
output power P2,(g) & conversion efficiency 724(9) [=100% X (P2.(9)/P.(9)] respectively
with focal length (f3) of pump focusing cylindrical lens for the G-beam with all the four
resonators. The maximum value of P,(g) used are 10 W (PPR, M =1), 9.2 W (PBUR M=12.5),
8.2 W (PBUR M=50) and 6.3 W (PBUR M=100), as obtained at exactly same electrical input
power conditions of the Cu-HBr laser. It is observed that as the focal length decreases from 10
to 3 cm, P2,(g) increases rapidly and attains maxima at focal length of 4 cm for PPR (M = 1),
PBURs of M =12.5 & 50, and at 3 cm for PBUR of M=100. The maximum P>,(g) obtained,
at maximum P,,(g) mentioned above, are 0.3 W, 0.7 W, 205 W & 1.7 W for M =1, 12.5, 50
and 100 respectively. The difference in P2,(g), for PBUR M=100, with 3 cm and 4 cm focal
lengths, are small (1.7 W vs. 1.65 W). Also the 72.,(g) values increase rapidly and attain
maximum at focal length of 4 cm for PPR, PBURs of M=12.5 & 50, and at 3 cm for PBUR M
100 as cylindrical lens focal length is decreased from 10 to 3 cm. With the increase of resonator

M from 1 to 100, the corresponding values of maximum #2.(g) are about 3%, 7.6%, 25% &
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Fig. 9.4 Variation of SHG UV power (a) & conversion eff. (b) of green component of Cu-

HBrL with focal length of focusing cylindrical lens for PPR and PBURs M=12.5, 50 & 100
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26.2% respectively. However, the difference in 72,(g) for PBUR M 100, with 3 cm and 4 cm
focal lengths are very small (26.98% vs 26.19%). Similar trends in variation of P2,(y) and
n20(y) are also observed for SHG of Y-beams of Cu-HBrL. The maximum incident average
pump power of the Y-beam on the BBO crystal are 7 W (PPR), 6.4 W (PBUR M=12.5), 5.6 W
(PBUR M =50) & 5.5 W (PBUR M=100), at a fixed electrical input power to the Cu-HBrL.
The maximum values of P».,(y) are observed at focal length of 3 to 4 cm for all the four
resonators with corresponding values of 0.12 W (PPR), 0.31 W (PBUR M=12.5) and 1.0 W
(PBUR M=50 & 100). The corresponding values of 7..(y) [100% X (P2.(y)/P.(y)] are about
1.7%, 4.8%, 17.9% & 18% respectively.

Figs. 9.5 a & b show the variation of SFG UV average output power, P,3 & conversion
for all the resonators. The average pump power (green + yellow) for these conditions are 13
W (7.6 W + 5.4 W) for PPR, 12 W (7 W + 5 W) for PBUR M=12.5, 11.9 W (7.1 W + 4.8 W)
for PBUR M=50 & 9.9 W (5.5 W + 4.4 W) for PBUR M=100. The optimum focal length
corresponding to the maximum SFG UV is again 3 to 4 cm. However the degradation of P
and 5.3 are faster as the focal length of the cylindrical lens is increased upto 10 cm. The

maximum values of P,; are about 0.3 W (PPR), 0.6 W (PBUR M =12.5), 1.52 W (PBUR
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Fig. 9.5 Variation of SFG UV output power (a) & conv. efficiency (b) of Cu-HBrL with focal

length of the pump focusing cylindrical lens for PPR and PBURs M=12.5, 50 & 100
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M=50) [255] and 1.3 W (PBUR M=100). These translate into corresponding values of 7.3 to
about2.3%, 5%, 12.8% & 13% respectively. Similar studies are also carried out with spherical
focusing lens of different focal lengths. However, the obtained output UV powers/conversion-
efficiencies are lower than that of the cylindrical focusing. Therefore, the further studies on
SHG/SFG of the Cu-HBr laser are pursued with cylindrical focusing geometry and the focal

length (f3) of cylindrical lens is chosen to be 4 cm.

9.4.2 SHG of green radiation

Fig. 9.6 a shows the variation of P».(g) as a function of P.(g) for PPR and PBURs of
M 125, 50 & 100. It is observed that P.,(g) increases with increase of P.(g) for all the
resonators. However, the rate of increase of P2,(g) is larger for higher resonator magnification.
For PPR & PBUR M=12.5, the variations in SHG UV output power P2,(g) are from 30 mW to
300 mW & from 31 mW to 700 mW with corresponding variations in the fundamental green
pump power P, (g) from 3to 10 W & 1.9t0 9.2 W respectively. On the other hand, for PBURs
of M=50 & M=100, the variations in P»,(g) are from 80 mW to 2.05 W & from 81 mW to 1.65
W with corresponding variations in the fundamental green pump power, P(g), from 1.6 W to

8.2W & 1.4 W to 6.3 W respectively. Fig. 9.6 b shows the variation of the SHG UV conversion
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Fig. 9.6 Variation of SHG UV output power [P2.(g)] (a) & conversion efficiency [1726(9)] (b),

with fundamental green input power [P.(g)] for PPR and PBURs M = 12.5, 50 &100
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efficiency of green component of Cu-HBrL, 7..(g), for different P,(g). It is observed that
120(Q) increases with increase of P,(g) for all the resonators. However, the rate of increase of
1n20(Q) is higher for higher magnification of the resonators. For PPR & PBUR M=12.5, 72,(Q)
increases from 1% to 3% & 1.63% to 7.61% respectively, for corresponding increase in P.(Q).
However, for PBUR M=50, as the P,(g) increases upto 6.6 W, 7.,(g) increases almost linearly
upto 22% (1.43 W UV) and thereafter its slope slows down. At maximum used value of P(Q)
of 8.2 W, 72,(g) is about 25%. On the other hand, for PBUR M=100, the slope of the graph

slows down at P,(g) of about 4.6 W [1.01 W UV & %2,(9) ~ 22%)].

9.4.3 SHG of yellow radiation

Fig. 9.7 a shows the variation of P2,(y) as a function of P,(y) for PPR, M = 1 and
PBURs of M = 12.5, 50 & 100. It is observed that, like the case of SHG of green, P2.(y)
increases with increase of P, (y) for all the resonators. The rate of increase of P2, (y) with P.,(y)
increases with increase in resonator M, however are close for M =50 & 100. For PPR & PBUR
M=12.5, the variations in SHG UV output power P,,(y) are from about 32 mW to 120 mW &
50 mW to 310 mW with corresponding variations in the fundamental yellow pump power P(y)

from 3.6to 7 W & 2.6 t0 6.4 W respectively. On the other hand, for PBURs of M=50 & M=100,
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Fig. 9.7 Variation of SHG UV output power [P2.(Yy)] (a) &conversion efficiency [72.(y)] (b),

with fundamental yellow input power [P,(y)] for PPR and PBURs M = 12.5, 50 &100
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the variations in P2, (y) are from 59 mW to 1.0 W & from 44 mW to 1.0 W with corresponding
variations in P,(y) from 1.3 W to 5.6 W & 1.1 W to 5.5 W respectively Fig. 9.7 b shows the
variation of the SHG UV conversion efficiency of yellow component of Cu-HBTrL, 72.(y), for
different P, (y). Similar to the green component, 7..(y) increases with increase of P,(y) for all
the resonators. However, the rate of increase of #2.(y) is higher for larger magnification of the
resonator used. For PPR & PBUR M = 12.5, 72, (y) increases almost monotonically from 0.9%
t0 1.71% & from 1.92% to 7.84% respectively, for corresponding increase in P, (y). However,
for both PBUR M =50 & 100, as the P,(y) increases upto 5.5/5.6 W, 7.(y) increases almost
linearly upto ~15.5% (~ 0.7 W UV) and thereafter its slope slows down. At maximum used

value of P, (y) of 5.5/5.6 W, 72,(Y) is about 18%.

9.4.4 SFG of green & yellow radiations

Fig. 9.8 a shows the variation of the SFG UV average output power, P,3, asa function
of total average pump power [P,(g)+ P«(y)] for PPR and PBURs of M= 12.5, 50 & 100. It is
observed that, similar to the case of SHG processes, P.; increases almost monotonically with
increase of [P.(g)+P.(y)] for all the resonators and the rate of increase of P,3 with

[Po(9)+Pw(y)] is higher for resonator of larger magnification. For PPR, P,3 increases from 15
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Fig. 9.8 Variation of SFG UV output power [P.3] (a) and conversion efficiency [#«3] (b) with

fundamental input power [P.(g)+ P.(y)] for PPR and PBURs M = 12.5, 50 &100
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mW to 300 mW as [P«(g)+P.(y)] is raised from 3 W to 13 W, whereas for PBUR M = 12.5,
Pws3 increases from 40 mW to 600 mW with increase of [P.(g)+P«(y)] from 2.8 W to 12 W.
However, for the PBURs of M=50 & 100, P,; increases from 0.1 W to 1.52 W & 0.055 W to
1.27 W with increase of [P(g)+P.(y)] from 2.8 W to 11.9 W & 2 W to 9.9 W respectively.
Fig. 9.8 b shows the variation of the SFG UV conversion efficiency, 5.3, for different
[Pu(9)+Pw(y)]. It is observed that 7.3 increases from 0.5% to 2.3% (PPR), 1.43% to 5% (for
PBUR M = 12.5), 3.57% to 12.77% (for PBUR M=50) and 2.75% to 12.83% (for PBUR
M=100) for the respective increase in values of their [P, (g)+Pw(y)].

It is clear from the average SH/SFG results presented above that the highest nonlinear
conversion efficiencies are observed for SHG of green and the lowest for SFG of green and
yellow. From the fundamental beam side, these differing nonlinear conversion behaviours are
connected with divergence values, spot size, peak power, peak focussed intensity and temporal
pulse shape/width of green and yellow components of Cu-HBr laser with different resonators.
On the frequency conversion side, the average and time resolved (within pulse) behaviour of
SH/SFG efficiency and the conversion coefficient need to be correlated vis-a-vis fundamental
beam characteristics. With this perspective, the next section analyse the SHG/SFG

experimental results of section 9.4.

9.5 Analysis of the result and discussion
9.5.1 Time averaged characteristics of SHG and SFG

It is obvious from the experimental results (section 9.4.1) that there exists an optimum
focal length of the cylindrical focussing lens (f3) for maximum SHG & SFG UV average output
powers and their conversion efficiencies. This can be understood as follows. The choice on
cylindrical lens focal length (f3) is a compromise between higher attainable peak focal plane
intensity with shorter focal length vis-a-vis larger convergence/divergence angle of the smaller

focus spot pump beam [227, 228]. In the present study, for less than optimum focal length (f3
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< 4 cm), the UV conversion efficiency is limited by the combined effect of reduced effective
interaction length (due to increased walk-off) and inefficient coupling of light within the
acceptance angle of the crystal (due to increased convergence/divergence angle). At larger than
optimum focal length (fs > 4 cm), the UV conversion efficiency is reduced due to decreased
pump beam intensity. At the optimised value for f3 of 4 cm, for the resonator M value of 1,
12.5, 50 & 100, the corresponding estimated peak intensities [l.,(g)] for G beams are ~0.62
MW/cm?, ~3.47 MW/cm?, ~7.72 MW/cm? & ~8.94 MW/cm? corresponding to the mentioned

maximum average power used. In the ideal conditions of perfect phase matching,

P20(9) % [Pu(@) - lu(9)] o (L?P3)/(h.f.6) (9.2)
1n20(9) ¢ o (9) (9.3)
L=\/Laly = \/aLy/p (9.4)

where L = interaction length of the crystal, h = beam height at the focus (= 2.5 mm), f = focal
length of the cylindrical focussing lens fz and 8 = divergence of the pump laser beam, a = spot
size on the crystal (= mfs.6, m is beam compression factor), p = walk-off angle of the crystal,
La = aperture length of the crystal (= a/p ) and Ly = physical length of the crystal.

These standard relations closely explain the observed trends on the variation of P2,(Q)
and 724(g) vs. f3 (Figs. 9.4 a & b) except in the case of fz3 <4 cm or M >50. Lower the f3
value and/or larger the M value (reduced 6), higher will be conversion efficiency and larger
will be slope of curve as dn,,, /df o 1/f? for given @ and 9n,,, /06 « 1/62 for given f, as
actually observed. However, these general trends are not observed for f3 <4 cm or M >50. For
example, reducing fz from 4 to 3 cm or increasing M from 50 to 100, the changes in the UV
power or conversion efficiency are relatively small, both positive and negative. This is due to
the fact that in both the situations, the fundamental focussed beam spot size at the crystal

reduces significantly, thereby leading to restricted SHG process due to increased beam walk-
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off, limited angular acceptance and increased dephasing between fundamental and generated
beams in the crystal [227, 228, 220]. Similar argument follows for SHG of Y-beam as well as
for SFG process. However, relatively faster decrease of SFG UV output with increase focal
length, than that of SHG of G/Y case, is attributed to increased intensity and spatial mismatch
of the G & Y beams at the focus pump region due to their different divergence and pointing
stability characteristics, as detailed in chapter 7. From the SHG/SFG results (at fixed f3 =4
cm; section 9.4.2 t0 9.4.4), it is observed that the UV output powers increase as the fundamental
input powers increase, for all the resonators. The rate of increase of UV power is higher for
higher resonator magnification upto 50. The same is true for the UV conversion efficiency.
However, the UV power and conversion efficiency results are very close for UR M = 50 and
100. The conversion efficiency also displays a slight slowing down beyond certain pump
power. These observations can again be explained on the general consideration (equations 9.2
t0 9.4) as follows.

For a given pump power, as the resonator M increases, ¢ as well as the spot size (width
of spot) decreases and hence the peak intensity increases. This leads to increase in SHG UV
power as well as the conversion efficiencies as M is increased from 1 (PPR) to 50 (UR). For
example, at typical pump power of 5 W, the pump spot width on the BBO crystal (=10 f3.6)
are ~600 pm, ~107 um , ~47 pm and the corresponding peak intensities are ~0.31 MW/cm?,
~1.9 MW/cm?, ~4.7 MW/cm? for green beam of Cu-HBrL with resonator M=1, 12.5, 50
respectively. Similarly for the Y component, the pump spot widths on the crystal are ~560 um,
~92 um & ~38 pum and the corresponding peak pump intensities are ~0.36 MW/cm?, ~2.4
MW/cm? & ~ 6.5 MW/cm? respectively. The increase in slope of P2, VS. Py, and #2e VS. Py
curves as M is increased from 1 to 50 is again due to 9P, /96 or dn,,/00 x 1/62. For M
= 100, the pump beam width and intensity at the crystal are ~36 um & ~7.1 MW/cm? for G

beam and ~29 pm & ~10 MW/cm? for Y beam respectively. It is clear that moving from M=
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50 to 100, there is no major change in spot size at crystal due to almost diffraction limited
divergence values (1-1.3 DL) in both the cases. Also, the spot sizes are very small (10s of
microns) and the peak intensities are high, the SHG process is adversely affected due to
increased beam walk-off, limited angular acceptance and increased dephasing between
fundamental and generated beams in the crystal. Hence the frequency conversion performance
of M =50 and 100 are very close. Similar arguments follow for the SFG process as well.
However, the lower conversion efficiencies (12.8%) for SFG process is attributed spatial &
temporal mismatch of pump intensities as brought out more clearly in section 9.5.3.

It is to be noted that the fundamental pump powers used for the SHG/SFG studies are
different for the different resonators. Hence theoretically the SHG/SFG conversion efficiency
is anyway expected to be different, being a function of fundamental power (section 8.2.3).
Therefore, to characterize the frequency conversion processes on a uniform scale, another
parameter, namely the power independent conversion coefficient (= ratio of conv. efficiency
to input fundamental power) [220, 232], is to be utilized. For SHG of G/Y, at perfect phase
matching condition, the conversion coefficient is given as Czw(2/v) = 126(9/Y)/Pw)(aly), where
Pup)(aly) is the peak power of fundamental G/Y. For SFG, this is given as Cu3 =#7.3/[Pp)(9+Y)],
where P)(g+y) is the peak power of combined G & Y fundamental pulses. The conversion
coefficients act as a figure of merit for deciding the efficacy of the SHG/SFG conversion
processes. Larger the value of the conversion coefficient, more efficient is the frequency
conversion process. In ideal condition with perfect phase matching, the conversion coefficient
remains constant for the SHG process with a given nonlinear crystal.

The variation of the evaluated values of C,.(g) with P,(g) is shown in Fig. 9.9 a. It is
noticed that C»,(g) is almost constant with a very little variation for M = 1 and 12.5. The C2(g)
decreases marginally from 0.36 t0 0.32 x 10° W= forM =1, 0.85t00.82 x 10° W for M =

12.5. However, for PBUR M=50 & 100, it increases with P,(g) and attains maximum value

207



5 1.50

2 —=—PPR, ——PBURM=125 || ~ —m—PFR, —A—PBUR M=125

‘”b —O— PBUR M=50, —@— PBUR M=100 = 1.25 4 —O0— PBUR M=50, —8— PBUR M=100

= “ * E OO/\_*‘M_‘\O

§ ‘/\;\‘\' 5 100

£ 31 o——o0—0—0—F— i

° 8 0.75-

© 8 0.501 A’—A\A\A

= >

g 1 b A——’A A_‘—'-A 2

o Ly E 0.254 - = - .

5 — — » - 7]

o 0 -t 1 1rrr 111 11717 0.00 T T T T T T T T T T T T T

5 0 1 2 3 4 5 6 7 8 9 10N 0 2 4 B 8 0 12 14
Fundamental input power of green (W) Fundamental input power (green + yellow) (W)

(a) (b)

Fig. 9.9 Variation of SHG/SFG UV conversion coefficients with fundamental input powers

for PPR and PBURs M=12.5, 50 & 100: (a) SHG of green and (b) SFG of green & yellow

& then falls. For PBUR M=50, C:,(g) is at maximum value of ~3 x 10° W [P,(g) = 6.6 W,
P2o(g) = 1.43 W] and then falls to ~2.74 x 10° W1 at P,(g) = 8.2 W [P2.,(g)=2.05 W]. On the
other hand, the change of C..(g) with P.(g), for PBUR M =100, is quite high as compared to
the other resonators used. With the increase of P,(g) from 1.4 W, C2,(g) increases from ~3.27
x 10° W1, attains maximum of ~3.96 x 10° W1 at P,(g) = 3.2 W [P2.(g) = 512 mW] and
then decreases monotonically to ~3.29 x 10° W1 at P,(g)= 6.3 W [P2,(g)= 1.65 W]. The
degree of variation of C2,(g) with input power is indicative of the extent of phase mismatch
between fundamental and UV beams as a function of input power. The variations of C:(y)
with P,(y) for the different resonators are more or less similar to that of the G i.e. remaining
almost constant for lower resonator magnification & lower P (y) values. For PPR, C2,(y) has
a constant value of ~0.24 x 10° W & for PBUR M=12.5, C.,(y) is almost constant at 0.67 -
0.68 x 10° WL, However, for PBUR M =50 & 100, C,(y) is at almost constant level of ~2.8
X 10° W1 & ~2.5 x 10° W respectively upto 4.4/4.5 W of P.(y) [P2.(y) ~ 0.7 W] and then
fallsto ~2.6 x 10° W1 & ~2.3 x 10° W1 at P,,(y) of 5.5/5.6 W [P2.(y) =1.0 W]. However, the
variations of C,; (SFG) are different than that of SHG. For PPR C,; is almost constant at 0.19

- 2.0 x 10° WL, On the other hand for PBURS, C.,; decreases with increase in [Pu(Q)+Pu(Y)].
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C.; decreases from ~0.52 x 10° Wto ~0.43 x 10° W (for PBUR M=12.5, increase in
fundamental power from 2.8 to 12 W), from ~1.2 x 10° W to ~1 x 10°> W (for PBUR M=50,
increase in fundamental power from 2.8 to 11.9 W) and from ~1.4 x 10° Wto ~1.05x 10°
W (for PBUR M=100, increase in fundamental power from 2 to 9.9 W). The decrease in
values of conversion coefficients beyond certain UV/visible-pump power levels are in line with

the thermal dephasing caused due to the absorption of radiations as discussed earlier.

The discussions presented above are based on pulse averaged picture on the SHG/SFG
processes. However, in a Cu-HBrL, the fundamental beam divergence evolves in time within
a pulse, as brought out in chapter 7. These evolutions are different for G & Y and hence their
pump intensities are different at different time within the pulse. That is why the temporal
evolution of the SHG power and conversion efficiencies are expected to be different. These
issues play a crucial role for optimising and evaluating efficiency of the SH/SFG process. The

time resolved behaviour are presented and discussed in the following section.

9.5.2 Time resolved characteristics of SHG and SFG

Figs. 9.10 a to f show one representative case of the temporal variation (within a pulse)
of instantaneous pump fundamental power [P.(g)(t), P.(9)(t) & P(g+y)(t)] & UV output power
[P20(9)(1), P2u(9)(t) & Py3(t)] and UV conversion efficiencies [#724(9)(t), 720(9)(t) & 7.3(1)] &
conversion coefficients [C24(9)(t), C20(9)(t) & Cu3(t)] for Cu-HBrL with PBUR M=50 for
SHG of G (a, b), SHG of Y (c, d) and SFG of G & Y (e, f) respectively. The instantaneous
conversion efficiencies are estimated as 72.(9/y)(1)= P2u(g/y)(t)/P.(gly)(t) for SHG &
n03(1)=Pw3(t)/P(g+y)(t) for SFG whereas the instantaneous conversion coefficients are
estimated as Caq(2/y) (1) =120(9/y) (1)/P(gly)(t) for SHG of G/Y & Cu3(t)= n.3(t)/P(g+y)(t) for
SFG of G + Y. The instantaneous powers of the fundamentals (G, Y and G + Y) as well as the
generated UV radiations are estimated from the averaged pulse shapes (10 pulses) recorded

recorded with a 500 MHz oscilloscope. This leads to some inaccuracies in calculated
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conversion efficiencies as well as coefficients on their leading and trailing edges (typically 5-

10 ns ns in the beginning as well as at the end). Therefore, the spikes at the start and end of the

conversion coefficients (Figs. 9.10 b, d & ) are indicative of large uncertainties at the leading
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and trailing edges of the light pulses owing to the fact that there are errors introduced from
optical delays and detector bandwidths, and these may be exacerbated at the low light signal.

It is observed that for SHG of G (Figs. 9.10 a & b), the instantaneous UV power follows
that of the fundamental G. However, the UV pulse starts with a delay of about 3-4 ns form the
onset of the G pulse (t = 0) and also ends ~10 ns earlier than that of G pulse. Both the the G
fundamental and SHG UV pulses peak at ~8.436 kW and ~2.278 kW respectively 10-12 ns
after the onset of the G pulse, that corresponds to instantaneos conversion efficiency of 27%.
However, maximum value of 7.,(g)(t) of ~30% (1.93 kW/6.43 kW) is observed at t = 8 ns (Fig.
9.10 b), which corresponds to the leading edge of the fundamental pulse. It is interesting to
note that the values of 7.,(g)(t) at ~25% is maintained over most of the duration of the pump
pulse. The conversion coefficient, C2,(g)(t) shows oscillatory behaviour between the values of
2-6 x 10° W (neglecting the values corresponding to initial ~5 ns, owing to noise &
inaccuracy). On the other hand, for the SHG of Y (Figs. 9.10 ¢ & d), the instantaneous UV
power doesn’t follow that of the fundamental Y, however their peaks almost coincide in time.
The SHG UV pulse of the Y builds up slowly and is finished early. Both the yellow
fundamental and its SHG UV peak at t = 31 ns with respective peak values of ~5.47 kW &
~1.05 kW, that corresponds to conversion efficiency of ~19.2%. However, transient value of
the conversion coefficient, C.,(y)(t) is almost constant at 2.7-2.8 x 10° W (neglecting the
first ~10 ns noise, which shows a peak in conv. coefficient). This is expected, as the transient
conversion efficiency values are not high to cause depletion like that of G. The values of
n20(y)(t) of more than 15% exist only for 5-6 ns (t = 30-36 ns). Therefore, the average
conversion SHG UV efficiency of Y is lower than that of G.

The case of SFG of of G and Y depends on extent of matching of their spatial and

temporal intensities. Ideally, the best SFG process requires equal intensities of the G and Y

components, both in space and time. In practice, it is very difficult to realise these ideal
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conditions due to their diffrent gain characteristics. However, with the use of high
magnification unstable resonators, these conditions can be partly realised. It is observed that
the SFG UV pulse starts with a delay of 5-6 ns than that of the fundamental pulses and is
finished 7-8 ns earlier (Fig. 9.10 e). It is also observed that, the peak of SFG UV coincides with
that peak of the combined G+Y with corresponding values of ~1.836 kW [P.;(t)] & ~12.335
kW [P(g+y)(t)], corresponding to 7.3(t) ~14.9% at t=32 ns (Fig. 9.10 f). However, the highest
value of 7,3(t) of ~16.3% is observed at t=41 ns, with values of P(g+y)(t) ~ 6.751 kW & that
of Pu3(t) ~1.102 kW. In most of the duration of pump pulse (neglecting the early and end 5-
10 ns values), the values of C,;3(t) lie in the range of 1.5 - 2.5 x 10° W, At the highest value
of P3(t), the ratio of instantaneous powers of G & Y is ~1.45 (= 7.305 kW / 5.03 kW). On the
other hand, the highest value of #.3(t) corresponds to the ratio of instantaneous powers of G
& Y of ~1.24 (= 3.733 kW / 3.018 kW). Under the approximation of almost constant
divergence within most part of the pulse (as applicable for high magnification resonators), the
ratio of pump beam spot widths of G to Y beams, on the BBO crystal, is ~1.24 (=47 um / 38
um). The ratio of their peak intensities are ~1.17 (= 6.2 MW.cm™? /5.3 MW.cm) & ~0.99 (=
3.16 MW.cm?/ 3.18 MW.cm) for maximum values of instaneous SFG UV power and
instantaneous conversion efficiency respectively [255]. Similar analysis for all other studied

resonators explains the observed results.

9.6 Thermal effects on UV pulse train

In multi-kHz PRR SHG/SFG of Cu-HBr laser, the thermal dephasing is supposed to be
the major performance limiting mechanism. This is due to absorption of fundamental &
generated UV radiations and play detrimental role even at moderate average pump power
levels. The absorption raises the temperature of the crystal in the pump region and leads to
refractive index non-uniformities/mismatch & subsequent deterioration of the SHG/SFG

process [237, 232, 234, 250]. For a high PRR Cu-HBrL, the temperature rise in the interaction
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region is a consequence of the absorption based cumulative heating due to the optical pulse
separation time (~50 us) being much less than the thermal diffusion time of the crystal (~10s
of ms) [252]. Therefore, it is very important to probe the thermal dephasing effects in high
PRR SHG/SFG UV conversion to understand the limiting mechanisms. However, it is difficult
to probe this thermal effect of such high PRR lasers and has not been paid sufficient attention
for direct experimental elucidations.

In view of this, we describe a simple technique based on optically chopped fundamental
pump beam (510.6 nm) for probing the pulse to pulse thermal dephasing effects in a BBO
crystal employed for SHG UV conversion of Cu-HBrL operating at 18 kHz PRR. Modulated
bunch of fundamental green pulse trains, also called macro-pulses, are generated using a
mechanical chopper (Scitech Instruments: 300 D) which are used to study the SHG UV
generation processes (Fig. 9.11 b to f). The experimental observations are analysed
qualitatively and the deviation of SHG UV intensity from its square dependence on the
fundamental beam is taken as the mark of the onset of thermal dephasing effects. The study is
carried out on Cu-HBrL with plane-plane resonator, owing to its better intensity stability as
compared to unstable resonator (as discussed in chapter 7). Typical chopping frequencies of 10
to 500 Hz and average pump fundamental powers of about 4 W & 7 W are used. Lower average
power is chosen purposefully to keep the SHG UV conversion efficiency low, so that the effect
of saturation of SHG conversion efficiency & thermal dephasing are decoupled. The basic
experimental set up (Fig. 9.11a) is similar to that of Fig. 9.1, except that the fundamental beam
obtained from beam splitter is demagnified to half of its size by a telescopic lens pair of focal
lengths f1 = 100 cm & f, = 50 cm. The optical chopper, placed along the beam path after the
lens f2, blocks numbers of pump pulses in periodic interval (depending on the set chopping
rate), thus generating a macro-pulse. Within the period of two consecutive macro-pulses, the

BBO crystal is allowed to be cooled naturally. The compressed & collimated pump beam of
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12.5 mm diameter is spherically focused on the BBO crystal, by a spherical lens of focal length,

f3=10 cm. At the un-chopped condition, the average SHG UV powers obtained are ~50 mW &

~15 mW respectively for fundamental pump power of 7 W & 4 W respectively. The pulse

trains are recorded using a pair of identical biplaner photodiodes (synchronised) and a 500
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MHz oscilloscope, as described earlier.

Fig. 9.11b shows the pulse trains of fundamental green and generated SHG UV
radiations for unchopped conditions (chopping rate: 0 Hz) at 4 W pump power. It is observed
that at the unchopped condition in steady state, the UV pulse trains do not follow the square
dependence of the fundamental green pulse train completely. This could be due to pulse to
pulse variation in divergence & pointing stability of the green pulses, apart from bulk heating
of the crystal. Fig. 9.11c shows the fundamental and SHG UV pulse trains at chop rate of 10
Hz. It is observed that, the macro-pulse of SHG UV almost follows the fundamental pulse
(neglecting the pulse to pulse effects) upto initial 30 ms, beyond which the UV macro-pulse
slows down. This trend is observed for any arbitrary chosen macro-pulse bunch. Since the
effect of pulse to pulse variation of beam divergence and pointing instability are statistical in
nature, their role on the onset of the asymmetry on UV macro-pulse beyond 30 ms, in periodic
manner, is ruled out. Also, the SHG conversion efficiency is very low (~0.4%), therefore, the
effect of any kind saturation phenomena is also ruled out. Hence, the reason of the asymmetry
is attributed to onset of the thermal dephasing effects due to cumulative pulse to pulse heating
with separation between pump pulse of ~55.56 us much less than thermal diffusion time (of
the crystal) of 10s of ms. To confirm the proposition, the chopping rate is further increased to
100 Hz & 500 Hz, at the same unchopped pump average power of 4 W. It is observed that, at
chopping rate of 100 Hz, the asymmetry in the UV macro-pulse starts after ~4 ms while for 10
Hz case, the asymmetry is observed after 30 ms. This is, possibly, due to increased thermal
dephasing effects at 100 Hz chopping frequency as compared to that in 10 Hz case. The higher
chopping rate leads to smaller time gap between two consecutive macro-pulses, thereby
causing the diffusion of the deposited heat from the interaction region to be less effective. This
proposition is in line with the observation of higher asymmetry/deviation (due to larger thermal

dephasing effects) observed for higher chop rate of 500 Hz as well as with higher pump power
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of 7 W as shown in Figs. 9.11e & f.

Hence, the thermal dephasing induced by pulse to pulse heating of the BBO crystal
during the process of SHG UV conversion process, is noticeable even at moderate
fundamental/UV average power much below Pcr. This is because the heat deposition is in a
very small interaction volume (~ 8 x 10 cm? as estimated for present case, limited by beam
walk-off effect) by the pump beam of peak power of the order of a few kW. Such localized
heat source is strong enough to induce heating effect, change the refractive index and thereby
adversely affecting the phasing between pump and SHG/SFG beams, as observed.

9.7 Conclusions

In conclusion, this chapter presented an extensive study on the high repetition rate (~18
kHz) SHG/SFG UV (255.5, 289.1 & 271.2 nm) generation of both the green (510.6 nm) and
yellow (578.2 nm) radiations of Cu-HBr laser, in a type-I, critically phase matched BBO
crystal. The fundamental beam average power is limited to about 10 W and the limitations
based thermal constraints are discussed in detail. The details of the experimental results on the
optimization of SHG/SFG UV conversion efficiency as well as conversion coefficients as a
function of pump focal length of the focusing cylindrical lens, fundamental beam optical power
and optical resonator and/or their magnifications (beam quality) from 1 to 100, are presented.
Temporal variation of the SHG/SFG conversion efficiencies and conversion coefficients are
evaluated from analysis based on optical pulses of the fundamental and generated UV beams.
In order to assess the limiting thermal dephasing issues, detrimental for high repetition rate UV
generation, the SHG process is also studied with mechanically chopped fundamental beams of
different chop rate & pump power and the results are analysed. The SHG/SFG average UV
output powers of around 2 W, 1.5 W & 1 W are achieved at 255.3 nm, 271.2 nm & 289.1 nm
respectively at 18 kHz PRR. The average/peak UV conversion efficiencies achieved are about

25%/30% (255.3 nm), 18%/19.2% (289.1 nm) and 12.8%/14.9% (271.2 nm) respectively.
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Chapter 10

Summary and future scope

10.1 Summary of the thesis

The present thesis is a comprehensive research work on the technology development of
high average power (upto ~110 W) and high PRR (16-18 kHz) Cu-HBr lasers (510.6 & 578.2
nm) of different active volumes followed by frequency extension to mid-UV regions (watt-
level average power) through nonlinear frequency conversion. The core thesis works include
detailed studies on the Cu-HBr laser system development, laser parameter studies, analysis of
electrical power deposition into laser medium, HBr gas purification for enhanced laser
performance, evaluation of thermal lensing behaviour, studies on spatial & spectral beam
quality characteristics for both the green (510.6 nm) & yellow (578.2 nm) radiations with
plane-plane & unstable optical resonators and studies on wavelength extension to high PRR
coherent UV (255.3 - 289.1 nm) radiations, of 1 to 2 W average power, through efficient second
harmonic & sum frequency generations. The thesis work has led to the successful technology
development of Cu-HBrLs of various power levels, new research results into the field and
efficient high PRR UV generation with high potential for utilization.

A Cu-HBrL system relies on successful development and integration of associated
subsystems followed by a systematic parametric optimization study. In view of this, the thesis
starts with a comprehensive work on design, construction/development and laser output power
optimization studies on different output power versions of Cu-HBrLs. These include thermal
design of the laser, mechanical design of the laser electrodes & discharge tubes, design of
precision gas mixing set up for Neon & HBr gases and design & development of high-PRR,
high-voltage & fast-switching electrical excitation sources. These subsystems are successfully
developed, assembled and integrated for realisation of different average output power versions

(40, 70, 85 & 110 W) of Cu-HBrLs (designated Cu-HBrL 1, 2, 3 & 4), differing mainly in their
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active volumes. Two types of electrical power supplies e.g. thyratron and IGBT switch based
pulsers are designed, developed and employed for the electrical excitation of these lasers. The
safety handling of HBr is also addressed through incorporation of suitable HBr sensor and
alarm system. The laser output powers have been studied for different laser operating
parameters such as buffer gas pressures & flow rates, HBr concentrations, pulse repetition rates
and switched electrical input powers. The results on the developed Cu-HBrLs are presented
and discussed in detail. This work presents a comprehensive guideline for designing of Cu-
HBrL systems. These developed Cu-HBrLs are further analyzed for electrical discharge
characteristics for performance evaluation and supplemented with experimental & analytical
works on spatial & spectral beam quality for the intended application of high PRR, high
average power UV generation.

The electrical discharge characteristics of a Cu-HBr laser is of crucial importance for
performance optimization, evaluation and understanding of the plasma processes in the active
medium. Due to high electron attachment property, the HBr additive in Cu-HBrL affects the
plasma electron density. This in turn influences the impedance matching and electrical power
deposition into the plasma. These aspects of a Cu-HBrL are still not very well understood in
the field, specifically at high average output power and/or with solid state pulser. In view of
this, a comprehensive analysis on both the time resolved & time averaged electrical pulse
pumping characteristics, on the developed 40 to 110 W average power Cu-HBrLs (Cu-HBrL 1
to 4), are carried out. This is implemented by numerically processing the laser discharge
voltage and current waveforms, recorded for various laser operating parameters and active
volumes. The fractional losses at various intermediate stages of the circuit elements as well as
effective coupling for the laser excitation process are estimated. The average laser
performances at various input powers are correlated with both the time resolved and average

gas discharge parameters. It is observed that irrespective of the switched input power of IGBT-
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solid state pulser, the fractional electrical energy coupled to the Cu-HBrL plasma is almost
constant (~40%). The loss in the electrical power is mostly in MPCs, pulse transformers and
other circuit elements. Based on this analysis, the Cu-HBTrL tube efficiencies are estimated to
be more than 2%, at the maximum laser output power. A comparative performance study
between Cu-HBrL & CVL of identical geometry, pumped by thyratron pulser, is also carried
out. It is concluded that energy coupling from the modulator to the laser active medium is better
for Cu-HBrL plasma (~80% for Cu-HBrL vs. ~70% for CVL). This is attributed to better
impedance matching in a Cu-HBr laser. The energy loss in case of the thyratron pulser is
attributed to the thyratron switch. Though the IGBT solid state pulser has low overall efficiency
in depositing energy into Cu-HBrL plasma, this is preferred due to their capability of high
average power handling at high PRR, long life times and operational reliability. This study
provides guideline for the efficient electrical pulse pumping of a Cu-HBrL vis-a-vis quick laser
power optimisation by monitoring and online analysis of the laser discharge voltage & current
waveforms.

The HBr gas is the most crucial component of Cu-HBrL and is responsible for high
performance of Cu-HBr lasers in the copper laser family. It favourably controls the laser plasma
kinetics through dissociative attachment process during the inter-pulse period and improves the
laser performance. However, due to extremely corrosive/reactive nature of HBr, the impurities
such as dissociation and reactant products (hydrogen and bromine) creep in during the overall
process of its manufacturing, storage and handling. Therefore these impurities present in HBr
gas, are likely to poison the discharge in terms of their deleterious effects on the evolution of
the intra-pulse electron energy distribution and discharge parameters. These subsequently
affect the laser kinetics detrimentally and degrade the laser performance. However, this issue
has not been paid sufficient attention previously. In view of this, a purification process of HBr

gas, by fractional distillation, is worked out and implemented. The principle of the purification
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technique, development of a suitable HBr gas purification set up and their mass spectrometry
analysis before/after the purification process are presented. The purified HBr gas is utilized for
enhancement of the developed Cu-HBr laser, in a test set up, followed by an analysis of its
discharge characteristics, to understand the physical mechanism. Around 30% improvement
in the laser output power of Cu-HBrL, has been demonstrated with purified HBr gas. The
effects of the distilled HBr gas on the laser output power, efficiency and beam diameter are
presented. The electrical discharge characteristics such as change in discharge impedance and
electrical power coupled into the discharge are analysed for both the distilled/undistilled HBr
gases. The underlying physics behind the improved laser performance with purified HBr gas
is discussed. This work provides an added guideline for the improved performance of a Cu-
HBr laser.

Following the successful technology development of high average power Cu-HBr
lasers, the next logical step is their spatial and spectral beam quality characterisation. These
aspects are of crucial importance for planning of utilisation of this laser for various applications
in general and for the planned SHG/SFG study in particular. Out of the four Cu-HBrL systems
developed, the studies are limited to one Cu-HBrL system (Cu-HBrL 2), which are also equally
valid for all other laser systems as well. The first such study, taken up, is the thermal lensing
behaviour of Cu-HBrL, which originates owing to inhomogeneous radial temperature
distribution. The experimental study is carried out using interferometer techniques and the
results are also compared with that of a conventional CVL of identical discharge tube geometry
and excitation conditions. It is observed that in typical operating conditions, Cu-HBrL has
much weaker thermal lens power as compared to that in CVL (~ + 0.95 km™ vs. ~ + 13 km™).
This indicates that the wave front integrity of a Cu-HBrL beam is much better than that of
conventional CVL. The experimental results are explained qualitatively by a comprehensive

theoretical analysis on the gas thermal lens as well as the window thermal lens, taking into
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account the radial temperature distribution, thermal conductivity, temperature coefficient of
the refractive indices of the media involved and the heat flux reaching the windows & its
absorption. It is observed that the contribution of the windows thermal lens dominates over that
of the gaseous active medium. The dominance of window thermal lens in overall thermal
lensing of Cu-HBrL/CVL is attributed to higher temperature coefficient of refractive index for
window material as compared to that of gaseous active medium (6n/oT ~ +10° K1 vs. ~ -1071°
K1), The smaller overall thermal lens power of Cu-HBrL as compared to that of CVL is due
to its much lower working temperature as well as relatively flatter radial gas temperature
profile. The analysis agrees well with the observed trends.

The next important aspect of Cu-HBrL radiations, with particular emphasis of
SHG/SFG UV generation is the knowledge of spectral emission characteristics. This aspect is
not paid due attention for Cu-HBrL in literature, which is expected to be different than other
copper laser variants owing to its different gas composition, operating temperature and gain
distribution. In view of this, a detailed experimental study and the related theoretical analysis
on the spectral emission characteristics of both the green and yellow radiations of Cu-HBrL is
carried out as a function of electrical input power, HBr concentration and optical resonator
(plane-plane: PPR & unstable: UR). A high precision Fizeau interferometer based wavelength
meter is used in the study. It is observed that the effects of electrical input power and HBr
concentration are crucial on Cu-HBrL spectral line-emission characteristics. At typical laser
operating condition, the emission line-width of Cu-HBr laser varies within ~4 to ~5 GHz for
green component and within ~6 to ~9 GHz for yellow component, with the line-width and
emission frequency (central) fluctuation of few 10s to 100s of MHz. These trends are largely
independent of the resonator used. The experimental observations are explained by a
comprehensive theoretical analysis followed by simulation of the spectral emission line-shapes

of both the radiations. This is carried out by taking into account the isotopic shift, hyperfine
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splitting and relevant line broadening effects (mostly Doppler) associated with the energy
levels of a neutral copper atom. The theoretical results, in conjunction with the temperature &
laser gain distribution effects, agree well with the observed trends.

The Cu-HBr laser beam divergence & pointing stability are crucial parameters, to be
elucidated, for applications requiring finely focused beams such as second-harmonic/sum-
frequency UV generation, as planned in the thesis. These issues are more relevant for a Cu-
HBrL due to its operation at high PRR, high specific power conditions that leads to increased
power loading and thermally induced phenomena affecting the spatio-temporal laser beam
characteristics. The beam quality aspects of Cu-HBr lasers have not been paid due attention in
the past. In view of this, a comprehensive experimental study is carried out on beam quality
aspects of both the green and yellow radiations of the Cu-HBrL for different laser operating
conditions, using a time-gated CCD camera. The experimental results on variation of far-field
divergence and pointing stability with different electrical input powers, HBr concentrations
and optical resonators (PPR & UR M=12.5, 50 & 100) are presented in detail. Both the time
averaged and pulse to pulse variations are studied. The experimental study is augmented with
near-field spatial intensity profiles & temporal pulse shapes of both the radiations.

It is observed that for all the input powers & resonators used, the near-field radial
intensity profiles are axially peaked (quasi-Gaussian) for both the green & yellow beams. The
far-field beam divergence, pointing instability and their fluctuations as well as far-field
intensity variations scales up (degrades) with increase in the input power to Cu-HBrL. The
beam quality also degrades with change in HBr concentration away from the optimized level.
The beam divergence & its variation and pointing stability of both the green & yellow
components improve significantly with the increase of the optical resonator magnifications
from M~1 (PPR) to M = 100 (UR). At the same time, the pulse to pulse far-field intensity

variation worsens when the optical resonator is changed from PPR to PBURs. Among the URs,
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increase in magnification value leads to reduced variation in the far-field intensity. Also the
green & yellow components have different beam quality characteristics. For same electrical
input power (~ 5 kW) & optimized HBr concentration (~6%) the far field divergence reduces
from 1500 £ 25 prad to 90 £ 20 prad for green component and from 1400 + 28 prad to 71 +
20 prad for yellow component as resonator magnification is scaled from 1 (PPR) to 100 (UR).
For the same range of resonator magnification (1 to 100), the beam pointing instability reduced
from =+ 30 prad to + 17 prad for the green component and 27 prad to &+ 12 urad for the yellow
component. In terms of diffraction limit (DL), the variations in the corresponding beam
divergence are 24.08 £ 0.4 DL to 1.43 £ 0.32 DL for the green beams and 19.84 + 0.4 DL to
1.01 + 0.28 DL for the yellow beams respectively. The observed results are suitably analysed
taking into account the tube aspect ratio, theoretical divergence evolution within a Cu-HBr
laser pulse, spatio-temporal laser gain characteristics, thermally induced perturbations and
diffraction.

Following the successful development of Cu-HBrLs and comprehensive beam quality
studies for both the G and Y radiations, the obtained high quality beams are used for high PRR
(18 kHz) SHG & SFG UV (255.5, 289.1 & 271.2 nm) generation in a type-I, critically phase
matched BBO crystal. The fundamental beam average power is limited to about 10 W due to
thermal constraints as brought out. An extensive experimental study is carried out on the
optimization of UV conversion efficiency as a function of focal length of the pump focusing
cylindrical lens, fundamental optical power and optical resonator of different magnifications
(beam quality) from 1 to 100. The temporal variation of SHG/SFG conversion efficiencies and
coefficients are evaluated from analysis on optical pulses of the fundamental and generated UV
beams. The SHG/SFG average UV output powers of around 2 W, 1.5 W & 1 W are achieved
at 255.3 nm, 271.2 nm & 289.1 nm respectively at 18 kHz PRR. The average/peak UV

conversion efficiencies achieved are about 25%/30% (255.3 nm), 18%/19.2% (289.1 nm) and
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12.8%/14.9% (271.2 nm) respectively. The SHG process is also studied with mechanically
chopped fundamental beams of different chop rate & pump power to assess the thermal
dephasing issues.

In summary, the overall thesis, containing two reviews in the field and going through
the stages such as technology development of high average power Cu-HBrLs (40 to 110 W @
18 kHz PRR), thorough electrical and optical characterisation supported by appropriate
analysis, the detailed study on SHG/SFG leading to highly efficient 1-2 W average UV power
generation and finally ending with future scope of the work, is comprehensive and meaningful
document in the field under the thesis titled “Studies on Copper - Hydrogen Bromide (Cu-HBr)
laser and its nonlinear frequency conversion”. The whole work has been published in several
peer reviewed journals of high impact factors as well as in book, conference proceedings &

newsletters.

10.2 Scope for future work

The low temperature, fast start-up time, high average power, high efficiency, high beam
quality, 10s of ns duration Cu-HBr lasers, emitting coherent radiations in the green-yellow
spectral region at 15-20 kHz PRR, have a lot of future scope for technology development as
well as applications in the emerging research areas. From technology point of view, some of
the major areas that need immediate attention, for Cu-HBrL, are exploring the possibility of
sealed off operation with use of suitable chemicals and/or their combinations for in-situ
generation of HBr gas inside the active region, controlling the growth of dendrites on copper
pellets in the discharge region as well as window contamination due to deposition of copper
compounds diffused from the hot discharge region, both of which reduce the laser power after
few tens to hundreds of hour operation. Cumulative dissociation of HBr in high temperature
environment of the Cu-HBrL discharge region is thought to be a limiting factor for high power

operation. This issue needs to be studied further and suitable kinetic mechanism must be
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explored to resolve the issue and explore the possibility of KW average power class Cu-HBrL
for industrial applications. In addition, there is no reliable computer simulation studies reported
so far on Cu-HBrL, due to lack up of appropriate rate constants for the physical/chemical
processes involved. Necessary research works need to be carried out in this direction for further
understanding of the physical mechanisms involved in Cu-HBrL.

Coupled with simple nonlinear frequency conversion for generation of discretely
tunable, coherent mid-UV (255.3-289.1 nm) generation, this laser can be an efficient source
for high speed precision processing of materials such as fabrication of photonics components
(core/surface Bragg gratings) on photosensitive materials and micromachining of metals &
ceramics. Due to excellent beam characteristics, this laser is an ideal pump source for
generation of 15-20 kHz PRR, tunable UV-visible-near IR lasers, through pumping of dye &
Ti:Sapphire lasers and/or their frequency doubling required for isotope selective photo-
ionisation spectroscopy, without going through the route of complex optical/electronic
multiplexing of CVLs. In the area of high average power, SHG/SFG UV generation, thermal
dephasing issues must be suitably explored and appropriate mitigation techniques e.g. cooling
of the crystals and/or beam shaping techniques etc. must be explored. Frequency doubled Q-
switched solid state lasers are emerging as alternate high PRR, high average power pulsed
visible sources. However, the features of high PRR Cu-HBrLs such as ease of average power
scalability to 100s of watt in visible range without going through the route of nonlinear
frequency doubling and capability to produce high quality laser beams, are advantageous over

the solid state lasers.
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