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Abstract

The most promising technique for the direct, ground-based detection of gravitational

waves is the use of advanced interferometric gravitational wave detectors. These

detectors use long-baseline Michelson interferometers, where the critical enabling

component is the laser. The laser required for these interferometers must provide

a low noise, single frequency, di�raction limited, high power TEM00 beam. Very

importantly, the laser beam must be available continuously and without the need

for operator intervention.

In this thesis I describe the development and characterisation of injection-locked

10 W Nd:YAG lasers, designed speci�cally for use at the Australian Consortium

for Interferometric Gravitational Astronomy (ACIGA) High Power Test Facility

(HPTF) in Western Australia, and on the Japanese TAMA 300 gravitational wave

interferometer (GWI). The starting point was a 5 W laboratory laser that had

demonstrated the proof-of-principle; however this laser had insu�cient power, in-

adequate reliability, and was not suitable for deployment to a remote site. I de-

scribe the development of this laser technology and design to realise reliable, long-

term operation and �eld deployability, while satisfying the requirements for a GWI,

with the �nal laser system bearing little resemblance to the proof-of-principle sys-

tem. Injection-locked lasers were successfully installed at the ACIGA HPTF and at

TAMA 300 in June 2004 and September 2005 respectively.

The 10 W laser uses a Nd:YAG Coplanar Pumped Folded Slab (CPFS) gain

medium. The slab is side-pumped using a temperature controlled, fast-axis colli-

mated, custom laser diode array, and conduction cooled in the orthogonal direction.

Interferometry is used to measure the thermal lensing within the gain medium; these

measurements are used to design a single-mode, travelling-wave slave resonator. The
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x ABSTRACT

entire slave laser is temperature controlled and mounted on an integrated, air-cooled

base. The thermal design is validated by extensive thermal testing.

Long-term and robust injection-locking is achieved by using a servo system based

on the Pound-Drever-Hall technique. I describe the development of a split feedback

servo system to provide increased frequency stabilisation loop bandwidth and show

that long-term injection-locking of the slave laser to a low power non-planar ring

oscillator (NPRO) master laser produces a single frequency output at � 10 W with

M2
��� . 1�1�
Finally, the noise of the injection-locked laser is characterised. Relative intensity

noise measurements demonstrate stability comparable to current GWI laser sources,

while the results of a heterodyne beat measurement show that the 10 W injection-

locked laser output has frequency noise limited by the NPRO input.

The laser installed at the ACIGA HPTF has been used to investigate the e�ects

of increased intracavity laser powers on next-generation interferometers, with the

laser described in this thesis being the key enabling component of this research.
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List of Symbols

Throughout this thesis, several symbols will be used repeatedly to represent spe-

ci�c quantities or parameters, the following is a list of these symbols and short

descriptions for the readers convenience. This list is not exhaustive but every e�ort

has been made to maintain conformity of symbols used here. Wherever possible

standard symbols and notation have been used which appear in most laser texts.

�� ... Bulk scatter loss coe�cient

� ... Lens duct parameter related to the transverse variation

of the index of refraction

�0 ... Growth rate of the cavity �eld due to the saturated

gain of the slave laser

�2 ... Population decay rate

�� ... Cavity decay rate

�� ... External decay rate due to the output coupling

� ... Laser gain medium dielectric constant

�� ... Beam overlap between the pump volume and laser mode

�	 ... Quantum e�ciency

�
 ... Stokes factor

���� ... Product of Quantum e�ciency and Stokes factor

�1 ... Total Internal Re�ection bounce angle in the laser crystal

�� ... Brewster’s Angle (= 61�2094o for Nd:YAG)

���
� ... Total beam separation angle

����� ... Slab beam exit angle, from parallel side

�� ... Slab nose angle

� ... Cavity signal to atomic polarisation coupling coe�cient

xv



xvi LIST OF SYMBOLS

	� ... Lasing frequency


	� ... Energy per laser photon

�21 ... Stimulated emission cross-section

�� ... Slave laser resonator round trip time

�� ... Fluorescence lifetime of the upper laser level



 ... Laser gain medium centre frequency


� ... Resonant frequency of the optical cavity


���� ... Maximum permissible di�erence between the free-running slave

and master laser frequencies that will allow injection-locking


� ... Frequency of the injected master laser



(�) ... Frequency of the free-running slave laser

�� ... Steady-state di�erence in phase between the master laser and

the injection-locked slave laser

���� (�) ... Phase di�erence between the injection-locked slave

laser and frequency shifted master laser

�

 ... Laser gain medium linewidth

�
���� ... Full width of the locking range

�

 ... Thermal resistance (from the heatsink to ambient)

Abs ... Absorption within the slab

���
� ... Beam cross sectional area

A��� ... E�ective aperture of the beam propagating out of the slab

ar ... Hard aperture radius

�� ... Amplitude of the injected master �eld

�
 ... Amplitude of the free-running slave laser

�0 ... Characteristic focal length

����� ... E�ective focal length of the lens duct

��� ... Free spectral range

g̃(
) ... Amplitude gain of the cavity

�� ... Small signal gain coe�cient

�(
) ... Net round-trip gain magnitude

���(
) ... Complex round-trip gain of the laser cavity


 ... Height of the slab



LIST OF SYMBOLS xvii


� ... Pump region height

�
 ... Saturation intensity

���� ... Calibration factor for the double balanced mixer

� ... Geometric pathlength in the crystal

�� ... Overall length of the slab

�� ... Total path length in the gain region

�� ... Pump region length (parallel-side)

�
 ... Parallel-side-length of the slab

����������
���� ... Bulk scatter loss

������ ... External losses

���� �! ... Scatter losses at TIR surfaces

Loss �!���"�� ... Loss per TIR bounce

� ... Matrix half trace

M2 ... Beam quality parameter

M2
� ... Beam quality parameter (x-direction)

M2
� ... Beam quality parameter (y-direction)

�0 ... Lens duct index of refraction at optical axis

�� ... Number of ground state atoms per unit volume

n(r,z) ... Radially varying refractive index

NB ... Number of slab TIR bounces

 ... Travelling-wave cavity perimeter length

!�

��� ... Laser power incident on the output coupler

!��� ... Standing-wave output power

!� ... Total pump power deposited in the pump volume

!
�
#� ... Free-running output power of the slave laser

Q ... Heatsink cooling power

R ... Re�ectivity

T
 ... Ambient temperature

"�� ... Transmission of the slave laser output coupler

T
 ... Heatsink temperature

# ... Volume (pumped)

#� ... Mode volume of the cavity



xviii LIST OF SYMBOLS

#�� (�) ... Voltage �uctuations at the “IF” output of the mixer

#
 ... Loss factor per single pass of the resonator

$1 ... Master laser beam waist

$2 ... Slave laser beam waist

$ ... Width of the slab

wm ... TEM00 beam radius

$� ... Pump region width

%� ... Pumping rate

AoI ... Angle of incidence

AOM ... Acousto-optic modulator

AR ... Anti-re�ection

CCD ... Charge coupled device

CPFS ... Coplanar-Pumped Folded-Slab

EFL ... E�ective focal length

EOM ... Electro-optic modulator

FI ... Faraday isolator

FW ... Forward-wave

HD ... High dynamic range

HF ... High frequency range

HR ... High re�ection

IF ... Intermediate frequency (mixer output)

LO ... Local oscillator (mixer input)

PDH ... Pound-Drever-Hall technique

PID ... Proportional, integration and di�erentiation gain stages

PZT ... Piezoelectric transducer

RIN ... Relative intensity noise

RW ... Reverse-wave

TEC ... Thermoelectric cooler

TEM00 ... Transverse Electromagnetic Mode of zeroth order

TIR ... Total Internal Re�ection

TM ... Transverse Magnetic Mode



List of Figures

1.1 Schematic of a �rst generation GWI. . . . . . . . . . . . . . . . . . . 6

2.1 Flow diagram of the 10 W laser design process. . . . . . . . . . . . . 28

2.2 Top view of the 21 bounce CPFS laser crystal. . . . . . . . . . . . . . 30

2.3 The CPFS design, showing the mode path and the apertures. . . . . . 31

2.4 Schematic of the side pumped, top/bottom cooled laser slab. . . . . . 32

2.5 Laser slab mounting for the intermediate 10 W laser head (side view),

and for the �nal 10 W laser head (end view). . . . . . . . . . . . . . . 33

2.6 Pictures of laser slab mounting on the intermediate and �nal 10 W

laser heads. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.7 Side view of the initial laser head slab mounting. . . . . . . . . . . . . 35

2.8 Picture of slab mounting for the initial laser head. . . . . . . . . . . . 36

2.9 Pumped interferograms of the initial laser head. . . . . . . . . . . . . 37

2.10 Side pumping of the laser slab. . . . . . . . . . . . . . . . . . . . . . . 40

2.11 The custom double laser diode array package. . . . . . . . . . . . . . 42

2.12 Diagram of the setup used to temperature tune the laser diodes. . . . 44

2.13 The ratio of the transmitted power and the laser diode output power

for di�erent laser diode output powers from a single laser diode array. 45

2.14 The typical ratio of the transmitted power and the laser diode output

power for 40 W output from a custom double laser diode package. . . 46

2.15 A simple block diagram of the feedback control system. . . . . . . . . 47

2.16 TEC cooling arrangement used for temperature stabilisation. . . . . . 48

2.17 Block diagram of the temperature feedback system. . . . . . . . . . . 50

2.18 Transfer function of the laser diode temperature servo. . . . . . . . . 52

xix



xx LIST OF FIGURES

2.19 Laser head slab mounting and temperature control (end view). . . . . 53

2.20 Transfer function of the slab temperature control servo. . . . . . . . . 55

2.21 Temperature stabilisation servo responses for the �nal 10 W laser. . . 57

3.1 The 10 W laser head in a standing-wave con�guration. . . . . . . . . 61

3.2 The measured and expected multimode output powers for di�erent

output coupler transmisson values. . . . . . . . . . . . . . . . . . . . 68

3.3 Standing-wave operation of the initial 10 W laser head. . . . . . . . . 70

3.4 Comparison of the standing-wave operation of the �nal 10 W lasers. . 71

3.5 Output power e�ciency as a function of the laser diode current. . . . 74

3.6 Output power as a function of the pump power. . . . . . . . . . . . . 75

3.7 Slope e�ciency as a function of laser diode heatsink temperature. . . 75

3.8 Output power as a function of laser diode heatsink temperature. . . . 76

3.9 The operation of the standing-wave resonator during an extended run. 77

3.10 Slab schematic showing the 21 TIR and the 13 TIR solutions. . . . . 79

3.11 HeNe transmission through the slab showing the 10 bounce/side length

solution and the 5 bounce/side length solution. . . . . . . . . . . . . 81

3.12 The Mach-Zehnder interferometer used to measure the themal lens. . 83

3.13 Typical pumped interferograms. . . . . . . . . . . . . . . . . . . . . . 85

3.14 The vertical optical path length pro�le in the pumped slab. . . . . . . 86

3.15 A typical measured vertical lens and the parabolic �t. . . . . . . . . . 87

3.16 A typical horizontal lens and the parabolic �t. . . . . . . . . . . . . . 88

3.17 Focal length of the vertical thermal lens as a function of output power. 89

3.18 Focal length of the vertical thermal lens as a function of pump power. 90

3.19 Horizontal thermal lens focal length as a function of output power. . 91

3.20 Horizontal thermal lens focal length as a function of pump power. . . 91

3.21 Vertical thermal lens as a function of the stored power in the slab. . . 92

3.22 Horizontal thermal lens as a function of the stored power in the slab. 93

4.1 The slave laser travelling-wave resonator. . . . . . . . . . . . . . . . . 97

4.2 Design of the travelling-wave resonator using Paraxia. . . . . . . . . . 102

4.3 End view of the �nal 10 W slave laser. . . . . . . . . . . . . . . . . . 107



LIST OF FIGURES xxi

4.4 Top view of the �nal 10 W slave laser. . . . . . . . . . . . . . . . . . 108

4.5 Results of the three day thermal heat test of the �nal 10 W slave laser.111

4.6 Schematic of the grounding layout and interconnections. . . . . . . . 114

4.7 Spiricon laser beam propagation analyser waist size data and M2 �t. . 119

4.8 M2 results, using the Modemaster laser beam propagation analyser. . 120

4.9 Free-running operation of the slave laser for nine hours. . . . . . . . . 121

4.10 Long-term operation of the free-running slave laser at TAMA 300. . . 123

5.1 Schematic of the locking range. . . . . . . . . . . . . . . . . . . . . . 130

5.2 Schematic of the optical setup used for injection locking. . . . . . . . 134

5.3 The optical setup used for injection-locking at TAMA 300. . . . . . . 135

5.4 The slave laser output mode and the output mode when using a

vertical cylindrical lens to circularise the mode. . . . . . . . . . . . . 136

5.5 The slave laser actuators used by the injection-locking servo. . . . . . 139

5.6 The HD PZT actuator and mount. . . . . . . . . . . . . . . . . . . . 141

5.7 Transfer functions for the initial and �nal HD PZT actuators. . . . . 142

5.8 Transfer functions for the initial and �nal HF PZT actuators. . . . . 144

5.9 The �nal HF PZT actuator and mount. . . . . . . . . . . . . . . . . . 145

5.10 The phase and gain margins of stable and unstable feedback systems. 146

5.11 The electrical setup used for the injection locking servo. . . . . . . . . 148

5.12 Block diagram of the split feedback injection-locking feedback servo. . 149

5.13 Tranfer functions for the high voltage ampli�ers. . . . . . . . . . . . . 151

5.14 Open loop transfer functions for the HD and HF pre-amp stages. . . . 152

5.15 Open loop transfer functions for the HD and HF pre-amp stages, with

both the HD and HF HV ampli�er stages incorporated. . . . . . . . . 153

5.16 The location of the cross-over frequency. . . . . . . . . . . . . . . . . 154

5.17 Multimode and single-mode operation of the slave laser. . . . . . . . . 156

5.18 Spiricon laser beam propagation analyser data, �t and results for the

M2 analysis of the circularised slave laser output mode. . . . . . . . . 157

5.19 Circularised output beam propagation data when using the Mode-

master laser beam propagation analyser. . . . . . . . . . . . . . . . . 158

5.20 (Error signal/AUX IN) transfer function of the injection-locking servo 160



xxii LIST OF FIGURES

5.21 Long term injection-locked laser performance. . . . . . . . . . . . . . 162

6.1 Schematic of the setup used to measure the intensity noise. . . . . . . 169

6.2 Relative intensity noise of the pump laser diode, and of the master

laser when the slave laser is intracavity shuttered. . . . . . . . . . . . 171

6.3 The relative intensity noise of the injection-locked laser, for both the

laser base cooling fan turned on and o�. . . . . . . . . . . . . . . . . 171

6.4 The relative intensity noise of the injection-locked TAMA laser. . . . 172

6.5 RF intensity noise of the injection-locked laser. . . . . . . . . . . . . . 173

6.6 Schematic of the setup used to measure frequency noise. . . . . . . . 175

6.7 Slave laser freqency noise contribution. . . . . . . . . . . . . . . . . . 177

B.1 Slab schematic 1 of 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

B.2 Slab schematic 2 of 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

B.3 Slab schematic 3 of 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

C.1 Tolerances required for collimation of the laser diode arrays. . . . . . 207

C.2 Schematic of the CEO Cs double package. . . . . . . . . . . . . . . . 208

C.3 Performance of laser diode array package A. . . . . . . . . . . . . . . 210

C.4 Performance of laser diode array package B. . . . . . . . . . . . . . . 211

D.1 Schematic of the laser diode temperature feedback servo. . . . . . . . 214

D.2 Schematic of the slab top temperature feedback servo. . . . . . . . . . 216

D.3 Schematic of the slab bottom temperature feedback servo. . . . . . . 217

E.1 The IDL program used to analyse interferograms. . . . . . . . . . . . 220

F.1 Heatsink dimensions. . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

G.1 The layout used to align the HeNe to the CPFS gain medium. . . . . 230

G.2 The calculation of the separation angle. . . . . . . . . . . . . . . . . . 233

G.3 Positioning the output coupler and aligning the Max-R mirror. . . . . 235

H.1 Schematics of the FW and RW detectors which are used for injection-

locking of the 10 W slave laser. . . . . . . . . . . . . . . . . . . . . . 240

H.2 Schematic of the injection-locking servo. . . . . . . . . . . . . . . . . 241



List of Tables

2.1 Comparison of the custom laser diode array packages. . . . . . . . . . 43

3.1 Total loss factor calculation parameter values. . . . . . . . . . . . . . 64

3.2 Nd:YAG parameter values. . . . . . . . . . . . . . . . . . . . . . . . . 65

3.3 Pump volume dimensions. . . . . . . . . . . . . . . . . . . . . . . . . 65

3.4 Values used to calculate the expected standing-wave output power. . 67

3.5 Maximum multimode output powers for each of the 10 W laser heads. 78

3.6 Summary of the measured thermal lens focal lengths. . . . . . . . . . 93

4.1 Summary of thermal lensing results. . . . . . . . . . . . . . . . . . . . 98

4.2 Parameter values used in the Paraxia modelling of the resonator

(where � is the duct parameter de�ned in Section 4.3.4). . . . . . . . 102

4.3 Selected Paraxia resonator modelling results (where ”CC” indicates

concave). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.4 TEC controller output voltages. . . . . . . . . . . . . . . . . . . . . . 112

4.5 Travelling-wave resonator optics (where ”AoI” is the Angle of Inci-

dence). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

4.6 Typical 10 W slave laser performance for each laser diode pump pack-

age used with both the TAMA and ACIGA laser heads. . . . . . . . . 118

5.1 Typical performance of the circularised free-running 10 W slave laser

output. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

xxiii



xxiv LIST OF TABLES


	TITLE: Deployable Stable Lasers for Gravitational Wave Interferometers
	Contents
	Abstract
	Statement of Originality
	Acknowledgements
	List of Symbols
	List of Figures
	List of Tables


