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Founded in 1990: Chair of Experimental Physics
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TEMoo  Power ≥ 180 W

Non TEMoo  Power< 5 W

Frequency Noise ≤10 Hz/√Hz   (10 Hz)

Amplitude Noise ≤ 2 × 10-9 /√Hz   (10 Hz)

Beam Jitter ≤ 2 × 10-6 rad/√Hz  (100 Hz)

RF Intensity Noise   0.5 dB above shot noise at 25 MHz
for 150 mW

Advanced LIGO laser requirements



Monolithic Ring Laser

• Kane and Byer, 1985
• Single frequency
• Single mode
• Meets requirements for 

LIGO
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I n j e c t i o n - L o c k e d  O s c i l l a t o r  ( I L O )

     

N P R O
( m a s t e r  l a s e r )

G a i n  m e d i u m

C o n t r o l  s y s t e m

P Z T

D e t e c t o r

F e e d b a c k

I n j e c t  m a s t e r  o s c i l l a t o r  ( l o w  n o i s e ,  g o o d  B Q ,  s i n g l e
f r e q u e n c y )  f i e l d  i n t o  s l a v e  c a v i t y
A m p l i f i c a t i o n  o f  m a s t e r  o s c i l l a t o r  f i e l d  i n  s l a v e

F r e e  r u n n i n g  m o d e s  q u e n c h e d

R e s u l t s  i n  l o w  n o i s e  a m p l i f i c a t i o n  o f  m a s t e r  o s c i l l a t o r  

s a t u r a t e s  g a i n



Adelaide high power laser approach for 
GWI’s

   Injection-locked chain of lasers

0.5W (NPRO) 10W laser 100W laser
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Advanced LIGO prestabilized laser

m e d i u m
p o w e r
s t a g e

h i g h
p o w e r
s t a g e

N P R O

r e f e r e n c e
c a v i t y

A O M

p r e -
m o d e c l e a n e r

t o  
i n t e r f e r o m e t e r



LIGO-Australia Cost Review 11

Planck Pre-Stabilized Laser
 (Max contribution)
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Pre-mode cleaner
Diagnostic breadboard

35 W MOPAHigh power
oscillator

Head from
oscillator
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Pre-stabilized Laser
(Max Planck contribution)

12



      _____________________________________________________________________________
   

•  Power : 220W

•   Spatial mode:  > 95% TEM00

•   Frequency stability  < 100mHz/ Hz√

•   Amplitude noise  RPN < 2.4 x 10-9 / Hz√

The PSL meets all requirements 
for Advanced LIGO
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Lasers for upgrades and third 
generation interferometers

•  Zig-Zag slabs…gain averaging
•  Double clad geometries…gain shaping
•  Fiber laser amplifiers…single mode, high power
•  New wavelengths

--  Shorter wavelengths (reduce optical coating 
thickness required…less thermal noise)

--  Longer wavelengths allow use of Silicon core 
optics (extremely low loss substrates)



Travelling-Wave Resonator

Injection locking servo control system:
Low bandwidth, high dynamic range PZT plus high bandwidth, low dynamic range 
PZT together provide sufficient bandwidth and dynamic range.

D i o d e  
L a s e r
( W )2 0

       M a x  R  (  i n c i d e n c e )6 0 0

I n j e c t e d  b e a m

O u t p u t

P Z T

P Z T

D i o d e  
L a s e r
( W )2 0

P u m p  l i g h t  r e f l e c t o r

O u t p u t  c o u p l e r  
(  i n c i d e n c e )1 0 0



10W Slave Laser

Deliverable hardware

Installed at:
 
Gingin HOPTF
TAMA 300
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( a )  S l a v e  l a s e r  c o n t r i b u t i o n  t o
      t h e  f r e q u e n c y  n o i s e  o f  t h e
      i n j e c t i o n - l o c k e d  l a s e r
( b )  F r e q u e n c y  n o i s e  o f  a
      t y p i c a l  f r e e - r u n n i n g  N P R O
( c )  F r e q u e n c y  n o i s e  o f  t h e  f r e e -
     r u n n i n g  s l a v e  l a s e r

F r e q u e n c y  N o i s e  o f  t h e  I n j e c t i o n -
L o c k e d  L a s e r

T h e  i n j e c t i o n - l o c k e d  l a s e r  i s  l i m i t e d  b y  t h e  f r e q u e n c y  n o i s e  o f  t h e
s t a b l e  m a s t e r  l a s e r
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Inhomogeneous pumping leads to output power 
saturation

Inhomogeneous
pumping
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Output power saturation at 80W due to
• thermally induced birefringence
• loss of thermal lens control (pump power dependent horizontal 
negative thermal lens)
Both effects due to inhomogeneous pump profile
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Composite end-pumped, side-
cooled folded zigzag slab

S i l i c o n  D i o x i d e
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Off-axis, zigzag end-
pumping

• Clad design results in ideal tophat pump distribution – min. birefringence 
• Good absorption efficiency due to quasi end-pumping
• Zigzag and undoped YAG transports pump light along the slab before
  absorption, leads to more uniform power loading within slab
• Absence of hard-edged apertures in vertical direction
• Large pump input aperture, with thinner, higher central gain region

O p t i c  a x i s  o f  p u m p  s o u r c e

P u m p
a p e r t u r e



Off-axis, zigzag end-
pumping

• Clad design results in ideal tophat pump distribution – min. birefringence 
• Good absorption efficiency due to quasi end-pumping
• Zigzag and undoped YAG transports pump light along the slab before
  absorption, leads to more uniform power loading within slab
• Absence of hard-edged apertures in vertical direction
• Large pump input aperture, with thinner, higher central gain region

O p t i c  a x i s  o f  p u m p  s o u r c e

P u m p
a p e r t u r e



• Accommodate real divergent pump sources
• In general, all pump rays have same total pathlength within doped YAG
• Insensitive to pump beam-quality due to mixing of pump light in slab
• Undoped YAG layers increase aspect ratio of slab which reduces thermally
   induced stress
• Glass bottom/top for TIR of pump light and thermal insulation
• Not waveguide laser as heat is removed via sides not through clad layers

O p t i c  a x i s  o f  p u m p  s o u r c e
O p t i c  a x i s  +θ
O p t i c  a x i s  -θ

P u m p
a p e r t u r e

Off-axis, zigzag end-
pumping



      _____________________________________________________________________________
   

Original 100W Laser Head
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 NEW 100 W LASER

Extension of previous approach:
• Injection locked oscillator
•     Unstable Resonator
•     Zig-Zag slab

New Features:
•     End pumping
•     Birefringence control by defined gain medium
•     Improved pump uniformity across wavefront
•     Scalable to very high power



Latest design 100W Laser



50-100W laser for Gingin, 2010
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In the intervening time significant progress in Fiber 
Lasers have been achieved:

•  Large mode fibers allow achievement of high power 
(kW) from single mode fibers

•  Techniques to avoid SBS may allow long, single 
frequency amplification in fibers at high power

•  Fiber architecture allows saturation of gain and single 
transverse mode
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Fiber Laser Capability

The University of Adelaide has established large optical 
fiber capability under leadership of Prof Tanya Monro:
New Institute in Photonics And Sensing (IPAS)

•  Soft glass fibers in IR Large mode fibers is mature:  
(Fiber lasers above 1.8 microns)

•  Silica fiber capability will be operational by April 2011: 
kW fiber lasers in 1 – 1.6 micron regime





Single frequency Er:YAG master laser

Pump 
combination

600mW pump diodes 

End view of the slab



2010/Sept/22 DSTO Workshop 2010

Single-mode output power

•RO/C = 95%

•Slope ≈ 15%
(Ro/c:reflectivity of 
output coupler.)

M2 measured = 1.02



Single-frequency

The same single-frequency laser spectrum: grating OSA (left) with 5.5 GHz 
resolution and the Fabry-Perot  (right) with 300 MHz resolution. 

Resolution = 5.5 GHz
A

m
p

lit
u

d
e

Grating Spectrometer Fabry-Perot OSA

FSR = 7.5 GHz

Time

Spectrum from Grating SA



2010/Sept/22 DSTO Workshop 2010

Linewidth Measurement

Self-beating heterodyne 
detection.

•20km delay from fiber

15km CLR range

•Linewidth = 12kHz

Velocity resolution  
~0.1ms-1



Crux of thermal problem

• Absorbed power causes ‘thermal lensing’
• Prediction of MELODY model of Advanced LIGO 
• Sideband power is scattered out of TEM00

• Instrument failure at approximately 2 kW
• Advanced GWI cannot achieve desired sensitivity unaided

Courtesy of Ryan Lawrence and David Ottaway, MIT



How to maintain cavity 
finesse?

• Measure distortion with wavefront sensor
• Employ active thermal compensation system

• Advanced LIGO wavefront sensor requirements:

• sensitivity < λ/600 at 820 nm*

• suitable for use in active compensation system
• reliable
• easy to install in advanced GWI

* http://www.ligo.caltech.edu/docs/T/T060083-00/T060083-00.pdf
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Thermal Compensation 
System (TCS)

• Ring Heater (4 units)
• CO2 Laser Projector (2 units)
• Hartmann Sensor (2 units)

– Provided by Australian partners Prototype of Baseline Ring Heater
(nichrome wire would around glass 

former, within reflective shield)



Why use a Hartmann 
wavefront sensor?

• Interferometry
• Shack-Hartmann
• Hartmann

– easy to align
– don’t need microlens array
– ultra-sensitive and accurate



Hartmann Wavefront Sensor:
How It Works

CCD

Undistorted wavefrontDistorted wavefront

Hartmann plateUndistorted opticDistorted optic

Hartmann rays
Hartmann spot 

pattern



Hartmann WFS measures local 
wavefront gradient (φ)

• Calculate spot centroids
• ∆y = centroid1-centroid2

• Gradient of wavefront change = ∆y/L 

 

L
∆xφ

1

2



Integrate gradient field → 
wavefront change
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           Wavefront distortion (nm)
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Measurement system for 
testing HWS



Measurement system for 
testing HWS



Measurement system for 
testing HWS

Measure distance between light source and HWS using interferometer.



Single-frame wavefront error ≈ 

λ /1500 
• distance between light source and HWS constant
• use consecutive single-frame Hartmann images separated by 15 s
• wavefront error is consistent with shot-noise limit



Sensitivity can be improved to 
λ/15,500 

by averaging

• solid line is numerical simulation
• Hartmann images collected at 30 Hz
• deviation for Navg  > 100 due to slow temperature fluctuations



HWS is shot-noise limited 

Plot ∆I/I v’s I:

Slope - -0.5



Hartmann sensor 
configuration, 
unfolded 



Hartmann sensor configuration
folded interferometer
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•  Selection of probe wavelength not to interfere with 
CO coatings

•  Configuration to avoid cross talk
•  Need for auxiliary optics, telescopes
•  Long term thermal stability of Hartmann Sensor
 
•  Delivery to Advanced LIGO on schedule
•  FDR near completion
•  Purchase of cameras complete

•  System could be upgraded as necessary?

Hartmann Sensor Progress
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•  Interferometer operation maintains strong team
• Supported by ACIGA, IndIGO, LSC, LIGO etc research 

capabilities
• Promotes strong maintenance and development 

research
• Excellent opportunities for collaboration in:

•Lasers
•Optics, including NLO
•Adaptive optics

 

LIGO-Australia promotes 
Research and collaboration
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diagnostic bread board
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beam diagnostic tool

Kwee et al, Rev. Sci. Instrum. 78, 073103 (2007)

 diagnostic tool to measure
 power noise (low f and rf)
 frequency noise
 higher order mode content
 beam pointing (differential 

wavefront sensing)
 fully automated

 automatic length and alignment 
control

 can switch from lock to scan mode
 performs complete beam analysis 

without human interaction (at night 
during long term test)

 allows fast turn around between 
laser optimization and 
characterization
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Pre-stabilized Laser
(Max Planck contribution)

55
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S t a b l e - u n s t a b l e  l a s e r  i n j e c t i o n  l o c k e d

f r e e - r u n n i n g  s l a v em a s t e r  l a s e r  o n

s l a v e  l a s e r  m o d e s

s c a n n i n g  F P I ,  s w e e p  1 0  G H z

T

T

1  >

2  >

1 )  R e f  A :     2  V o l t   1  m s           
2 )  R e f  B :     1  V o l t   1  m s           

s c a n n i n g  F P I ,  s w e e p  1 0  G H z



Introduce well-defined 
wavefront defocus 

by moving the light source 

defocus measured gives slope - y  :gradientefront Expect wav 0∝∆ Ly



Measured Defocus

no averaging 5000-image average

For ∆z = 9.60±0.05 µm:

Averaging improves precision as expected.
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