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LIGO’s	  Squeezer	  
•  Dominant	  quantum	  noise	  =	  shot	  and	  radiaCon	  pressure	  
•  Q&M	  predicts	  that	  even	  in	  absence	  of	  light,	  the	  electromagneCc	  field	  

fluctuates	  in	  phase	  and	  amplitude,	  “vacuum	  fluctuaCons”	  
–  source	  of	  shot	  noise	  in	  LIGO	  

•  BUT,	  the	  product	  of	  quadrature	  (operators	  on	  E-‐field	  in	  phase	  and	  A)	  
deviaCons	  in	  phase	  and	  amplitude	  restricted	  to	  some	  minimum	  value	  

•  Squeezing	  reduces	  deviaCons	  in	  one	  quadrature	  at	  the	  cost	  of	  
increasing	  it	  in	  the	  other	  

Poisson	  StaCsCcs	  



Squeezer	  in	  LIGO	  
•  Improved	  sensiCvity	  of	  the	  interferometer	  at	  the	  shot	  noise	  
dominated	  bandwidth	  (~100	  Hz)	  
–  LIGO	  fundamentally	  measures	  changes	  in	  relaCve	  phase	  of	  two	  
beams	  in	  light	  traveling	  down	  the	  two	  arms	  of	  the	  port	  

•  AlternaCve	  to	  boosCng	  beam	  power	  to	  minimize	  shot	  noise	  



Second	  Harmonic	  GeneraCon	  
1)	  SHG	  is	  a	  nonlinear	  opCcal	  effect	  arising	  in	  dielectrics	  with	  a	  nonlinear	  suscepCbility	  term	  
proporConal	  to	  the	  square	  of	  an	  (applied)	  electric	  field	  

A	  resonant	  cavity	  enhances	  SHG;	  higher	  
achievable	  opCcal	  intensiCes	  (unconverted	  beam	  
remains	  in	  cavity	  for	  more	  passes)	  

2)	  Only	  in	  non-‐centrosymetric	  crystals	  
	  (variant	  under	  r	  -‐>	  -‐r	  transformaCon)	  	  

3)	  SHG	  crystal	  =	  Periodically	  poled	  KTP	  



OpCcal	  Set-‐up	  





Thermistor	  Wire	  Slats	  

Piezo	  wire	  Slot	  

Enlarged	  Thermistor	  
Ports	  



Old	  SHG	  (aka	  SHG	  1.0)	  

Precision	  Horizontal	  
TranslaCon	  Set-‐up	  for	  
the	  Mirror	  Mounts	  

New	  SHG	  (v.	  2.0)	  

1-‐inch	  spaced	  8-‐32	  
tapped	  holes	  



All	  New	  Design	  Changes	  Documented	  in	  SolidWorks2013	  



Alignment	  Improvement:	  Beam	  Marker	  



Inside	  the	  Cavity	  

O-‐Rings	   Piezo-‐Actuator	  

Meniscus	  Mirror	   Threaded	  Brass	  
Rings	  

Copper	  Blocks	  



SHG	  2.0:	  Cavity	  Resonated	  in	  3	  Days!	  

Resonances	  from	  SHG	  1.0;	  
Not	  as	  clean	  



Cavity	  StabilizaCon	  
•  Pound-‐Drever-‐Hall	  servo	  stabilizes	  the	  cavity	  to	  peak	  transmission	  of	  00	  resonance.	  
•  Gets	  an	  indirect	  measurement	  of	  the	  difference	  between	  the	  resonant	  frequency	  versus	  

laser	  frequency	  by	  using	  the	  reflecCvity	  of	  the	  cavity	  (mirrors)	  
•  ReflecCon	  coefficient	  of	  the	  cavity	  is	  dependent	  on	  this	  difference:	  
•  DerivaCve	  with	  respect	  to	  	  frequency	  gives	  an	  anCsymmetric	  	  

	  funcCon	  about	  the	  resonant	  frequency	  
•  Contains	  informaCon	  as	  to	  whether	  the	  cavity	  should	  be	  shortened	  or	  lengthened	  
•  AND	  the	  servo	  is	  invariant	  to	  intensity	  noise	  
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Frequency	  Response	  (Open	  Loop)	  
Data	  for	  PDH	  Frequency	  Response	  

Unity	  Gain	  Frequency	   ~170	  Hz	  

PZT	  Resonance	   	  ~10	  kHz	  

Phase	  Margin	   ~270	  degrees	  	  

Gain	  Margin	   N/A	  (can’t	  tell	  where	  -‐180	  degrees	  really	  is)	  

Low	  frequency	  gain	   18-‐20	  dB	  



Cavity	  without	  Lock	  
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Behavior	  of	  SHG	  2.0	  with	  No	  Feedback	  

Max	  Voltage	  (Ch2)	  

Max	  Voltage	  (Ch4)	  

Can	  this	  be	  improved	  
structurally?	  Not	  much	  

Falls	  out	  of	  resonance	  
largely	  due	  to	  frequency	  
instability	  of	  laser	  
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But	  you	  can	  improve	  
noisiness	  of	  	  cavity’s	  
output	  
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Comparison	  of	  Error	  Signal	  and	  Infrared	  Beam	  
Lock	  

Max	  Voltage	  (Ch2)	  

Max	  Voltage	  (Ch4)	  

Cavity	  Lock	  loss	  generally	  corresponds	  
with	  divergence	  of	  the	  control	  signal	  

Note	  how	  the	  control	  
Signal	  Driss	  in	  Time	  
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Control	  Signal	  

IR	  Transmission	  

Control	  Signal	  
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Cavity	  Stability	  with	  Error	  Signal	  Shown	  

Max	  Voltage	  (Ch1)	  

Max	  Voltage	  (Ch3)	  

Max	  Voltage	  (Ch4)	  

Infrared	  Transmission	  

Error	  Signal:	  small	  offset,	  but	  
effecCvely	  0	  

The	  Integral	  Control	  (which	  in	  the	  PDH	  is	  assumed	  by	  the	  pre-‐amp)	  creates	  a	  control	  signal	  
of	  the	  form:	  

IntegraCng	  over	  Cme	  means	  the	  integral	  term	  will	  grow	  with	  Cme	  so	  long	  as	  the	  error	  
signal	  is	  nonzero.	  Even	  once	  the	  error	  signal	  zeroes	  out,	  the	  control	  signal	  will	  remain	  
nonzero,	  but	  stable.	  	  

‘hiccups’	  could	  be	  the	  laser	  
itself	  shising	  in	  frequency	  
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Stability	  of	  Green	  Light	  

A	  good	  servo	  lock	  confirms	  minimal	  spread	  in	  the	  green	  light	  intensity	  



Test	  with	  Ophir	  Power	  Meter	  
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DistribuVon	  of	  Power	  in	  SHG	  Green	  Beam	  

If	  the	  lock	  is	  not	  good	  and	  
the	  resonance	  driss,	  then	  
the	  power	  is	  ‘jumpy’	  

Time	  Range	  ~	  1	  hour	  



Conversion	  Efficiency	  vs.	  Input	  Power	  

79%	  Conversion	  Efficiency	  
Observed!	  
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New	  Temperature	  Controller	  implemented	  
with	  Beckhoff	  electronics	  

Current	  
Driver	  

EtherCat	  
Terminals	  

TEC	  Interface	  



Servo	  CharacterizaCon	  (in	  Time	  Domain)	  
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