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Plans	
  for	
  placing	
  a	
  third	
  aLIGO	
  
instrument	
  in	
  India	
  are	
  well	
  
advanced,	
  search	
  for	
  suitable	
  

sites	
  underway	
   2	
  



Hanford	
  (Washington	
  State)	
  &	
  Livingston	
  (Louisiana)	
  

 4	
  km	
  arms	
  
 Ultra	
  High	
  Vacuum:	
  

€ 

10−9torr

 Hanford–Livingston:	
  36	
  hours	
  drive	
  
 10	
  ms	
  if	
  traveling	
  at	
  the	
  speed	
  of	
  light	
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How	
  LIGO	
  looked	
  like	
  (2001-­‐2010)	
  	
  

LASER	
  

Simple	
  Pendulum	
  

Up	
  to	
  20	
  W	
  of	
  
laser	
  power	
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Advanced	
  LIGO	
  in	
  a	
  Nut	
  Shell	
  

LASER	
  
Up	
  to	
  125	
  W	
  of	
  
laser	
  power	
  	
  

 Larger	
  mirrors	
  
 More	
  laser	
  power	
  
 Less	
  seismic	
  noise	
  
 Be[er	
  op\cal	
  layout	
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Advanced	
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  Einstein	
  Ins4tute	
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“EVERYTHING	
  is	
  be[er	
  in	
  Advanced	
  LIGO!”	
  

OUTPUT	
  MODE	
  CLEANER	
  ELECTRONICS	
  

TRANSMISSION	
  
MONITOR	
  

INPUT	
  OPTICS	
  



We	
  want	
  a	
  scien\fically	
  interes\ng	
  sensi\vity	
  	
  
as	
  soon	
  as	
  possible	
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Advanced LIGO

 

 

Early (2015, 60 ± 20 Mpc)

Mid (2016−17, 100 ± 20 Mpc)

Late (2017−18, 140 ± 30 Mpc)
Final (2019, 200 Mpc)
BNS−optimized (2020, 215 Mpc)

h[p://arxiv.org/abs/1304.0670	
  

TENTATIVE	
  TIMELINE:	
  

 	
  Complete	
  integra\on	
  by	
  2014	
  
	
  	
  	
  	
  	
  (interferometer	
  “locked”)	
  

 	
  “Early”	
  Science	
  Run	
  in	
  2015	
  
	
  	
   	
  (~60	
  Mpc)	
  

 	
  	
  	
  Within	
  a	
  factor	
  of	
  2	
  of	
  design	
  	
  
	
  sensi\vity	
  by	
  2016	
  (~100	
  Mpc)	
  

Does	
  it	
  seem	
  slow?	
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It	
  actually	
  took	
  longer	
  the	
  first	
  \me..	
  

LIGO:	
  First	
  lock	
  at	
  the	
  end	
  of	
  2000…	
  

2002	
  
2003	
  
2004	
  
2005	
  
2007	
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…but	
  this	
  \me	
  will	
  be	
  different!	
  
Advanced	
  LIGO	
  Installa\on	
  and	
  Commissioning	
  Strategy:	
  

 Extensive	
  “standalone”	
  tes\ng	
  before	
  installa\on	
  
 Installa\on	
  of	
  “new”	
  things	
  as	
  soon	
  as	
  possible	
  	
  
 Configura\ons	
  of	
  increased	
  complexity	
  
 Parallel	
  effort	
  between	
  Hanford	
  and	
  Livingston	
  
 Be[er	
  design	
  and	
  engineering	
  informed	
  by	
  LIGO,	
  	
  
	
  	
  	
  	
  more	
  experienced	
  staff	
  

It	
  took	
  4	
  months	
  to	
  lock	
  the	
  input	
  mode	
  cleaner	
  cavity	
  in	
  LIGO,	
  	
  
it	
  took	
  less	
  than	
  1	
  week	
  in	
  Advanced	
  LIGO	
  (the	
  first	
  \me	
  at	
  
Livingston),	
  more	
  like	
  1	
  day	
  the	
  second	
  \me	
  at	
  Hanford	
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“Half	
  Interferometer”	
  in	
  progress	
  @	
  Hanford	
  
(now	
  one	
  arm,	
  in	
  the	
  fall	
  the	
  other)	
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LHO	
  

 Auxiliary	
  green	
  laser	
  to	
  
stabilize	
  the	
  arm	
  cavity	
  length	
  

 First	
  measurement	
  of	
  arm	
  
cavity	
  mo\on	
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“Arm	
  Length	
  Stabiliza\on”	
  System	
  

C3:	
  Tuesday,	
  17:18	
  -­‐	
  17:36	
  Adam	
  Mullavey	
  (LIGO	
  Livingston)	
  
The	
  Arm	
  Length	
  Stabiliza\on	
  System	
  for	
  Advanced	
  LIGO	
  Lock	
  Acquisi\on	
  

LHO	
  

in collaboration with the Australian National University 

MAIN	
  
LASER	
  

Auxiliary	
  
LASER	
  

	
  
	
  

Beat	
  Signal	
  

 Green	
  light	
  follows	
  the	
  arm	
  cavity	
  

 Beat	
  signal	
  gives	
  us	
  the	
  ability	
  of	
  
controlling	
  the	
  main	
  laser	
  frequency	
  
rela\ve	
  to	
  the	
  green	
  laser	
  frequency	
  

Green	
  light	
  won’t	
  be	
  used	
  in	
  “science	
  mode”	
  	
  
but	
  it	
  will	
  help	
  us	
  to	
  bring	
  the	
  interferometer	
  on	
  	
  

its	
  working	
  point	
  reliably	
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“Arm	
  Length	
  Stabiliza\on”	
  System	
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T0=29/06/2013 04:00:00 Avg=10/Bin=11L BW=0.0117178

IR transmitted light
RMS

HIFO-Y Frequency Noise

Frequency	
  fluctua\ons	
  of	
  main	
  laser	
  light	
  is	
  already	
  “good	
  enough”	
  
(1/10	
  of	
  the	
  cavity	
  linewidth),	
  “noise	
  hun\ng”	
  s\ll	
  in	
  progress	
  

GOAL:	
  8	
  Hz	
  RMS	
  

LHO	
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“Short”	
  Interferometer	
  in	
  progress	
  @	
  Livingston	
  
(Dual	
  Recycled	
  Michelson	
  Interferometer)	
  

LLO	
  

 	
  Lock	
  of	
  the	
  central	
  part	
  of	
  the	
  
interferometer	
  	
  

(“everything	
  except	
  the	
  arms”)	
  
 	
  First	
  configura\on	
  with	
  	
  
interes\ng	
  sensi\vity	
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The	
  Input	
  Mode	
  Cleaner	
  
LLO	
  

C3:	
  Tuesday,	
  17:00	
  -­‐	
  17:18	
  Chris	
  Mueller	
  (University	
  of	
  Florida)	
  
Characteriza\on	
  of	
  the	
  Input	
  Op\cs	
  for	
  the	
  Advanced	
  LIGO	
  Detectors	
  

MODE	
  CLEANER	
  OUTPUT	
  
FREQUENCY	
  NOISE	
  (Hz)	
  

FREQUENCY	
  (Hz)	
  

FI

FI

PSL

Input 
Mode 

Cleaner

Output 
Mode 

Cleaner

Signal 
Recycling

Cavity

Power 
Recycling

Cavity

PRM

SRM

ITMY

PR2

PR3

SR2

SR3

BS

DC 
PD

Differential
Arm Length

 Readout

MC2
MC3

MC1

HAM2 HAM3

HAM4

HAM5

HAM6

HAM1

L. Barsotti - March 9, 2012
Adapted from G1200071-v1

ETMXITMX TRANSMON

ALS

ETMY

17	
  



Dual	
  Recycled	
  Michelson	
  Interferometer	
  
LLO	
  

Output	
  mode	
  cleaner	
  installa\on	
  

 	
  Installa\on	
  almost	
  
completed	
  	
  

 	
  Commissioning	
  	
  	
  	
  	
  	
  	
  	
  	
  
just	
  started	
  

 Short	
  Michelson	
  
already	
  locked	
  

QPDs (2x)

DC PDs

Cavity curved 
mirror + PZT (2x)

Cavity input/output 
coupler (2x)

50/50 splitter (2x)

Beam dump (4x)

High reflector, 
T=0.75% (4x)

Input beam

bow tie cavity

The	
  aLIGO	
  Output	
  Mode	
  Cleaner	
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DRMI	
  Noise	
  Budget	
  Model	
  
(Anamaria	
  Effler,	
  LSU-­‐LIGO	
  Livingston)	
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DRMI MICH Sensitivity, DC readout
input power 5W, DC offset 60pm
PRC and SRC locked on carrier

 

 

Intensity noise, 1e-8
Freq noise (IMC sensing limit)
REFL I1 shot noise
OMC DC shot noise
REFL 3I2 shot noise
PRCL control
SRCL control (from PD shot)
Seismic noise
BS thermal noise
ITMs thermal noise
BOSEM noise
electronics noise (PD)
Total

Controls:
MICH on OMC DC, ugf = 20Hz
PRCL on REFL I1, ugf = 97Hz
SRCL on REFL 3I2,ugf = 40Hz€ 

10−18 m Hz
@ 100 Hz

LLO	
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Bumps	
  in	
  the	
  road,	
  but	
  no	
  showstoppers	
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Outlook	
  
 Within	
  a	
  couple	
  of	
  months:	
  	
  

 each	
  “type”	
  of	
  chamber	
  will	
  have	
  been	
  populated	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
at	
  least	
  at	
  one	
  of	
  the	
  two	
  sites	
  

 main	
  steps	
  of	
  lock	
  acquisi\on	
  sequence	
  will	
  have	
  been	
  tested,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
full	
  locking	
  in	
  progress	
  at	
  the	
  Caltech	
  40m	
  prototype	
  

 “Second-­‐site”	
  tes\ng	
  to	
  follow	
  	
  
	
   	
   	
  	
  (DRMI	
  @	
  LHO,	
  Arms	
  @	
  LLO)	
  

 Full	
  Interferometer	
  Lock:	
  	
  
 Star\ng	
  February	
  2014	
  @	
  LLO	
  
 Star\ng	
  May	
  2014	
  @	
  LHO	
  

 On	
  track	
  for	
  Advanced	
  LIGO	
  “acceptance”	
  target	
  	
  
 “2	
  hours	
  of	
  lock”,	
  end	
  of	
  2014	
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Detec\on	
  Rates	
  

Neutron	
  Star	
  Binaries:	
  

Advanced	
  LIGO:	
  ~	
  200	
  Mpc	
  	
  
“Realis(c	
  rate”	
  ~	
  40/year	
  

	
  Class.	
  Quant.	
  Grav.	
  27,	
  173001	
  (2010)	
  

(Ini\al	
  LIGO:	
  ~15	
  Mpc,	
  Rate	
  ~1/50years)	
  

h[p://arxiv.org/abs/1304.0670	
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Early (2015, 60 ± 20 Mpc)

Mid (2016−17, 100 ± 20 Mpc)

Late (2017−18, 140 ± 30 Mpc)
Final (2019, 200 Mpc)
BNS−optimized (2020, 215 Mpc)

22	
  



The	
  Message	
  

 The	
  sooner	
  we	
  detect	
  
gravita\onal	
  waves,	
  the	
  be[er!	
  

 Advanced	
  LIGO	
  aims	
  to	
  reach	
  a	
  
scien\fically	
  interes\ng	
  
sensi\vity	
  as	
  soon	
  as	
  possible	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(~60	
  Mpc	
  @	
  2015,	
  ~100	
  Mpc	
  @	
  2016)	
  

 Several	
  pieces	
  of	
  Advanced	
  LIGO	
  
have	
  been	
  already	
  installed	
  and	
  
commissioned...	
  

 S\ll	
  a	
  lot	
  of	
  work	
  to	
  do,	
  but	
  so	
  
far	
  so	
  good!	
  

2016!	
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By	
  the	
  way,	
  is	
  Advanced	
  LIGO	
  the	
  best	
  
that	
  we	
  can	
  do?	
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aLIGO	
  design	
  
sensi\vity	
  

C3:	
  Tuesday,	
  17:54	
  -­‐	
  18:12	
  Sheila	
  Dwyer	
  (LIGO	
  Hanford	
  Observatory) 	
  	
  
Quantum	
  noise	
  reduc\on	
  using	
  squeezed	
  states	
  in	
  LIGO	
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Spare	
  slides	
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 High	
  power	
  opera4ons	
  
 Absorp\on	
  &	
  thermal	
  compensa\on;	
  poten\al	
  parametric	
  
instability	
  	
  

 Required	
  displacement	
  noise	
  levels	
  not	
  verified	
  directly	
  

 Essen\ally	
  impossible	
  to	
  test	
  in	
  subscale	
  setups	
  
 Thermal	
  noises	
  (suspension	
  and	
  mirror	
  coa\ng):	
  rely	
  on	
  
design	
  calcula\ons;	
  material	
  parameter	
  measurements;	
  
scaled	
  noise	
  tests	
  

 Technical	
  noises	
  	
  
  Increased	
  complexity	
  	
  

 Number	
  of	
  control	
  loops	
  x10	
  larger	
  than	
  in	
  iLIGO	
  
 Mechanical	
  systems	
  have	
  many	
  more	
  degrees-­‐of-­‐freedom:	
  
Test	
  Mass	
  Quad	
  suspension	
  has	
  48	
  DOF,	
  vs.	
  6	
  in	
  iLIGO	
  

Principal	
  Technical	
  Risks	
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Parametric	
  Instabili\es	
  

1.	
  Test	
  mass	
  
mechanical	
  mode	
  
sca[ers	
  fundamental	
  
mode	
  (pump)	
  into	
  the	
  
higher	
  order	
  mode	
  

2.	
  Awer	
  round	
  trip	
  
sca[ered	
  mode	
  returns	
  to	
  
the	
  test	
  mass	
  and	
  couples	
  
via	
  radia\on	
  pressure	
  into	
  
the	
  mechanical	
  mode	
  

Slawek	
  Gras	
  (LIGO-­‐MIT)	
  

	
   	
  POSTER:	
  	
  Acous\c	
  mode	
  damper	
  for	
  
parametric	
  instabili\es	
  control	
  	
  C3.16	
  



What	
  we	
  call	
  “commissioning”:	
  	
  
from	
  installa\on	
  to	
  science	
  data	
  

THERMAL	
  
EFFECTS	
  

OPTICS	
  
QUALITY	
  

HIGH	
  POWER	
   ALIGNMENT	
  

Output	
  	
  
Mode-­‐Cleaner	
  

STRAY	
  
LIGHT	
  

Understand	
  and	
  fix	
  an	
  entanglement	
  of	
  
noise	
  coupling	
  mechanisms	
  

Example	
  from	
  Enhanced	
  LIGO	
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Seismic	
  isola\on	
  performance	
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Advanced	
  LIGO	
  is	
  85.4%	
  complete	
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The	
  In-­‐vacuum	
  Seismic	
  Isolators	
  (ISI)	
  
BSC	
  ISI	
  (Core	
  Op\cs)	
   HAM	
  ISI	
  (IOO	
  Op\cs)	
  

• 	
  Two-­‐stage	
  system	
  

• 	
  6	
  DOF	
  mo\on	
  per	
  stage	
  

• 	
  Passive	
  isola4on	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
  	
  	
   	
  	
  	
  	
  
2	
  x	
  3	
  Blade	
  springs	
  +	
  wire	
  flexure	
  systems	
  
Fundamental	
  modes	
  ~	
  1Hz	
  

• 	
  Ac4ve	
  isola4on	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  
12	
  and	
  15	
  on-­‐board	
  Displacement	
  and	
  Iner\al	
  
Sensors,	
  with	
  12	
  EM	
  Coil	
  actuators	
  

• 	
  Single-­‐stage	
  System	
  	
  

• 	
  6	
  DOF	
  mo\on	
  single	
  stage	
  system	
  

• 	
  Passive	
  isola4on	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
3	
  Blade	
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  +	
  wire	
  flexure	
  systems	
  
Fundamental	
  modes	
  ~	
  1Hz	
  

• 	
  Ac4ve	
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6	
  and	
  6	
  on-­‐board	
  Displacement	
  and	
  
Iner\al	
  Sensors,	
  with	
  6	
  EM	
  Coil	
  actuators	
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