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LSC Environmental Sensor?!

• Earthquakes in Tonga

• Lightning strikes in Denver

• Waves in the Gulf of Mexico

• Wind in the Columbia river gorge

• Tidal deformations of the ground

• Power line fluctuations in amplitude and phase

• Acoustic signatures of Planes,

• Rickety bridges of the Lumber Trains,

• Rumbling on the cattle guards by Automobiles

2

But, we try to not be sensitive to:

We are trying to do astronomy!
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But, we try to not be sensitive to:

We are trying to measure local 
perturbations in the space-time metric.
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LSC Environmental Sensor?!
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We are trying to measure local 
perturbations in the space-time metric.

Why are we trying to measure 
space-time disturbances (in the 
form of Gravitational Waves)?

How do we do that?

How close are we to success?
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LSC What is a Gravitational Wave?
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• Predicted by Einstein in 1916 as part of GR.

• Mass tells space how to curve, curved 
space tells mass how to move.

• There are traveling wave solutions, the 
waves propagate at the speed of light.
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LSC What is a Gravitational Wave?
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LSC What is a Gravitational Wave?
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Assert an analogy:

A stationary electron has an electric field, and
   accelerating the electron creates waves.

A stationary mass has a gravitational field, and
   accelerating the mass creates waves.

But, gravitational forces are relatively weak, or
   space is very stiff.

(for electron and proton)
electricalforce

gravitationalforce
≈ 2 · 1039
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LSC What is a Gravitational Wave?
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Assert an analogy:

A stationary electron has an electric field, and
   accelerating the electron creates waves.

A stationary mass has a gravitational field, and
   accelerating the mass creates waves.

But, gravitational forces are relatively weak, or
   space is very stiff.

1000 kg

1000 kg2 m

1 kHz

spinning a barbell in the lab 
is hopeless, h~10-38
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LSC Astronomy! 
• How about Neutron stars?

• Hulse and Taylor ’93.
(PSR 1913+16)

• and in 300 MYears...

(Weisberg and Taylor)

The Swan-song

9
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LSC Black Hole Collisions

courtesy of Kip Thorne, G030311, June 2003 

35

Binary Black Hole MergersBlack hole collisions
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LSC Supernovas and remnants

1987a

1987a Crab Nebula, supernova in 1054, 
now a spinning neutron star

HST photo courtesy of ESA  
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LSC

  

LIGO Scientific Collaboration
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LSC The LIGO concept
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LSC The LIGO concept
why it is nearly impossible

14

•Gravitational waves are hard to 
measure because space doesn’t 
like to stretch.

•Initial LIGO could accurately 
measure h = 10-21, and we didn’t 
see anything.

•Advanced LIGO x10 better.

•h = dL/L, so

•make L big,

•make other sources of dL small

•read out remaining dL and watch 
signals.
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LSC Advanced LIGO / Sources
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Neutron star and 
Black hole binaries
   inspiral
   merger
   GRBs?

Spinning NS’s
   LMXB
   known pulsars
   unknown?

Birth of NS 
(supernovas)
   tumbling
   convection

Stochastic Background
   remnants of the big bang

NS/NS Inspiral 300Mpc; NS/BH Inspiral 650Mpc

BH/BH Inspiral, z=0.4
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or, why is this so hard?

With Advanced LIGO, expected event rate is 10-100 NS/NS events per year.
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LSC Advanced LIGO / Technology
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Environmental Isolation:
platforms & pendulums

Thermal Noise control:
suspensions & coatings

More Power
180 W laser
800 kW circulating in arms

Technical Improvements

NS/NS Inspiral 300Mpc; NS/BH Inspiral 650Mpc

BH/BH Inspiral, z=0.4
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or, what are you going to do about it?

Specialized interferometer 
configuration



map from http://www.nationsonline.org/maps/political_world_map3000.jpg

KAGRAGEO 600

VIRGO

LIGO India
(proposed)

LIGO Livingston

LIGO Hanford

ACIGA

International Network

http://www.nationsonline.org/maps/political_world_map3000.jpg
http://www.nationsonline.org/maps/political_world_map3000.jpg


map from http://www.nationsonline.org/maps/political_world_map3000.jpg

KAGRAGEO 600

VIRGO

LIGO India
(proposed)

LIGO Hanford

ACIGA

International Network

LIGO Livingston

http://www.nationsonline.org/maps/political_world_map3000.jpg
http://www.nationsonline.org/maps/political_world_map3000.jpg


G1401121

LSC Technical Tricks
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LIGO-T010075-v2

FI

Test Masses:
fused silica,

34 cm diam x 20 cm thick,
40 kg

SRM

T=1.4%

ITM

ETM

Input 
Mode

Cleaner

Output
Mode

Cleaner

PRM

BS

4 km

T= 20%

T= 3%

Laser !m

PD

GW readout

FI
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125 W

5.6 kW
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ERM

SR3
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Figure 1: Advanced LIGO interferometer configuration. ETM, end test mass; ITM, input

test mass; BS, 50/50 beamsplitter; CP, compensation plate; ERM, end reaction mass; PRM,

power recycling mirror; SRM, signal recycling mirror; PR2/3, power recycling cavity mirror

2/3; SR2/3, signal recycling cavity mirror 2/3; FI, Faraday isolator; ⌅m, phase modula-

tion; PD, photodetector. The power levels shown correspond to full-power operation; the

interferometers can also be operated at much lower powers with good strain sensitivity.

page 3

Dual recycled MicheIson with 
Fabry-Perot arm cavities
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LSC Technical Tricks
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LIGO-T010075-v2

FI

Test Masses:
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34 cm diam x 20 cm thick,
40 kg
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Figure 1: Advanced LIGO interferometer configuration. ETM, end test mass; ITM, input

test mass; BS, 50/50 beamsplitter; CP, compensation plate; ERM, end reaction mass; PRM,

power recycling mirror; SRM, signal recycling mirror; PR2/3, power recycling cavity mirror

2/3; SR2/3, signal recycling cavity mirror 2/3; FI, Faraday isolator; ⌅m, phase modula-

tion; PD, photodetector. The power levels shown correspond to full-power operation; the

interferometers can also be operated at much lower powers with good strain sensitivity.

page 3

Long arms, quiet mirrors

4 km

1e-19 m/√Hz
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LSC The LIGO vacuum 
equipment 

drawing courtesy of Oddvar Spjeld 21
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LSCOverall Isolation of Test Masses
• 7 total layers

• HEPI (1)

• BSC-ISI (2)

• Quad SUS (4)

• HEPI: Hydraulic External
    Pre-Isolator
large throw, 
isolation below ~5 Hz

• ISI
Internal Seismic Isolation
Isolates above ~0.2 Hz
Quiet, well controlled table

• Quad pendulum
superior performance 
at 10 Hz and above

HEPI

BSC-ISI

Large Optic
(business end of SUS)

1x10-19 m/√Hz near 10 Hz

3x10-12 m/√Hz at 10 Hz

~4x10-10 m/√Hz at 10 Hz

22
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LSC Table motion example

23

Overview Install Status Integrated Testing Concluding Remarks

At LHO the BSC ISI isolation is working at or better than the
requirements from 0.1 Hz and up.
Below 0.1 Hz there is some noise injection which may be
removed with better tilt decoupling
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LSC
Multiple-pendulums 
for control flexibility & 
seismic attenuation

Each stage gives ~1/f2 
isolation above the 
natural frequency.
 More that 1e6 at 10 Hz. 

Test masses: 
Synthetic fused silica, 
40 kg, 34 cm dia.
   » Q ≥ 1e7
   » low optical absorption

Final suspensions are fused silica,
joined to form monolithic final stages.

Thermal vibrations at the optical surface set 
the performance limit of the suspension.

SUS: Quadruple Suspension for ETM/ITM

• Parameters for suspension

• Test and penultimate masses : 
each 40 kg, 34 cm (diam) x 20 
cm, silica

• Other masses: 22 kg, 22 kg

• Final stage: 60 cm silica ribbons,      
1.1 mm x 0.11 mm,                     
Vertical bounce mode: 8.8 Hz          
first violin mode: ~490 Hz

• Overall length (suspension point 
to optic centre) 1.63 m

• MATLAB model used to compute 
transfer functions (update from M 
Barton not yet implemented -
longitudinal TF will be unaffected, 
vertical TF will be slightly (<10%) 
larger than shown overleaf)

• SUS requirements taken from 
SUS DRD document T010007-02

Picture in here

CTorrie and M P-Lloyd
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Drawings courtesy of Calum Torrie and GEO600

 

Pendulum Suspension
Suspensions material from N. Robertson, GEO600, and the SUS team

24
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LSCSUS: Quadruple Suspension for ETM/ITM

• Parameters for suspension

• Test and penultimate masses : 
each 40 kg, 34 cm (diam) x 20 
cm, silica

• Other masses: 22 kg, 22 kg

• Final stage: 60 cm silica ribbons,      
1.1 mm x 0.11 mm,                     
Vertical bounce mode: 8.8 Hz          
first violin mode: ~490 Hz

• Overall length (suspension point 
to optic centre) 1.63 m

• MATLAB model used to compute 
transfer functions (update from M 
Barton not yet implemented -
longitudinal TF will be unaffected, 
vertical TF will be slightly (<10%) 
larger than shown overleaf)

• SUS requirements taken from 
SUS DRD document T010007-02

Picture in here

CTorrie and M P-Lloyd
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Drawings courtesy of Calum Torrie and GEO600

 

Pendulum Suspension

silicate bonding creates a monolithic final stage

Multiple-pendulums 
for control flexibility & 
seismic attenuation

Each stage gives ~1/f2 
isolation above the 
natural frequency.
 More that 1e6 at 10 Hz. 

25
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LSC Technical Tricks
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LIGO-T010075-v2

FI

Test Masses:
fused silica,

34 cm diam x 20 cm thick,
40 kg

SRM

T=1.4%

ITM

ETM

Input 
Mode

Cleaner

Output
Mode

Cleaner

PRM
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T= 20%
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Laser !m

PD

GW readout

FI

ITM ETM
125 W

5.6 kW
800 kW

CP
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SR3

SR2

PR2
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Figure 1: Advanced LIGO interferometer configuration. ETM, end test mass; ITM, input

test mass; BS, 50/50 beamsplitter; CP, compensation plate; ERM, end reaction mass; PRM,

power recycling mirror; SRM, signal recycling mirror; PR2/3, power recycling cavity mirror

2/3; SR2/3, signal recycling cavity mirror 2/3; FI, Faraday isolator; ⌅m, phase modula-

tion; PD, photodetector. The power levels shown correspond to full-power operation; the

interferometers can also be operated at much lower powers with good strain sensitivity.

page 3

Dual recycled MicheIson with 
Fabry-Perot arm cavities

800 kW

Fabry-Perot cavities store 
light, maximize phase per h
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LIGO-T010075-v2

FI

Test Masses:
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34 cm diam x 20 cm thick,
40 kg
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Figure 1: Advanced LIGO interferometer configuration. ETM, end test mass; ITM, input

test mass; BS, 50/50 beamsplitter; CP, compensation plate; ERM, end reaction mass; PRM,

power recycling mirror; SRM, signal recycling mirror; PR2/3, power recycling cavity mirror

2/3; SR2/3, signal recycling cavity mirror 2/3; FI, Faraday isolator; ⌅m, phase modula-

tion; PD, photodetector. The power levels shown correspond to full-power operation; the

interferometers can also be operated at much lower powers with good strain sensitivity.

page 3

Dual recycled MicheIson with 
Fabry-Perot arm cavities

120 W in

Power Recycling Cavity 
increases stored light to improve 

shot noise

5.6 kW in PRC
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LIGO-T010075-v2
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Figure 1: Advanced LIGO interferometer configuration. ETM, end test mass; ITM, input

test mass; BS, 50/50 beamsplitter; CP, compensation plate; ERM, end reaction mass; PRM,

power recycling mirror; SRM, signal recycling mirror; PR2/3, power recycling cavity mirror

2/3; SR2/3, signal recycling cavity mirror 2/3; FI, Faraday isolator; ⌅m, phase modula-

tion; PD, photodetector. The power levels shown correspond to full-power operation; the

interferometers can also be operated at much lower powers with good strain sensitivity.
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Dual recycled MicheIson with 
Fabry-Perot arm cavities

120 W in

Laser 
  - delivers 120 W TEM00 to IFO
  - use common mode arm length,
 frequency noise < 1e-7 Hz/√Hz at 10 Hz. 
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LIGO-T010075-v2
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Test Masses:
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34 cm diam x 20 cm thick,
40 kg

SRM

T=1.4%

ITM

ETM

Input 
Mode

Cleaner

Output
Mode

Cleaner

PRM

BS

4 km

T= 20%

T= 3%

Laser !m

PD

GW readout

FI

ITM ETM
125 W

5.6 kW
800 kW

CP

ERM

SR3

SR2

PR2

PR3
ERM

Figure 1: Advanced LIGO interferometer configuration. ETM, end test mass; ITM, input

test mass; BS, 50/50 beamsplitter; CP, compensation plate; ERM, end reaction mass; PRM,

power recycling mirror; SRM, signal recycling mirror; PR2/3, power recycling cavity mirror

2/3; SR2/3, signal recycling cavity mirror 2/3; FI, Faraday isolator; ⌅m, phase modula-

tion; PD, photodetector. The power levels shown correspond to full-power operation; the

interferometers can also be operated at much lower powers with good strain sensitivity.

page 3

Dual recycled MicheIson with 
Fabry-Perot arm cavities

Signal Recycling Cavity
resonates light with GW signal
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LIGO-T010075-v2
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Figure 1: Advanced LIGO interferometer configuration. ETM, end test mass; ITM, input

test mass; BS, 50/50 beamsplitter; CP, compensation plate; ERM, end reaction mass; PRM,

power recycling mirror; SRM, signal recycling mirror; PR2/3, power recycling cavity mirror

2/3; SR2/3, signal recycling cavity mirror 2/3; FI, Faraday isolator; ⌅m, phase modula-

tion; PD, photodetector. The power levels shown correspond to full-power operation; the

interferometers can also be operated at much lower powers with good strain sensitivity.
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Dual recycled MicheIson with 
Fabry-Perot arm cavities

Signal Recycling Cavity
resonates light with GW signal

LIGO-T010075-v2

which is a bit higher than the optimum for NS-NS sensitivity, as a compromise with

the broadband case (the di�erence is less than 0.4%).
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0) NO SRM, low power

1a) Zero Detune, low power
1b) Zero Detune, high power

2) NS!NS tuning

Figure 2: Likely modes of operation for the Advanced LIGO interferometers. See text for

description of the modes.

Mode NS-NS Range BH-BH Range Pin TSRM ⌅SRC hRMS, 10�22 (band)

0 150 Mpc 1.60 Gpc 25 W 100% – 0.53 (40 – 140Hz)

1a 145 Mpc 1.65 Gpc 25 W 20% 0 deg. 0.70 (110 – 210 Hz)

1b 190 Mpc 1.85 Gpc 125 W 20% 0 deg. 0.37 (205 – 305 Hz)

2 200 Mpc 1.65 Gpc 125 W 20% 16 deg. 0.25 (205 – 305 Hz)

Table 2: Sensitivities for the operational modes described above, and shown in Fig. 2; the

last column gives the minimum RMS strain noise in a 100 Hz band. The homodyne detection

phase is also optimized in each case, which in practice can be set via the Michelson dark

fringe o�set.

page 5
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Figure 1: Advanced LIGO interferometer configuration. ETM, end test mass; ITM, input

test mass; BS, 50/50 beamsplitter; CP, compensation plate; ERM, end reaction mass; PRM,

power recycling mirror; SRM, signal recycling mirror; PR2/3, power recycling cavity mirror

2/3; SR2/3, signal recycling cavity mirror 2/3; FI, Faraday isolator; ⌅m, phase modula-

tion; PD, photodetector. The power levels shown correspond to full-power operation; the

interferometers can also be operated at much lower powers with good strain sensitivity.
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Dual recycled MicheIson with 
Fabry-Perot arm cavities

Signal Recycling Cavity
resonates light with GW signal

LIGO-T010075-v2

which is a bit higher than the optimum for NS-NS sensitivity, as a compromise with

the broadband case (the di�erence is less than 0.4%).
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0) NO SRM, low power

1a) Zero Detune, low power
1b) Zero Detune, high power

2) NS!NS tuning

Figure 2: Likely modes of operation for the Advanced LIGO interferometers. See text for

description of the modes.

Mode NS-NS Range BH-BH Range Pin TSRM ⌅SRC hRMS, 10�22 (band)

0 150 Mpc 1.60 Gpc 25 W 100% – 0.53 (40 – 140Hz)

1a 145 Mpc 1.65 Gpc 25 W 20% 0 deg. 0.70 (110 – 210 Hz)

1b 190 Mpc 1.85 Gpc 125 W 20% 0 deg. 0.37 (205 – 305 Hz)

2 200 Mpc 1.65 Gpc 125 W 20% 16 deg. 0.25 (205 – 305 Hz)

Table 2: Sensitivities for the operational modes described above, and shown in Fig. 2; the

last column gives the minimum RMS strain noise in a 100 Hz band. The homodyne detection

phase is also optimized in each case, which in practice can be set via the Michelson dark

fringe o�set.
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LIGO-T010075-v2

4.1.1 Quantum noise

For a given stored power in the arm cavities, the quantum noise spectrum is a�ected in

detail by the signal recycling mirror reflectivity, loss in the signal recycling cavity, and the

photodetector quantum e⇥ciency. GWINC uses the detailed quantum noise formulation of

Buonanno and Chen found in Section V of Ref. [44]; these expressions account for loss in

the signal cavity and the detector e⇥ciency.

The following values are used for the loss parameters: 90% for the photodetection e⇥ciency

(this accounts for finite transmission through the Faraday isolator and output mode cleaner,

as well as photodetector quantum e⇥ciency); 2000 ppm for the round-trip loss in the signal

recycling cavity. Figure 4 shows the quantum noise component for each of the modes de-

scribed in Section 3.1. It also shows quantum noise for a mode tuned for binary black hole

inspsirals, and a high-frequency, narrowband mode, which requires a signal recycling mirror

with a much smaller transmission (1.1%).
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Thermal noise

Quantum noise, mode 0

Quantum noise, mode 1a

Quantum noise, mode 1b

Quantum noise, mode 2

Quantum noise, BH!BH mode

Quantum noise, NB mode

Figure 4: Quantum noise for the modes described in Section 3.1, as well as two additional

modes (of more specialized interest): a mode tuned for detection of an inspiral of two 30-solar-

mass black holes (BH-BH); a narrowband mode where the signal recycling mirror is changed

for one with much smaller transmission (1.1% vs. 20%). Total thermal noise (suspension

and test mass) is also shown for comparison.
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LSC How are we doing?

32M. Landry, G1400799

Commissioning is 
moving quickly.

2 months of 
progress at LLO.

Longest lock 
stretch 
 ~ 7.5 hours
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LSC 27 MPc on Tuesday

33

Warning: From the publicly viewable electronic log book, 
not a reviewed paper, so this plot ‘illustrates progress’

Denis Martynov, et. many al.
https://alog.ligo-la.caltech.edu/aLOG/index.php?callRep=14497

https://alog.ligo-la.caltech.edu/aLOG/index.php?callRep=14497
https://alog.ligo-la.caltech.edu/aLOG/index.php?callRep=14497
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LSC Observation Run 1

34

• Commission/ Observe/ Commission/ Observe

• First Observational Run, O1, in 2015

• 3 months of Observation with 2 LIGO detectors (& Virgo)

• Target Sensitivity:

• 40 - 80 MPc (120 - 240 million light years) 
(~ 2x - 4x better than ever before)

• 25 Watts into the detector

P. Fritshel, G1401078, JRPC G1301309

1-Oct-13 31-Dec-15

14-Jul-15 - 13-Oct-15

O1

10-Jun-15 - 13-Jul-15

ER8
13-Jan-14 - 14-Mar-14

ER5

31-May-14

LLO Achieves OMC Readout

Working Timeline to First Observing Run
(G1301309; rev’d 10-Sep-14)

based on G1000061, dated 8-Sep-14)

13-Sep-15

Virgo Start Full Lock Test

3-Jun-15 - 9-Jun-15

O1-Cal

8-Dec-14 - 27-Dec-14

ER6

5-Jan-15

LHO End OMC Readout Test

23-Feb-15 - 1-Mar-15

ER7-Cal

2-Mar-15 - 23-Mar-15

ER717-Sep-14

LHO Start Full IFO Test/Lock

3-Jun-14 - 12-Aug-14

LHO Vertex Final Installation

25-Jul-14

LLO End OMC Readout Test

1-Dec-14 - 7-Dec-14

ER-6 Cal

Goal

1-Oct-13 31-Dec-15

Latest

1-Dec-14 - 7-Dec-14

ER-6 Cal

8-Dec-14 - 27-Dec-14

ER6
2-Mar-15 - 23-Mar-15

ER7

3-Aug-15 - 9-Aug-15

O1-Cal

31-May-14

LLO Achieves OMC Readout
14-Sep-15 - 13-Dec-15

O1

10-Aug-15 - 13-Sep-15

ER8

13-Sep-15

Virgo Start Full Lock Test

25-Jul-14

LLO End OMC Readout Test

3-Jun-14 - 12-Aug-14

LHO Vertex Final Installation
17-Sep-14

LHO Start Full IFO Test/Lock

23-Feb-15 - 1-Mar-15

ER7-Cal

13-Jan-14 - 14-Mar-14

ER5

5-Jan-15

LHO End OMC Readout Test
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LSC Working towards detection
• O1 in mid 2015, range of 40-80 MPc 

exp. detection of NS/ NS binary = 0.0004 - 3 events

• by 2019, predicted rate is 0.4 - 400 / year

35

Aasi et. al.,  Accadia et. al. P1200087
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Early (2016−17, 20 − 60 Mpc)
Mid (2017−18, 60 − 85 Mpc)
Late (2018−20, 65 − 115 Mpc)
Design (2021, 130 Mpc)
BNS−optimized (145 Mpc)

Figure 1: aLIGO (left) and AdV (right) target strain sensitivity as a function of frequency. The
average distance to which binary neutron star (BNS) signals could be seen is given in Mpc. Current
notions of the progression of sensitivity are given for early, middle, and late commissioning phases,
as well as the final design sensitivity target and the BNS-optimized sensitivity. While both dates
and sensitivity curves are subject to change, the overall progression represents our best current
estimates.

Commissioning is a complex process which involves both scheduled improvements to the detectors
and tackling unexpected new problems. While our experience makes us cautiously optimistic
regarding the schedule for the advanced detectors, we note that we are targeting an order of
magnitude improvement in sensitivity relative to the previous generation of detectors over a much
wider frequency band. Consequently it is not possible to make concrete predictions for sensitivity
as a function of time. We can, however, use our previous experience as a guide to plausible scenarios
for the detector operational states that will allow us to reach the desired sensitivity. Unexpected
problems could slow down the commissioning, but there is also the possibility that progress may
happen faster than predicted here. As the detectors begin to be commissioned, information on
the cost in time and benefit in sensitivity will become more apparent and drive the schedule of
runs. More information on event rates, including the first detection, will also very likely change the
schedule and duration of runs. In Section 2.1 we present the commissioning plans for the aLIGO
and AdV detectors. A summary of expected science runs is in Section 2.2.

2.1 Commissioning and observing roadmap

The anticipated strain sensitivity evolution for aLIGO and AdV is shown in Figure 1. A standard
figure of merit for the sensitivity of an interferometer is the binary neutron star (BNS) range: the
volume- and orientation-averaged distance at which a compact binary coalescence consisting of
two 1.4M� neutron stars gives a matched filter signal-to-noise ratio of 8 in a single detector [21].2

The BNS ranges for the various stages of aLIGO and AdV expected evolution are also provided in
Figure 1.

The installation of aLIGO is well underway. The plan calls for three identical 4 km interfer-
ometers, referred to as H1, H2, and L1. In 2011, the LIGO Lab and IndIGO consortium in India
proposed installing one of the aLIGO Hanford detectors, H2, at a new observatory in India (LIGO-

2 Another often quoted number is the BNS horizon – the distance at which an optimally oriented and located
BNS system would be observed with a signal to noise ratio of 8. The horizon is a factor of 2.26 larger than the
range.

3

It is an exciting time to be building interferometers,
 & soon we will be doing astronomy
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LSC Extra slides
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LSC HAM-ISI motion
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Overview Install Status Integrated Testing Concluding Remarks

At both sites HAM performance is at or better than the
requirement
All DOFs can be important, direct tilt coupling is limiting
between 0.5 and 5 Hz
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R. deRosa, G1300936
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LSC BSC-good low freq
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Overview Install Status Integrated Testing Concluding Remarks

At LLO we tried using feedback for the microseism isolation,
instead of sensor correction
Careful tilt decoupling helped significantly, as did high gain
HEPI position control
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LSC
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27

Earthquake in Tonga

● 6.4 magnitude earthquake in Tonga felt at LLO
● AmpliIcation of the ground motion by a factor of ~100 between 20mHz and 150mHz
● AmpliIcation stays the same during the entire event (~4hours)
● The earthquake didn't trip the ISI nor HEPI
● ConIguration: HEPI not controlled, ISI-Stage1 controlled, ISI-Stage2 damping only
● The earthquake didn't generate non-linearities (ISI is linear) 
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LSC
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PSL design requirements (T050036)

● Fundamental Mode Power > 165 W 
● Single TEM

00
 mode at IO interface

● Higher-order Mode Power < 5 W
● Horizontal polarization to within 1%
● Frequency Stability 10 Hz / Hz1/2 at 10 Hz in the PSL

                               10-7 Hz / Hz1/2 at 10 Hz at the IFO
● Amplitude Stability  2x10-9 / Hz1/2 at 10 Hz
● Low pointing noise

D. Feldbaum, G1400463
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LSC aLIGO Laser (by L.Z.H.)
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ICTS Winter School 2013 8

Laser overview 

Commercial NPRO, 2 W, Nd:YAG crystal pumped by laser diodes at 808 nm 
Medium power amp, 35 W, 4 Nd:YVO4 crystals pumped fiber-coupled LD at 808 nm

Ring oscillator, 220 W, 4 Nd:YAG crystals each pumped by 7 LD at 808 nm

O. Puncken, G1301316
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Typical noise without squeezing
Squeezing−enahnced sensitivity

GEO600

LIGO H1

Squeezing%in%GEO600%and%LIGO%H1%%

to%reduce%shot%noise%

GEO%data%are%courtesy%of%H.%Grote%
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LSC,  Nature Physics 7, 962 (2011)"
LSC,  Nature Photonics 7,%613–619%(2013)"

L. Barsotti, G140192
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…not%the%end%of%the%story:%%
aLIGO%will%be%limited%by%radia2on%pressure%noise!%

11%
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aLIGO quantum noise  
Quantum noise of aLIGO + squeezing
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L. Barsotti, G140192
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LSC Requirements
Support all the in-vacuum IFO optics
-Large optics in BSC chambers
-other optics in HAM chamber

45
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LSC

 

  Prototype at Stanford

• Technology demonstrator designed and 
installed in Stanford vacuum system (ETF).

‣ mechanical system designed for approximately LIGO 
size platform, with approx half-size payload capacity.

‣ most sensors and actuators as final design.

• True prototype being installed at MIT 
for full scale, UHV, tests with suspension systems.

‣ modal frequencies designed to be > 150 Hz 
to accommodate ≈ 50 Hz servo unity-gain point. 

‣ modeling of 6 x 6 DOF stiffness at low frequencies. 
We design horizontal-tilt cross coupling < 1/500 rad/m.

‣ new design for rigid and strong stops, to exactly position stages and restrict 
motion during earthquakes.

‣ can accommodate ≈ 800 kg payload.  Servo and mechanical design need to 
tolerate mechanically reactive massive payload

46
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LSC Performance X
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LSC Performance Z
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Motion of the Test Mass with Proposed Mods to ASI design
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Final Performance
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LSCInterferometer’s Antenna Pattern
LIGO is not an Imaging Detector

•Antenna pattern for aLIGO, for an 
optimally polarized wave.

•LIGO is more like a microphone than 
a telescope.

•i.e. We measure the amplitude of a 
wave coming from pretty much any 
direction.

•Good for first detections, but not so 
good for finding the source.

From R.  Adhikari, P1200121. 50


