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IUCAA, DCSEM, IPR & RRCAT
+ “Other Institutions..” & LISC
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Optical Instrumentation

Why do I like to design Machines (Instruments)? 
“It is the pitting of one’s brain against bits of iron, 
metal and glass and making them do what you want 
them to do. When you are successful that is all the 
reward you want”. - Albert A. Michelson
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Laser Interferometer



Gravitational Wave Detection  
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Gravitational Waves & Detectors 
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Gravitational Waves & Detectors 

LASER LASER

Deformation 
due to GWs

�L

L

Direct detection of gravitational waves

• Experimental challenge Expected distortions are tiny!

8

Required  displacement sensitivity
of interferometers (L ~ 1 km) 10�18 m (1/1000 size of nucleus)

h =
�L

L
⇠ 10�21Expected distortions:

GW strain

(BNS inspiral at 20 Mpc)
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Laser Interferometer 
as a Gravitational Wave Detector 
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• Source of gravitational waves such as such as binary neutron 
stars (BNS) and binary black holes, etc., though the strongest 
sources of gravitation waves (GWs) are also at astrophysical 
distances

• The strain (∆L/L) they produce on earth are of the oder of 10-22 
to 10-23

The LIGO Project funded by NSF was in two phases; LIGO and 
Advanced LIGO with strain sensitivities of about 10-22 and 10-23 

respectively 

The LIGO-India Detector will be the Advanced LIGO detector

GW sources & detector sensitivity 
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• Detection of gravitational waves require strain sensitivity

                      ∆L/L ≈ 3 x 10-24

• For L = 4 km,   ∆L ≈ 10-20 m

Typical minimum ∆L measurable in laboratory interferometer ≈ 10-9 m

Laser
BS

M1

M2

Fringe detector



Steps involved to reach 10-20 m sensitivity       
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• A highly stabilised, coherent, and high power laser needs to be used.
   LIGO-laser power : 200 W   (c/f a lab interferometer ≈ 1 mW)

            Enhancement of sensitivity by a factor of ≈ 105

• Laser Power circulating in the interferometer arms can be increased by multiple 
reflections and accumulating source power

      Enhancement of sensitivity by a factor of ≈ 102

Power recycling 
mirror

Laser
BS

M1
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Fringe detector



Steps involved to reach 10-20 m sensitivity (cont.)
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      This gives an enhancement of sensitivity by a factor between 102  to 103

• Length of interferometer arms (4 km) can be effectively increased by multiple 

passes of laser light by placing additional mirrors (called Fabry-Perot 

enhancements) in the arms

FP1 

FP2 
Power recycling 

mirror

Laser
BS

M1
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Fringe detector



Enhancement of sensitivity by signal recycling
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• The length of interferometer arms = 4 km 
• Effective arm length ≈  400 km 

• Typical wavelength of gravitational waves (𝜆GW ≈ tens of thousand km) is much 
larger the the effective arm length

• This allows signal re-cycling by a factor of 100

Signal recycling 
mirror

FP1 

FP2 
Power recycling 

mirror

Laser
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IFOs and GW150914 11LIGO-G1600782
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detection port

Homodyne ReadoutDetector overview
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IFOs and GW150914 12LIGO-G1600782

Laser
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BS
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Gravitational wave
detection port

Input Beam StabilizationDetector overview
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Output 
Mode 
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Recycling
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Power 
Recycling
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PRM
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PR2
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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

•  Dual-recycled Michelson Interferometer (‘DRMI’)"
»  All parts in place for this stage (not all chambers complete)"
»  So far, PRMI (power recycled Michelson) locked, first calibration"
»  Threading beam through the Output Mode Cleaner as we speak"
»  Good progress rate to date – testing paying off, again"
»  To continue to end-October with a mid-term break"

•  Parallel installation of X, Y End station equipment"
•  Followed by HIFOs"
•  All systems to be ready to go,  

full lock testing starting in March 2014 
•  Full Interferometer Accepted Sept ‘14 

Underway at Livingston"
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"There is nothing more difficult to take in hand, 
more perilous to conduct, 
or more uncertain in its success, 
than to take the lead 
in the introduction of a new order of things." 

-MACH !A VELLI, The Prince (1513) 

PREFACE 

This proposal requests support for the design and construction of a novel scien-
tific facility-a gravitational-wave observatory-that will open a new observational 
window on the universe. 

The scale of this endeavor is indicated by the frontispiece illustration, which 
shows a perspective of one of the two proposed detector installations. Each instal-
lation includes two arms, and each arm is 4 km in length. 

In view of the magnitude of the proposed project, and because reviewers will 
have varying degrees of familiarity with the subject matter, we have provided a 
substantial amount of tutorial material and scientific justification. While this should 
provide a comprehensive basis for forming a reasoned judgment, it also challenges 
the readers' fortitude and endurance in absorbing the material. 

A reader who wishes to come quickly to the heart of the proposal may want to 
scan S.ection I, then read Section II, which introduces the characteristics and sources 
of gravitational waves and the principles of their detection, and then proceed to 
Section IV, which outlines our basic concept of a gravitational-wave observatory. 
The remaining sections of Volume 1 may be studied as the spirit-and the Table 
of Contents-moves the reader. Volume 2 presents the plans for construction and 
implementation of the concepts introduced in Volume 1. 
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Advanced LIGO Detector 
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Advanced LIGO Detector 



Advanced LIGO Detector 

Test Masses: 
• 40 kg 
• 38 cm in diameter 
• Polishing: 0.15 nm rms  
• Coating absorption: 0.5 ppm
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Advanced LIGO Detector 

Surface 1, Frequency Band: < 1 mm-1

• Central 300 mm diameter aperture: σrms < 2.5 nm 

• Central 160 mm diameter aperture: σrms < 0.3 nm
• RMSTotal , total area plus defect < 0.125 nm  18



Quad Suspension 

• Design : 4 stage pendulum  
• Final stage: Monolithic  
• Mechanical Q : 103                        
• Isolation: factor of 1012 
• Actuation: electro-magnetic  
     electrostatic (4th stage)

Advanced LIGO Detector 
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Quad Assembly 

The assembly of the four-
stage vibration isolation 
suspension of the core-
optics of the detector needs 
to be developed in India 

 20
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Advanced LIGO Detector 
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Advanced LIGO Detector 
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Advanced LIGO Detector 
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Advanced LIGO Detector 
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Advanced LIGO Detector 
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Advanced LIGO Detector 
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Advanced LIGO Detector 

Photon Calibration



LIGO-G1801910-v1
Form F0900043-v2

Fundamental Noises

LIGO Laboratory 28

Detector Sensitivity
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LIGO-India Project  

  The LIGO-India Project proposal is for the construction of an 
Advanced interferometric gravitational wave detector in India called 
LIGO-India under an international collaboration with Laser 
Interferometer Gravitational–wave Observatory (LIGO) Laboratory, 
USA. 

  The four lead institutes (IUCAA, DCSEM, IPR & RRCAT) and the 
LIGO Laboratory will work together in realising the Indian node 
(LIGO-India) of the international gravitational wave detector 
network in India. 
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Science Motivation

The primary motivation for LIGO-India is to enhance opportunities 
for multi-messenger astronomy using gravitational waves. 
• Electromagnetic telescopes have fields of view a few times to 

100 times smaller than the resolution of the LIGO-Virgo network.  

• Addition of LIGO-India network improves angular resolution 
on average by 4X and in some directions by a factor of 10-20.  
– Made possible by longer baseline with respect to existing 
network  

• LIGO-India also provides enhanced duty cycle for three-site 
networks: ~80% for HILV vs ~50% for HHLV  

 31
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LIGO-India Site requirement
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LIGO-India Site selection
Aundha (Latitude 19° 36’ 50” N, Longitude 77° 01’ 54” E)

Site for LIGO-India 
(Latitude 19° 36’ 50” N, Longitude 77° 01’ 54” E)

19/07/16, 10:23 PMGoogle Maps

Page 1 of 1https://www.google.co.in/maps/@19.7192815,77.2517899,1982576m/data=!3m1!1e3?hl=en

Imagery ©2016 TerraMetrics, Map data ©2016 Google 200 km 

LIGO-India

Aundha 
site

Hingoli

Nanded
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DGPS & Topographical Survey Work
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LIGO INDIA - OBSERVATORY 
Conceptual ariel view
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Vacuum Chamber Prototyping
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Vacuum Chamber Prototyping



Fiber drawing for Quad suspension 

A laser heated fiber drawing system required for fabrication 
of the silica suspension - fibers has been developed



Squeezing 

Daniel Töyrä GWADW, Hamilton island, 12/05/2017

Background

26

✦ A way to increase the 
quantum-noise-limited 
sensitivity is to send in 
squeezed light through 
the dark port.

ITMXLaser PRM

SRM

BS

ETMY

ITMY

ETMX

SQZ
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Schedule for the Project  

Site acquisition and development     (Aug 2018 - Jun 2020) 

Construction of the civil facility      (Jan 2020 - Dec 2022) 

Fabrication of vacuum system          (Aug 2019 - Nov 2022) 

Installation of vacuum system          (Jun 2022 - Mar 2023) 

Installation of the interferometer         (Sep 2022 - Nov 2024) 

Engineering runs + Commissioning        (Nov 2024 - Nov 2025) 

Science runs as part of global network   (Nov 2025 - Mar 2026) 



Future Improvements: 
Reaching even further"

●  Want to fully exploit the instrument we designed"

●  But then we will all want more sensitive detectors!!
●  R&D continuing; see sensible paths to yet better  

sensitivity near-term and longer-term"
●  Factor ~1.7 in sensitivity: possible as early as 2018 (“A+”)"

»  Would give increase in event rate of ~5"

●  Use of squeezed light expected (and demonstrated)"

●  Factor 10: perhaps by 2035 (“Cosmic Explorer”)"
»  One approach would be a longer baseline –  

say, 40km instead of 4km"
»  Almost all noise sources stay constant –  

but signal grows a factor of 10"
»  Models indicate feasibility"
»  Requires global cooperation to succeed"

G1600758-v1 M. Landry - MRU colloquium - 31 Mar 2016" 46"

LIGO-India Detector upgrades

Squeezed l igh t 
injection is one of 
the upgrades to 
the aLIGO detector 
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Advanced LIGO Plus (A+)
¾ An incremental upgrade to aLIGO that 

leverages existing technology and 
infrastructure, with minimal new investment 
and moderate risk

¾ Target: x1.7 increase in range over aLIGO
x5 greater event rate

LIGO Voyager
¾ Additional x2 sensitivity broadband 

improvement, 
lower frequency 20Hz → 10Hz

¾ Larger Si masses, cryogenic operation, 
new laser wavelength

 42

LIGO-India Upgrades 



3rd Generation R&D

• 2 micron laser source development 
• Silicon optics development 
• Crystalline coating development at 2 micron 
• Squeezed light source at 2 micron 
• At wavelength metrology for Si Optics & coatings 
• FPGA based digital filters for control loops 
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Thank You
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Gravitational Wave Antenna

• The interferometric GW detectors can be 
viewed as a GW antenna.

• The Antenna pattern for the detector is 
symmetric about the interferometer plane.

• So with only one detector only the GW 
arrival time (phase) can be determined.

• Two detectors will be able to localize the 
source to a disc.

• Three detectors will be able to localize the 
source in the sky with degeneracy regarding 
the direction. 

• Having a fourth detector breaks this 
degeneracy and also improves the accuracy of 
sky localization which is very important for 
GW Astronomy.
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