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Evolution

o LIGO Project - 1994
. LIGO Research Community - 1995
o Collaborative Advanced R&D proposals - l ggo

o collaboration and Collaboration
o LIGO land LIGO ll 1997
o LIGO Laboratory - 1997
o LIGO Scientific Collaboratlon 1997
c Caftech/MlT LIGO Advanced R&D program will

focus on delivering technofogy basis for LIGO ll
detector system

> > replacing the "Advanced Subsystems" and "Advanced
Detectors" framework of last year
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Steps in the Advanc Subsystems
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Development of Higher Power
I
LASETS

. Motivation and Goaf
r>Higher laser power is an important path toward irnproved

phase sensitivity, leading to better GW sensitivity in shot noise
limited regime (above -150 Hz)

>>Build one or more 100 W Nd:YAG lasers and test their
stability and suitability for LIGO control

))Model and understand their characteristics, including
frequency noise, intensity noise, pointing stability, and beam
quality

o Background and PreViOuG Hebeardh
) ) 10 w Nd:YAG laser currenily under development

r Collaborative development with Lightwave Etectronics
r MOPA configuration, side-pumped rod geometry

- Could serve as first stage for 100 W laser

) ) Superiority of zig-zag slab geometries established for
higher powers (greater than 10's of Watts)

))Models under devefopment for MOPA and stable-unstable
resonator optical configu rations
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Development of Ffigher Power
Lasers (continued)

o Coltaborators and Responsibilities
) )LIGO

- Interferometer modelling to develop requirements

- Participate in testing with Galileo and ACIGA

- Possible work with Lightwave

) >Galileo (Stanford)

- Fabricate and test high power MOPA

) )ACIGA (Adelaide)

)}GEO

-?
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Devefopment of Higher Power
Lasers (continued)

o Work FIan and Schedule
) ) Evaluate performance of 10 W LIGO laser -- 3/98 (LIGO,

Galileo)
)) Develop laser requirements for LIGO-Il intefferometer --71

e8 (all)
> > Build 40 W stable-unstable resonator laser -- 12198

(ACTGA)

)) Characterize 40 W stable-unstable resonator laser -- 5/99
(AC|GA, LIGO)

> > Upgrade to 100 W stable-unstable resonator laser -- 12100

(ACIGA)
)) Characterize 100 W stable-unstable resonator laser -- 5/01

(AC|GA, LrGO)
> > Build 40 W MOPA laser -- 'l 2198 (GALILEO)

)> Characterize 40 W MOPA laser -- 5/99 (GALILEO, LIGO)

)) Build 100 W MOPA laser -- 6lA0 (GALILFO)

)) Characterize 100 W MOPA laser -- Q|AO (GALILEO,
LrGO)

)) Decision on [-lGO-ll high power laser configuration -- glA1

(all)
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Optics For Higher power

))Reduce Shot noise by decreasing cavitjl loss due to surface structure,
surface and bulk absorption, and degradation.

BACKGROUND AND PREVIOUS RESEARCH
))LIGO Pathfinder has generated momentum in industry for production of

Iiq1,11{y-9P$: r_Tt T.?m"lt,T. can beImaintained with the fo|towing
development programs urhile valuable resources are sti!l available.

WORK PLAN
) )Surface Loss

-Coating Uniformity development. Investlgltion of alternate Coating Materials.

-Polishing development. lmprovement in Figure as well as supersmoothing.

-Metrology development to support Coatin! and Polislring improvements.

1o! 3

l

MOTIVATION
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Optics For Higher power

Work Plan, cohtinued

> ) Bulk Absorption

-Material Deveropment. Industry is consid4ring production of Low absorption grass

-lnvestigate active compensation for thermal lensino

))Degradation Loss

-lnvestigate surface and Burk damage meghanisms in high cw fierds

-lnvestigate conlamination processes, preVention and cleaning
. COLLABORATORS, RESPONSIN|IITITS AND SCHEDULE

> >LIGO/lndustry: Coating, polishing, Metrology

-smail scare deveropment in parailer with LfGo Fabrication, Large scare
applications beginning early in 1999. ]

r>LIGO/Eastern Michigan/lndustry: Low lbss material

-Test and development 1999, 1 999. Full scale test 2000
i
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i

Optics For Higher power

collaborators, Responsibilities... continued

))LIGO: Investigate active compensationj damage mechanisms and
I contamination processes.

-3 year program beginning in 2000
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Adaptive Core Optics

o Problem: LIGO I sees thermal effects at 1C W laser power.l

o Several thermal effects foreseen:
- cavity mode distortion --> poor coupling

- differential cavity mode mismatch --> contrast defect
r recycling cavity sideband loss for powefrecycled Schnupp scheme

o Several strateg,es proposed:
r Insensitive configuration (RSE), readout (a!!-resonant SB, no resonant SB)
- lower bulk- and surface-loss, CTE, dN/dT and higher 16 optics
- Adaptive Core Optics

l. Rccycling mirror curvature specifications must counteract calculated ITM

1of

thermal lens to avoid significant performance penalty.

3 Lrco-ce7olo5-oo-M



Research Program Components

o

o

o

Modeling
- Couple quasi-static thermal FEA with FFT-based and/or modal expansion-based optical mode propagation (a portion of Adv. Configs. research topic)

Sensing re$earch i

- Modified Schack-Hartmann sensors

- "Super Wavefront Sensor,' (SWFS)
> "bull's eye" RF detectors and rectilinear pb arrays

I- Dithering & synchronous image processing

Actuation research
- scooned auxiliary ('heater') laser (e.g., CO2i highly general, ,,brute force,,)
- radiative coupling control (e.g., filaments & low-s shields; ,,finesse,, 

)

i l 2of3 ,,a^^f-T---ncr
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Sapphire for A&anced LIGO

o Motivation: Superior bulk material properties.
> )Thermal noise: dZrrns,thermar -(p v"ouno Q)-1/2-.06x silica

p= density - 1 .9 x fused silica

vsound - 1.8 xfused silica

Qmechanicat demonstrated > 50 x typical fused silica

))Thermal lens: dominant (trans.) distorti,on ".p/r -.OSx Silica

F = d(refractive index/dT - 2xfr.lsed silica

r = thermal conductivity - 45 x ftrsed silica

))TM rnass: quantum limit - M;&$sr*'''

)>Mechanical design flexibllity potentiaf: rnodulusy- 5x Siilca

-Monolithic suspensions, attach,i'ng direcily to TM

-Reduced suspension indr,rced optlcal distortion.

o Goalr LIGO I sized sapph;re without retreat
from Silica features:

> ) Large area precision superpollsh.

>lHigh, Farge volume, optical un'lficnnrity (Anrr"rtive <5X10-7)

) >Low volru'me absorptivity @ 1 .06lrm ( . Spprnlcnn )



Actuation

dLB dLi2 dLil

(prelim.)
I

conceFts
l

I

Scanned laser
heating

l
I

I
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Radiative load tailoring
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. Prospect: individual S?filp,l,es (.0 8cm) h,ave
already demonstrated th'ese goafs.

o Present status: contract (Crystal Sys,terils) an,d

MOU (SIOM, Shanghai) to p,fodru'ce -h,aff size
blanks (along azimuthally uniform "c" axis)

>>Use Pathfinder related metrology to evaluate vs fused silica

))reproducible high bulk uniformity (difficult for "c' axis
growth) and low absorption of particular concern.

c Fu'rther necessary R&D
> > Pathfinder like program to identify poiish process

(coranparable to LIGO I, fused sitica).

>>Similar coating development proEram (coef. thermal
expansion >10x silica presents new challenge for large area
n"uufti- laye r coati n gs).

>>Problem of TM attachments: engi'neer new approach.

-"Dressed" Q test bed



Advanced Controf Techniques
(Adv. R&D Proposaf)

o Motivation
) ) Detection Mode Control System design for LIGO assumes

that optical parameters don't drift---but they do (changes
due to misalignment, mirror degradation, etc.)

> > Resulting performance and robustness of interferometer is
sub-optimal

o Proposal
) > Use Adaptive Controf and System ldentification to keep

, i n te de ro mete r I ocked-i nd efin ite [y with o pti m al p e r{or ma n ee--- - -

- Adapt Parameters in Detection Mode Length Control System to
im prove performance and robustness

r ldentify physics of why interferometers unrock (ritfle
fundamental understanding of unlocking mechanisms)

r Design adaptive controller to desensitize interferometer to
unlocking mechanisms



Advanced

c Background and Previous Research
) ) Large body of literature on Adaptive Control and System

lD (Astrom and Whittenrnark, Widrow and Stearns, etc.)

Adaptive
Controller

System & Constant
Gain Gontroller

Block Diagram of Model Reference Adaptive Control System

o Research PIan

> ) Caltech 40 m prototype as testbed

r System lD studies to identify drifting optical pfant matrix

r Adaptive control design testbed for Detection Mode controller

- Study mechanisms that throw interferometer out of lock and
propose ways to eliminate problem

Control Techniques
(contd.2)



LIGO Lab'stochastic Forces' Research

David Shoemaker

?esearch that targets physical motions of the test masses
. thermal noise
, seismic noise
. 'excess' noise - e.9., stress refease
, control forces and hierarchies to allow interferometer'locking' and operation

trincipal focus: LIGO tr!, -2003
. double pendulum suspension for test mass

. associated changes in rest of system

> somedamping/taming-of tlGO l passive isolatisn- -- ,

)ollaboration an important aspect of this work
. GEO, Stanford, JILA, Syracuse, PSU, LSU, Moscow
- our plan designed to be complementary
, capitalize on LIGO experience and infrastructure

LIGO Project 1of 5 LIGO-G9701 17-00-D



Structure of LIGO Lab effoit

1) Approach problem ftot,ffi
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. establish the performance requirements (baseline: 'Advanced Subsystems')

. determine the site envlronrnent, constraints from existing systems

. learn what is good in present LIGO suspension designs

o learn from collaborators what conceptual designs work

2) Modeling
. corTlbine environmental info, LIGO I suspension characterization, concepts

o refine concepts; special effort to reduce/eiiminate test mass actuation

. generate deslgn questions to be answered by experiments

3) Control and configuration prototyping:

. build up low-pefformance partial suspension prototypes, in-air or bell jars

, tests for actuation, dynamics, practical questions (alignment)

LIGO Project 2ofS LIGO-G9701 17-00-D



Piototype studies of therm alleiiess noise

Triat desiEns need noise testing at design sensitivity
. cresking, actuator noise/coupling, and thermal noise

Special purpose interferometer

' targets displacement noises
. designed to suppress sensitivity to environment
. t'to attempt to reach phase or strain sensitivities; not a michelson

)onfiguration
, short (mm) test cavity, longer referece cavity to hold down frequency noise

. built inside single vacuum chamber, on common seismic isolation 'stack'

' will test partial suspension systems in iterative development phase

LIGO Project 3of5 LtGO-G970117-00-D



Testing of Suspension Systems

Systenns are a key issue in suspension design
. sorTle tests must include the dynamics of the entire isolation system

. scaling laws helpful, but actual placement of resonances, coupling critical

. fleed a test facility which includes all LIGO components from ground up

Full-scale tests of prototypes
. single suspensions for actuator, control tests
. pairs of suspensions for transfer functions, pointing

. corTlplete intefferometers for end-to-end tests, including noise performance

Pre-i nstal lation testi n g

o as a 'last stop' before LIGO

,' minimize down time at the sites; practice installation and debugging

io,ti-
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Milestones

Significant milestones in design Process
,r establishing requirements, interfaces, design constraints (-now)

. determining the state of the art, lessons from initial LIGO

, cooceptual design (1998)

. construction and test of lab prototypes of aspects cf design (1999)

' initial complete prototype testing (2000)

. test of final design (2001)

, qualification of suspensions to be installed e0A2)

LIGO Project 5of5 LtGO-G9701 17-00-D



The Thermal Noise
Interferometer

o Caltech Ken Libbrecht, Eric Black
c The TNI Concept:

))A Suspended Intederometer for Direct M,easurement of
Dlsplacement Noise

- instrument optimized for displacement noise measurements

- direct determinati,on of overaltl displacement noise performance

o The Need for Direct Displ,acement Frlcise
Measurements:

- Far-Off-Resonance Therm,al Noise Hasn't Been Adequately
Measured

- The Possibility of a N'on-U,n,iform Material Loss Function (e.g.
from coatings) adds Uncertai'nty to Th,erm,al Noise Cafculations.
Measuring Q is not suffici'ent fo'r calcu'latlon of thermaf noise.

- Can Directly lrrleasu're Excess Noise (e.g. from material creep)

- Examination of Potenti'al Techn,ical Noise Sources: actuator
noise, mass charging, etc.

- Test and characterize Acfuanced LlGo Masses before
lnstallation

LIGO-c970201-00-M



TNI Test Masses rr fiVliark I

) ) sh'ort cavity lengths --> reduced laser stability
requlirrernents

> > high finesse --> iow shot noise (afong wifth smaiil cavity
storage time)

) ) convex/concave cavity geometry --> larEe beam spot size
) ) welded silica double suspenslon --> l,ow thermal noise
) ) sing,l,e bar suspension --> com,mon-mode rejection of

seisrnic n,oise

LIGO€970201-OGM



Signal Recycling and
Resonant Sideband Extraction I

o Motivation

>>Narrow band operation - better sensitivity with reduced
bandwidth

o Background
))Signal Recycling (lnvented by B. Meers)

-Signal recycled by signal recycling mirror

>)Resonant Sideband Extraction (lnvented by J.

=Signal extracted by- signal extraction mirror

Mizuno)

@n
Signal Recycling Mirror
Signal Extraction Mirror

1af 2 LrGO-G96000e00-M



Signat Recycf ing and
Resonant Sideband Extraction Il

o Previous Research
))Experiment dcne by non-ideal configuration for LIGO

-No arm cavities for SR, No recycling mirror for RSE

-External modulation

. Work PIan

lrEa;l
SR

Table Top
(Caltech/FIorida)

Select

Susoended
Interferometer

(40m or PNI)

/

[rol
RSE

\

\l 2
I

I

I

Y
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