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National Science Foundation Technical Review of the LIGO Project
October 22-24,1996
ll2-114 East Bridge

Agenda
Tuesday October 22, 1996:

8:30 am - 9:00 am: Review Committee Executive Session

9:00 am - 10:00 am: Project Status/Overview - Sanders

10:00 am - 12:00 pm: Detector/ R&D Technical Status - Whitcomb lZucker

12:00 pm - 1:00 pm: Lunch Break

1:00 pm - 2:00 pm: Advanced Detector R&D Proposal - Sanders/Thorne

2:00 pm - 3:30 pm: Facilities Technical Status - Coles

3:30 pm - 3:45 pm: Break

3:45 pm - 4:45 pm: Data Format/Analysis/IVlodeling -Lazzattni

6:30 pm - 8:00 pm: Dinner at Clearwater Cafe



LIGO PROJECT
California Institute of Technology / Massachusetts Institute of Technology

NSF Technical Review - October 22-24.1996

Second Day of Review-Possible Topics for Discussion

Detector:
. Seismic Isolation Design F. Raab, R. Vogt, HYTEC
. Suspension Design/Prototype Status S. Kawamura, J. Hazel
. Pathfinder Polishing Results B. Kells
. Core Optics Polishing Plan G. Billingsley
. Coating Uniformity Testing D. Jungwirth, H. Yamamoto, B. Kells
. l0 W Laser Status and Plans S. Whitcomb, R. Savage
. Alignment Sensing & Control P. Fritschel, M. Zucker

Conceptual Design
. Length Sensing & Control J. Camp

Conceptual Design
. Control & Data System R. Bork. J. Heefner

Global Design
Data Acquisition
Vacuum Controls

R&D:
. Recycling Status & Plans J. Logan
. PNI Status & Plans P. Fritschel
. Alignment Status & Plans M. Zucker
. Double Suspensions R. Weiss
. Advanced Interferometer Configurations S. Kawamura
. Thermal Noise Studies R. Weiss
. Other Topics from Advanced R & D Proposal, as requested

Data FormaVAnalys isAvlodeling :

. Data Formats for LIGO Archives K. Blackburn

. Data Analysis Concept A.LazzarinTK. Blackbum

. Modeling and Simulation H. Yamamoto

Civil Construction (WA): (O. Matherny)
. BT Slab
. Enclosures
. Buildings
. Surveying

Laser Interferometer Gravitational Wave Observatory



Civil Construction (LA): (F. Asiri)
. Rough Grading
. Access Road
. Building and BT Slab bontract

Beam Tube: (L. Jones)
. Fabrication
. Installation
. LIGO Audit

Baffles: (A. Sibley)

Vacuum Equipment: (J. Worden)
. Fabrication
. Prototype First Article

Laser Interferometer Gravitational Wave Observatory



Gloss ary of Acronyms and Abbreviations

Lx/2x/3x notation for single, double, and three-fold coincidence
operational modes of the LIGO deteclor comprised of 3 IFOs

lOBaseT telephone type Ethernet cable
ADC Analog-to-Diqital ConverLer
AMU Atomic Mass Unit
API Application Programmer Interface
AS Alignment System
ASC Alignment Sensing and Control
ATM Asynchronous Transfer Mode (inter-processor communj-cations pr
BAC Budget At Completion
BCU Beam Cont.rol Unit
BNWL Battelle Northwest Laboratories
BSC Beam SPlitter Chamber
BT Beam Tube
BTD Beam Tube Demonstrat.ion
BUDG Budget.
CA/NS Control Area and Networking System
CACR Center for Advanced Computing Research (Caltech)
CAM Control Account. Manager
CAP Control Account Pl-an
CBI Chicago Bridge & Iron
CCB Change Control Board
CCD Charge Coupled Device
CDF/HDF Common/Hierarchical Data Format
CDR ConcePtual Design Review
CDRL Contract. Data RequiremenE.s List
CDS Control and Data System
CDS/DAQ Computer t Data Systems DaL.a Acquisition System
CNTR beam Centering Alignment System
COC Core OPtj-cs ComPonents
COS Core Optics Support
COTS CommerciaL Off-The-Shel-f softr,rare
CPU Central Processing Unit
CSIRO Commonwealth Scientific & Industrj-al Research Organization
CSR Center for Space Research (l''lIT)
DAC Digital-to-Analog Converter
DCC Document Control Center
DCCD Design Configuration Cont.rol Document
DEC/SUN Computer Manufacturers: Digital Equip.Corp/SUN l'licrosystems,
DMA Direct Memory Access
DOE/ESNET Dept. of Energy/Energy Sciences Netrvork
DpF Degree of Freedom
DRD Data Requirement Description
DRR Design Requirements Review
DSP Digital Signal Processor
EAC Estimate At ComPletion
EFINISH EarlY Fj-nish
EPICS Experimental Physics and Industrial Control System
f,START EarIY Start
ETC Estimate Lo ComPlete
FAB Fabrication
FDR Final Design Review
fFT Fast (Discrete) Fourier Transform
Fiber Channef 255 Mbit per second communications netr'tork
FIFO First In, First Out Method of reading data written :o dynamic
Ft"iI Fixed Mass Interferometer
FSSC Frequency-Shifted Subcarrier generator
GCDS Globaf CDS Functions
GO Generaf OPtics (ComPanY Name)
GPIts Genera.l- Purpose Interface Bus



GPIB General Purpose Interface Bus
GPS GLobal Posj-tioning System
GUI Graphical User Interface
GW Gravitational Wave
HAM HorizontaL Access Module
HDOS Hgghes Danbury Optical Systems (Company Name)
HEP High Energy Physics
HNR Hanford Nuclear Reservat.ion (LIGO Sj-te)
HYTEC Company Name
I/O Input/Output
IAS Initial Alignment System
IFO Interferometer
IFODAQ Interferometer Data Acquisition
IOC Input/Output Controller
IOO Input/Output Optics
IPAC Image Processing & Analysis Center (Caltech)
IPS Integration Project Schedule
IR Infrared
ISC/ASC/LSC Int.erferometer/Alignment/Length Sensing & Control Systems
JPL Jet Propulsion Laboratory
kB/MB/cBlTB kilo-/mega-/qiga-/ terabyte: L0^3/I0^6/I0^9/ 10^12 bytes
kFLOP/MFLOP/cFLOPS kilo/Mega /G:-ga FIoat.ing Point Operat.ions per second
kpc 3 x 3^3 lightyear (kiloparsec)
LA Louisi-ana
LAN Local Area Network
LIGO Laser Interferometer Gravitationaf-Wave Observatory
LN2 Liquid Nitrogen
LNT2 Liquid Nitrogen Trap No. 2

LOS Large Optic Suspension
LRC LIGO Research Community
LSC Length Sensing and Control
LSU Louisiana State University
LVDT Li-near Variable Differentia.l- Transducer
LVEA Laser/Vacuum Equipment Area
t"lIMO Multiple Input, MulEiple Output
MOPA Master Oscillator, Power A.rnplifier
NPRO Nonplanar Ring Oscillat.or
NIST Nat.ional, Institute of Standards and Technologv
i.ls Neut ron S ta r
NSB NationaL Science Board
NSF Nati-onal Science Foundation
nPT Operator Int.erface
Optlev Optical- Lever Alignment System
OSEM Integrated Optical Position Sensor/ElectroMagnetic driver
PAC (LIGO) Program Advisory Committee
PDR Prelj-minary Design Review
PDRR Prel-iminary Design Requirements Review
PEM Physical Environment Monitoring System
PERF Performance
PLC Programmable Logic Controller
PM Prolect Manager
PMB Performance l"leasurement Base]-ine
PMCS Project Management Control System
PMDAQ Physical Environment Monitor Data Acquisition
PNI Phase Noise Interferometer
POSIX established industry standard for software/hardware interface
PSI Process Systems International,
PSL Prestabilized Laser
?ZT Piezo-el-ectri-c Transducer
QT Qualification Test
QTR Qualification Test Review
RAID Redundant Array of Inexpensive Disks
RAM Responsibility Assignment Matrix
3.DIAG Remote Diagnostics
R:O Research El-ectro-Optics (Company Name )



KT

RFP
RGA

SC
SEI
SI
SNR

SUR
SQL
SQRT
STACIS
SUP
SUS
SYS
T
TAI'LA
r/-D/TD

TF
TLA
TMC
TWI DDLE
UTC
VAC
VBNS

VEA
VIU
VI RGO

VME
VXI
Vxi'lor ks
WA

hJAN / LAN
I'iBS
i,^,FS
r.l D

l,lvFNT
XCVR

Radio Frequency
Request for Proposal
Residual Gas Analyzer
Second
Supercomputer (ing) Center (s)
Sgismic Isolation
Seismic Isolation
SignaI-to-Noise Ratio
SmaII Optic Suspension
Scaled Processor Architecture
SunSparc 20 workstation
IBM's Sponsored UniversiLy Research GranLs Program
Standard Quant.um Limit
Square Root
(Product. Name)
Support Equipment
Suspension System
SysEems Engineering
Time
,T:nanese Tnterferometric Gravitational-Wave Detector
v qyq..v v v

Transmission Control Protocol/Internet Protocol
Total Float
Three-Letter AcronYm
Test Mass Chamber
name of a particul-ar modelling code within LIGO
Universal iime Cooe
Vacuum System Controls
NSF counterPart to DOE's ESNET
Vacuum Equipment.
Vacuum Equipment Area
Vacuum Feedthroughs and Cablinq
Italian-French Laser Interferometer Collaboration
Versa Modular Eurocard (IEEE 1014)
VME extensions for Instrumentation
a real L.ime operating system for VNIE based sysEems
bla s hing ton
hlide,/LocaL Area (Computer) Network
hlork Breakdown Structure
irlavefront Sensing
l"'lork Package
tiavefront Alignment System
Transmitter/Receiver

trrnionF



LIGO Project Status

Gary Sanders

NSF Technical Review

October 22-24, 1996
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This Talk

o Technical Status
o CosVSchedule Status

) )covered mainly in this talk as emphasis in this review is technical

o Evolution of LIGO Organization
))LIGO Collaboration and LIGO Laboratory

)>LIGO Program Advisory Committee

tlffiO Con$truction is 34% oompletffi!

2 LIGO-G960208-00-M



Technical Highlights r Vacuum
Equipment

o Vacuum Chambers
) ) First BSC article built and tested, outgassing data available

> > PSI has placed full BSC chamber contracts and is fabricating HAM
chambers in-house

. Gate Valves
) ) First two large valves are on site

- One is installed on slab

) ) Much learned during first article testing of operation and shock

o Pump sets, bellows, bakeout equipment, etc. now being
fabricated

) ) Deliverables for Hanford Beam Tube installation are nearly complete

LIGO-G960208-00-M



Vacuum Equipment System Cartoon

PHOTO SHOWN HERE
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Beam Splitter Chamber

PHOTO SHOWN HERE
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48" Gate Valve Body

PHOTO SHOWN HERE

6 LIGO-G960208-00-M



Technical Highlights r Beam Tube

o Beam Tube Fabrication is qualified and underway in the
field

) ) materials conformance, spiral welding, other welding, leak checking, and
cleaning have been qualified, verifying major technical risks are under control

) ) -50 tubes fabricated and no leaks in 28 checked

o Installation is ready to proceed
) ) Installation Readiness Review successfully completed last Thursday

o 300 baffles ready for installation at Hanford
. CB&l team performing very well and LIGO team witnessing

all operations

7 LtGO-G960208-00-M



Big Pasco CB&l Fabrication PIan View

PHOTO SHOWN HERE
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Stainless Steel Delive ry

PHOTO SHOWN HERE
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Spiral Mill

PHOTO SHOWN HERE
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Stiffening Ring Welding

PHOTO SHOWN HERE
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Segment Vacuum Testing Cask

PHOTO SHOWN HERE
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Expansion Joint at Fab. Readiness
Review

PHOTO SHOWN HERE
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Weiss Lecturing to CB&l Boilermakers

t#l



lnstallation Cartoon Plan View

PHOTO SHOWN HERE
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Installation Cartoon Detail

PHOTO SHOWN HERE
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Technical Highlights - Hanford Civil
Construction

o Hanford beam tube enclosures construction very tar along
) ) -1400 enclosures fabricated, rejection rate -1o/o

o Hanford site concrete work nearly done
o Hanford buildings construction 7% complete

17 LIGO-G960208-00-M



Beam Tube Enclosures at Fab. Site r
Aerial View

PHOTO SHOWN HERE
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Enclosure Segment Installation

PHOTO SHOWN HERE
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Technical Highlights r Livingston
Construction

o Livingston rough grading essentially complete (The rain is
not mainly in Spain!)

o Livingston concrete and building packages bids opened on
October 15

Contract LIGO Cost Book Bid Price

Slab, Enclosures,
Roads, Enc. Inst. $9.2 million $8.8 million

Buildings $13.39 million $ 13.46

o These contracts are the last of the very large LIGO con-
tracts, marking LIGO passage beyond major bid jeopardy

) )we must now manage these fixed price contracts to the contract cost

21 LIGO-G960208-00-M



Livingston Site View 1

PHOTO SHOWN HERE
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Livingston Site View 2

PHOTO SHOWN HERE
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Technical Highlights r R&D

o MIT Phase Noise Interferometer
>>Demonstration of phase sensitivity 3.5 x 10'10 radr4Hz,tothe best of our

knowledge the highest optical phase sensitivity ever, and only a factor of 3 less
than the LIGO goal

o CIT 40 Meter Interferometer
))Successful test of single loop suspension

) )Completion of optical recombination

> > Power recycling experiment in early stages

-higher transmission vertex mirrors installed

-vacuum, beam splitter, recycling mirror changes this winter and spring

o MIT Fixed Mirror Interferometer experiment - complete

24 LtGO-G960208-00-M



Phase Noise Sensitivity From MIT
Interferometer

PNlSpectrum

1ot
freq(Hz)
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New Single Loop 40 Meter East Vertex
Suspension
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Technical Highlights r Detector

o 10 W laser contract started with Lightwave Electronics;
breadboard unit being assembled

o Placed order for fused silica blanks for all Core Optics
. Placed order for polishing primary lot of End Test Masses
o Proposals for polishing remaining Core Optics being evalu-

ated now

27 LIGO-G960208-00-M



Technical Highlights r Detector

. Preliminary designs for Length and Alignment Sensing and
Control Systems undenuay

. Preliminary mechanical design for suspensions completed
and prototypes in fabrication/test

))SOS prototype in test now

. Seismic lsolation Stack requirements defined and prelimi-
nary design started at HYTEC

. Preliminary design of Control and Data System global achi-
tecture completed

. Preliminary design of Vacuum Control and Monitoring Sys-
tem complete and awaiting review

LIGO-G960208-00-M
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Cost Schedule Status as of End of
August 1996

filto,00

$rop00

tt00,000

ftt0,0oo

1100,!00

$0,m

3-
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Funds, Commitments, Costs

Funding

*ActualCosts
Costs Plus Commitmerils



Contingency vs. Estimate to Complete
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Contingency vs. Percent Complete
(through August 1996)
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LIGO Funding by NSF Task and by Year

Proposed

Fiscal Year Constraction R&D Operatians Advanced R&D Total

Thru 1994 35.9 11.,2 47.1

1995 85.0 4.0 89.0

r996 70.0 2.4 72.4

1997 1,6. 0,3 I17 58,6

1998 27.1 7.3 2.7 37.1

1999 20.9 2.7 23.6

2000 2l.l 2.7 23.8

20al l{} nr*mths >
::::.,:, i.::'::..:.:: ..,;.1fprl,,, ..
.:.:.......:.:...:. :;ri:.i.. i:::1.,j.:j.iii;.::i:!.:t:.:rj:::'::: 

!l
::..:...r.: ..il..i'.l:.::: ];t.-.J. .1- .ii:. ,:,i.i: '

2.6 21.7

All funds shown in'then'-year $M

tffil 33 LIGO-G960208-00-M



Costs and Commitments through
September 1996

(All Entries are $ Thousands)

Note: Unassigned costs have not been assigned to a LIGO WBS, but are continually reviewed to assure proper allocation.

1.1.1Vac$uip

1.1.2 BnTube

1.1.3 BrEld
1.1.4 Clvil

1.2 R&I)

1.3 Ebtector

1.4 Projfffice

4081 14,425 415

2,7% 6,W. 3,@
468 3,924 %7

6,677 4981 1,377

2,4n 2,m ?58

13,p1 2,963 152

10,152 4,W 455

18,(}21

13,420

5,339

13,035

5,308

16d36

15,151

2'749
36,575

3,568

19,6D

5,529

1,185

1,7U

74

41,670

49,995

8,907

Q.,ffi7

10,837

17,e1

16,933

307e 0n) (1)

Grmulative
ActualGosts

@n
Commitments
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Major Subcontracts Awarded Since the
Last Semi-Annual Review

,,Y"'1. ,: ,',^

Selection
Basis

iCompetitive

te;*#;' Cgmpetitive

Competitive

Nd3+ Lasers - Lightwave Electronics May 1996 $73sK Competitive

Fused Silica Mirror Blanks - Heraeus Amersil (17
pieces)

August L996 $1230K Competitive

Fused Silica Mirror Blanks - Corningr lnc. (2L pieces) August 1996 $360K Competitive

Seismic Isolation Stack Development - Hytec August 1996 $1865K CO to Existing
Contract

MIT,'

tml 35 LIGO-G960208-00-M



Major Subcontracts Planned in FY 1997
(and the remainder of this year)

ffi ' *':"

Optics Polishing 0ctober 1996 $6sK Sole Source FFP

f,'ull Service Polishing December 1996 Competitive FFP

Optics Coating Spring 1997 Change Order

Detector Stack Fabrication (multiple contracts) Winter 1997 Competitive FFP

Suspension System Fabrication Winter 1997 Competitive FFP

IOO R&D (University of Florida) November 1996 $300K Sole Source Collab

Optical Modeling Winter t996 $200K Change Order
NTE

Metrology (NIST) Winter 1996 $200K Change Order
NTE

LIGO-G960208-00-M36tffil



LIGO Project Staffing History

-TotalHead 

Count

Full TlnB ft uivalent (FTE)

Direct Charged to LIGO



ocToBER 1996

38 LtGO-G960208-00-M



LIGO Project Construction Phase Organization

UGN
Project Management

Principal lnvostigator

B. Barish

Project Manager

G. Sattder':s

OrrcGlght Comltt c

LNlq
CCaEM
6.GuDffi
J. Friadman

T. PhillF
f.Tombrelb

lntcgndon GroqP

Slrstm Enelntn
A-Larint

Int gadon Sclcntbt:
Rlly3dss

Drtctor Group
Lcadan

S.VVhiEffib

E|.pgty:
D.Sho@ek*

L€d Engln..r:
D.CoWe

Prognmmad6:
F-Flg'chg'

Oatcior lmplmdiadd
& OpcradoG

F. Fb€,bArr.Cols



Evolution of LIGO Personnel

o Since last review, remaining management positions have
been filled

> >Jordan Camp is the Laser and Optics Task Leader

>>Mike Fine is the lsolation Task Leader

>>Dennis Coyne has assumed new role as Lead Engineer in the Detector
Group

o Two new faculty members at Caltech have joined LIGO
> > Professor Tom Prince

> > Professor Ken Libbrecht

39 LIGO-G960208-00-M



Evol ution of Organ ization

r Hanford Site Head Fred Raab moves to Hanford mid-1997
o Otto Matherney, John Worden, Cecil Franklin, Rich Riesen

currently resident in Hanford
o Rolf Bork from CDS Group moves to Hanford early in 1997
. Livingston Site Head Mark Coles moves approx. one year

later
o Ge rry Stapfer, Allan Sibley locate in Livingston in 1 997
. Other members of LIGO are currently planning relocation to

the sites
. LIGO organization and reporting will become site-based

40 LIGO-G960208-00-M



Evol ution of Organ ization

Organization will evolve to reflect this

Beam Tube bakeout predominantly executed during site-
based construction period, when integration of the system
is at peak

Beam Tube bakeout planning and execution will be coordi-
nated by Bill Althouse, iFr collaboration with the Integration
Group, and reporting to the respective site heads during
execution

))LIGO Project is proceeding to plan the beam tube bakeout and execution,
but commitment is made only to execute the first module bake. Commitment to
remaining three module bakeouts will be made at a point close to execution.

41 LIGO-G960208-00-M



LIGO Collaboration I Laborato ry

o NSF McDaniel Report presented a vision of a Labcratory
and a Collaboratian after construction

. McDaniel Report urged definition of an appropriate m&ffi
program and of adequate computatinn capability

))Our Advanced Detector R&D Proposal is consistent with R&D
recommendation

) )Alberl Lazzarini will report later in this review on LIGO efforts in modeling,
data format standards, and data analysis, and our view of the future. This will
introduce the LIGO study to be considered at the next NSF review in spring
1 997.

42 LIGO-G960208-00-M



Program Adviso ry Committee

r LIGO Program Advisory Committee (being fcrnned nnw) will
be the principal revieMadvice mechanism used in guiding
LIGO's prograrn on

) ) proposals for scientific use of LIGO

) ) R&D proposals

))McDaniel Report guidance

. First meeting will be held this year, several meetings by
summer

43 LIGO-G960208-00-M



Program Adviso ry Committee

. Members
>>BillFraser, Chair

)>Paul Avery

>>Alain Brillet

>rSam Finn (LRC)

>rBill Hamilton

))Peter Michelson

))Peter Saulson

))Robbie vogt

I >and others that round out the committee, currently considering our
invitation

LtGO-G960208-00-M



Summary of Technical Status

o Vacuurn Equipment contractor is underway, all materials
ordered, first article fabrication successful, designs vali-
dated, contract about 50% complete. Major technical issues
resolved. d

o All major beam tube fabrication processes now qualified.
Fabrication in progress. d

. All major beam tube installation processes have been suc-
cessfully reviewed for readiness. Installation begins this
week. #

. Beam tube baffle design, performance, fabrication pro-
cesses qualified and in production. d

45 LIGO-G960208-00-M



Summary of Technical Status

r Hanford slab construction complete and meets LIGO
requirements. &d

o Hanford beam tube enclosure proceeding on schedule and
enclosures and installation have been qualified, #

o Hanford building construction 7% complete and no signifi-
cant issues developed, d

o Livingston rough grading nearing completion and first sur-
veys appear to meet our requirements. s/

o Livingston early soil settlement appears very slow and very
slight. d

46 LIGO-G960208-00-M



Summary of Technical Status

. Allfacility design, integration and interface issues appear to
be wellwithin design envelope. y'

. Phase Noise measurement has set a record. (

. New suspension design successfully tested at 40 Meter. y'

. Fixed Mirror Experiment nearing completion. (

. Laser breadboard unit in fabrication. r/

. Industry ready to produce blanks, polishing, coating meet-
ing LIGO requirements. y'

. SOS prototype successfully tested. /

47 LIGO-G960208-00-M



Summary of Technical Status

Seismic stack baseline and superior alternate designs pro-
gressing. €
Preliminary design processes complete for suspensions,
CDS global, Vacuum Control System. g

LHffiffi ffimffiffitnr$#txmru Hm ffi4% #ffi$rlp$mt#H
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NSF Revievu -

Detector and R&D

S. Whia"otb

22 October 1996
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Outline

. Overview (detector organization update)
o R&D progress and accomplishrnents

(MikeZucker)
. Detector progress and status
o Response to commlttee recommendations

2 LtGO-G960218-00-D



LIGO Detector Organization

LlGN
Detector Group

Leader:
S. Whitcomb

Deputy:
D. Shoemaker

Lead Engineer:
D. Coyne

Programmatics:
R. Fischer

lmplementation / Operations
F. Raab & M. Coles

40m Interferometer
R" Spero

Lasers & Optics
Task Leader:

J. Camp

Suspension
and lsolation
Task Leader:

M. Fine

Interferometer
Sensing & Gontrol

Task Leader:

M. Zucker

Gontrol & Data
Systems

Task Leader:

R. Bork
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Key Near Term Detector Activities---SEP96 10t17t96
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Completion of PNI recycling experiments (with AR Laser)
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R&D Progress

see presentation G960219-00-D by

Mike Zucker
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Detector System Engineering:
Progress and Status

o Set of consistent detector subsystem
requirements developed and nearly ready
for review

o Several inter-subsystem trade studies in
progress

) )Suspension drive range vs. Seismic isolation actuation

o Definition of key detector-wide parameters
t >Optical configuration, modulation frequencies, cavit/

lengths

> >Wedge angles for Core Optics

> > Parameters for 2 km interferometer

7 LIGO-G960218-00-D



Nd:YAG Laser:
Progress and Status

o Goal: Develop 10 W diode-pumped Nd:YAG
laser suitable for LIGO

> )Single Frequency

> > Diffraction-Limited, Single Transverse Mode

> >lntensity and Frequency Stabilization

o Gontract awarded to Lightwave Electronics
for 10W laser

>>Proposed MOPA design uSing commercial 7OA mW NPRO
laser as Master Oscillator

o Started parallel effort in-house to stabilize
Lightwave NPRO for use on PNI and 40 m
interferomerers

o Experience will be directly applicable to
10W laser

I LtGO-G960218-00-D



Nd:YAG Laser:
Lightwave MOPA Design

4-Pass amplifier using polarization to
extract final pass

Based on existing commercial lasers

System configuration:
Co-linear beams with Polarization

Polarizing
beam-splitters

and directional multiPlexing

HR "end" mirror
Side-pumped elements, each
with 2 diode PUmPS & 2 YAG rods

TUrning mirrors

HR mirror

{- Breadboard

Beam shaping oPtics

M2 plate
rotates 45o

Faraday
rotator, 45o

Options: Extra isolator
or modulator

I

Model 126
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Nd:YAG Laser:
NPRO Stabilization

POWER STABILIZATION LOOP
POWER STAB.

POWER
ADJUST

AMPLIFIER

ANALYZER CAVITY

CIRCULATOR

NPRO-PSL
BLOCK
DIAGRAIU

t,:
tl.r'(

".. i,

' ;t'
RFPD ..,'{

500 mW
I
I

I
I
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I
I

I
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A
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lnput Optics.
Progress and Status

. Change to infrared forced delay in Input
Optics design

o Collaboration being established with
University of Florida, with UF group taking
responsibility for Input Optics

o Refined scope of lnput Optics to simplify
interfaces to other subsystems for UF group

c Extended visits to LIGO by senior UF staff
(Tanner and Reitze) to kickoff design effort

o Revew of requirements and conceptual
design scheduled for November 7

11 LIGO-G960218-00-D



Core Optics:
Progress and Status

o Specification written and orders placed for
fused silica blanks for core optics (>400 kg)

o Pathfinder polishing investigation
completed

> >Comparative measurernents made at NIST and REO

> >Three polishers qualified for LIGO polishing

o One polishing order placed (End Test
Masses), remaining polishing proposals
being evaluated

o Coating uniformity test apparatus and
analysis developed, preliminary uniformity
data encouraging

12 LtGO-G960218-00-D



Core Optics:
Pathfinder Polishing Results

o NIST measurements of surface figure errors

13 LIGO-G960218-00-D



Core Optics:
Pathfinder Polishing Results

c Comparative surface roughness
measurernents rnade at REO
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Suspension Design:
Progress and Status

o Preliminary Design completed and reviewed
o Final design underway
o Small Optics Suspension (SOS)

))Suitable for mode cleaner mirrors, other small components

))Prototype fabricated, being tested (Available for demo
tomorrow)

o Large Optics Suspension (LOS)
> > Designed for Core Optics

> ) Prototype being fabricated

15 LIGO-G960218-00-D



LIGO Suspension:
Design Heritage

SO
Contro

Demonstrate
Concept

Demonstrate
Requirement

Mechan

LO

Demonstrate
Concept

Dernonstrate
Requirement

Final
Design

Final
Design

Mechani
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Extrapolation to the LIGO
Large Optics Suspension (LOS)

Items

40m TM
Suspension or
Pathfinder Q
measurement

Extrapolated to
LIGO

LIGO
Requirements

Residual Q when
damped

<3 <3 <3

Internal Mode Loss _"7
3x10

4_I

3x10
4_I

<4x10

Pendulum Mode
Loss

-\2xI0 -

(Violin Mode)

7 x 10-6 <7 x10-6

Acfuator Range

(f < 0.15 Hz)

44 trtmrn

ffi**o
Driver Noise

(at 40 Hz)
6 x lo-le m/ JHz

Sensor Noise

(at 40 Hz)
4 x ra-20 mt J-nz

_)o
4 x 10 -"m/ JHz

(Option)

_)n
< 5 x I0-"" m/ J-Hz
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Seismic Isolation:
Progress and Status

o Requirements and conceptual design
completed and reviewed

. Contract given to HYTEC to perform design
of seismic isolation system

c Trade study to investigate constrained layer
metal springs yielded two promising
designs

) ) Prototypes to investigate fabricability and performance
under construction

o Preliminary design continuing in parallel
with spring development

18 LtGO-G960218-00-D



Metal Spring Concept:
Constrai ned Layer Coil Spring

19 LIGO-G960218-00-D



Metal Spring Concept:
Semicircular Le af Spring

viscoelastic tape

metal shell

Rwetd
metal blades
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Seismic lsolation:
Preliminary Design

o Detailed modal analysis of seismic isolation
structures

_ Facoplateg

/ thickneso ' 6.35(.2tr)

Corc Dlates
tNcknesc: 12.7 (.S)

Slrffenrng ringe (insrde)
lhiskness. 1.905 (34')

Working with vendors to improve
fabricability and cost
Current seismic stack weight estimates

Chamber Type
Original LIGO

Estimate
Current HYTEC

Estimate

HAM 6850 lbs 3835 lbs

BSC 13020 lbs 6321 lbs

21
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Seismic lsolation.
Design lssues

o Vacuum penetrations (bellows)
> > Large range of motion

> >Constrained volume

o O of stack resonances
>>lmportant to get test data from constrained layer springs

o Actuators for "Drlft Compensation"
)Must compensate for tidal motion (-400 pm)

)>May need to compensate for microseismic peak (0.15 Hz)

o Cost

22 LtGO-G960218-00-D



Alignment Sensing & Control:
Progress and Status

o Design Requirements Review held,
currently in prelirninary design phase

. Alignment requirements for mirror angles
and beam centering were refined and frozen

o Significant progress was made in modeling
the environmentally induced alignment
fluctuations expected at the sites

-c Detection mode alignment strategy
developed:

) ) Wavefront Sensor system will be used to detect the mirror
o rientation deg rees-of-f reedom

) ) Modeling of the alignment sensor signals for the full
interferometer was completed

o Strategies identified for determining and
maintaining proper alignment during the
interferometer lock acquisition period

LtGO-G960218-00-D



DrrEcToRS AND STNSoRS FoR THE ASC
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Modeling Alignment Fluctuations

@rirro,

local damping servo
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Alignment Servo Modeling
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Length Sensing & Control:
Progress and Status

o Reviewed requirements and conceptual
design

c Sample control loops analyzed to
demonstrate viability

c Senior EE hired and assigned to length
control electronics design

o Full nonlinear optical response model
completed for use in lock acquisition
studies

27 LIGO-G960218-00-D



Length Sensing & Control.
Loop ConfigurationControl

Photodiode
with l& Q
Demodulator

i'.
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Length Sensing & Control:
Performance Example

o Suppression of seismically driven arm
length difference
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N
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L1-L2 Disturbance Input Versus Closed Loop L1-L2 Mirror Displacement

- 
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- - L1-L2 disturbance input

closed loop L1-L2 rms motion=1.151e-13 m
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Control & Data System:
Progress and Status

o Completed preliminary design of GDS
inf rastructure

) )Operator systems

) ) Data networks

) >Timing system

) ) Front end standards (hardware and software)

))Software tools and standards

o Completed preliminary design of in-vacuum
cabling

o Reviewed requirements and conceptual
design for Data Acquisition System

o Prototyping and testing of communications
links, data acquisition hardware, etc.

o Preliminary design of vacuum control
system nearly complete

31 LtGO-G960218-00-D



Control & Data System.
Control and Monitoring Network

o Asynchronous Transfer Mode (ATM)
backbotle.

))Point to point throughput : 3.BMBytes/sec between two
Sparcl 0, CPU limited

) )Single ATM line to 1ssMbits/sec (OC-3)

> >Aggregate bandwidth to 4Gbits/sec (Switch limit)

o ATM to Ethernet Switches
> ) 16 ethernet ports / ATM uplink

) > Provides full 1 MByte/sec to each connected processor

o Video to ATM uplinks

32 LtGO-G960218-00-D



Control & Data Systern:
Rack Locations and Functions
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Recommendations From Last Review

Detector and R&D Overview

o "Project Management should monitor the technical
interactions with the vendors of the Laser/Detector/
Suspension areas and arrange mechanisms to control
potential change orders and cost overruns as presently
being implemented in the conventional construction and
vacuum argas."

> )Technical representative assigned to each major contract

)>Use Technical Direction Memorandum (same as for
Facilities) for giving all significant inputs to contractors

- Must be approved by approprlate leve! of management

- By definition (in contract), cannot change cost or scope

- Any change of cost or scope must be made through the
contract

>>Frequent interactions with contractors to avoid surprises

34 LtGO-G960218-00-D



Recommendations From Last Review

Lasers

o "A contract with well-defined milestones should be placed
expeditiously for the development and delivery of 10W
Nd:YAG lasers, and this contract should be supported
through intensive technical exchange with the vendor."

) >Contract placed with Lightwave Electronics approximately
one month after last Review

> ) Key Milestones:

- Kick-off Meeting -- June 1996

- Breadboard demonstration of Power and Beam Quallty --

December 1996

- Preliminary Design Review -- March 1997

- Delivery of first Units -- Sept 1997

> >On-going technical interchange established; proprietary
agreement signed to allow detailed technical discussions

> )Collaborating with Byer group (Stanford) for laser testing
and technical consultation

35 LtGO-G960218-00-D



Recommendations From Last Review

Seismic Isolation

. "Gontinue to monitor carefully the progress of HYTEC in
developing the seismic isolation system for the optics
mounting"

) ) Regular and frequent contact with HYTEC

- Weekly email progress reports to cognizant Detector personnel

- Weekly telephone conference call to assess progress and to

address areas of technical/programmatic concern

- Detailed technical reports on major results for LIGO information

and review

36 LtGO-G960218-00-D



Recommendations From Last Review

Seismic lsolation

o n'The combination springs appear to be attractive but their
R&D should not be allowed to generate schedule risk for
the final seismic isolation system design and
construction."

>>Design of seismic stacks compatible with either viton or
constrained layer springs

> ) Prototype fabrication efforts give information about possible
impact on fabrication schedu!e

> > Decision on constrained layer springs to be reviewed at
Seismic lsolation PDR January 1997

37 LIGO-G960218-00-D



Recommendations From MIT Review

Conversion to Nd:YAG Laser

o "With the switch to 1.06 pm system and the lead time that
this must entail, the Panel strongly recommends the
successful pursuit and addition of a scientist to lead the
conversion of the PNI at MIT as soon as possible.
Otherwise, the risk factor to the successful operation of
the initial detector without this PNI experience base grows
uncomfortable to the Panel."

) >Haisheng Rong added to MIT Staff

- Ph.D + 4 years Experience in High Precision Laser
Spectroscopy

n Assigned full-time to PNI Conversion

>)Long-lead lR optics for PNI conversion ordered at early
date to enable fast start

eq LtGO-G960218-00-D



Recommendations From MIT Review

Laboratory Space

o "The Panel recommends that every effort be made to
explore creative approaches that would allow the new
laboratory space for the MIT LIGO group to remain on
campus and still satisfy their seismic isolation needs."

> )suitable MIT building (WW15) identified just a few blocks

off campus

- Seismic levels 3-4 x less than current lab, fewer large pulses

- MIT to provide active seismic isolators to give further isolation

> >Adequate floor space for up to 15 m long interferometer

> >Adjacent office space to be supplemented by office space

in CSR to maintain close contact with other MIT groups

) )Take advantage of move to upgrade MIT vacuurn system,

minimize interuption of MIT laboratory effort

- More like LIGO, longer cavities (to permit operation of realistic

interferometers at correct RF frequencies)

- lmprove cleantiness and ease of operation

39 LIGO-G960218-00-D



Summary

o New detector organization functioning well
o Significant results from R&D program

))PNl optical phase sensitivity advances state of the art

) >Completion of 40 m optical recombination

o Good progress on detector design and
prototyping activities

))Most detector subsystems have completed requirements/
conceptual design review, and are well into preliminary
design phase

) ) First orders of detector hardware placed

o Some detector milestones have slipped
(typically -2 months), but have recovered
schedule along Critical Path

o No indication of significant cost growth

40 LIGO-G960218-00-D



Detector Research & Development

M. E. Zucker

o Phase Noise Interferometer (PNl) program
o  }-meter Interferometer program
o Fixed Mirror Interferometer (FMl) program

LIGO-G960219-D-00-M



Phase Noise lnterferometer (PNl)

Goals: to demonstrate optical phase measurement
sensitivity, understand technical sensing noise sources, and
test LIGO length sensing/control (LSC) components

Recent advances:
)>Barry STACIS active isolation systems added for second vacuum chamber

>>Recycling mirror installed, RF modulation & control systems upgraded

> >Wavefront sensing control system installed for differential Ml alignment

Results:
)>Recycling gain G - 450

> ) Power incident on beamsplitter 60 W (carrier only; Pin = 200 mW total)

>>High-frequency phase sensitivity - 3.5 x 10-10 rad/Hz1t2

2 LIGO-G960219-D-00-M



PNI: WFs-based Alignment Control
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PNI: Progress on noise spectrum

PNI Spectrum
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planPNI: & schedule

o Wrapup of Ar+ laser experiments next month
o Conversion to Nd:YAG (NPRO, .7 W) starting in December

) >optics & laser ready

> >laser prestabilization system being assembled/tested at Caltech

. First phase: linear cavity
) >test PSL f requency noise

) )debug new f requency control servo

o Second phase: Recycled Michelson configuration (as now)
) > prototype test of LSC high-power photodetector

) )test of LSC digital controls (still tentative)

o Tests to wrap up last quarter of '97

LIGO-G9602't9-D-00-M



4O-m Optical Beam Recombination

o Focus on role as a LIGO configuration testbed; reduced
emphasis on displacement noise

. Key first step toward LIGO power-recycled configuration
o Explored new features & noise couplings:

> >Coupled control discriminants (nondiagonal readout)

> >Sign reversals in Michelson differential readout during lock acquisition

> )Greater dependence on uniform mirror figure (new alignment constraint)

> >First-order sensitivity to beamsplitter motion

o First test of a recombined Fabry-Perot Michelson
interferometer at high sensitivity

6 LIGO-G960219-D-00-M



4O-m: Recombined Control Topology
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40-m : Beamsplitter Motion Sensitivity
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Calculated and easured shot noise
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40-m : Sensitivity Comp arison
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40-m. Suspension prototype test

o Tiial of LIGO-type suspension at high displacement-
sensitivity

> >Single-loop suspension

>>lntegrated sensor/actuators for pitch, vdw, position

) > High-Q attachments

o Integrated test of prototype suspension control electronics
))Dynamic range, noise

> )Diagnostics & tuning/setup functions

o Exjsting 40-m suspensions limit sensitivity, repeatability &
ability to generalize other tests (=>other 3 pending)

. Significant impact on SUS preliminary Design

11 LIGO-G960219-D-00-M



40-m: Power Recycling

Program concurrent with LIGO LSC design phase; results
support LSC final design

Focus on validating
) )cavity lock acquisition sequence

> )alignment technique

)>modeling codes and design tools

) >control electronics prototypes

Integrated system tests

Diagnostics and commissioning exercises
e Training

LIGO-G960219-D-00-M12



AO-m : Recycling Status/Plans

o Installed higher-transmission input couplers
> )target recycling factor of 5 (Tin = 5600 ppm)

> )installation complete, currently shaking down

o Next: reconfigure vacuum envelope & input optics layout
> )scheduled to start in November; offline preparations underway

))new side chamber & seismic isolation for expanded input optics

) )new beamsplitter to be installed (in LIGO SOS suspension prototype)

))new RF modulation frequency to satisfy resonant condition in final stage

o Final stage: install recycling mirror
) )Currently on track for March

13 LIGO-G960219-D-00-M



FMI: Wavefront Sensing Research

o Goals:
> >Validate Modal Model and its predictions for sensitivity of Wavefront

Sensing (WFS) angle readouts, a critical technology tor lGO
))Develop WFS sensor and signal processing hardware and software
> )Test concepts on a "full-configuration" power-recycled Fabry-perot

michelson

o Apparatus now complete
>)Prestabilized Ar+ laser, LlGo-like RF length control

)>Multifrequency phase modulation + frequency-shifted subcarrier generator
> >Tabletop interferometer with PZT tip/tilt and fasVslow piston mirror

actuators; aux. laser diode optical lever angle calibrators
) )5 WFS prototype heads & demodulator modules, VME digital signal

processing system

LIGO-G960219-D-00-M14



FlVl I Configuration (schematic)
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FMlr: Status

o Good preliminary results with arm cavities disabled (power-
recycled simple Michelson only)

o WFS prototype hardware performance consistent with
LIGO ASC requirements

o Successful trial of digital MIMO control system; correctly
optimized all 6 degrees of freedom (d.o.f.)

o Now bringing arm cavities online for complete data run with
all 10 d.o.f.

16 LtGO-G960219-D-00-M



FMI: Preliminary Results vs. Model
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FMI: Digital VI/FS Control Test
. Closed Loop Control of a Recycled Michelson Interferometer
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LIGO Advanced Detector R&D Proposal

Gary Sanders

NSF Technical Review

October 22 r 24, 1996
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LIGO Research and Development
Program Components

NSF 66Thsk" Period R&D Activitv

LIGO Construction (MRE + RRA) t99r -
1991

in support of design and fabrication
of initial LIGO

LIGO Operations 1997 -

2001
charact erize initial detector systems

and do gravity wave research

Visitors Program (pending) 1997 -

2001
support intermediate and long term
visitors for LIGO R&D

Research Experience for Undergrad-

uates (REU) Site (pending)
1997 -

200r
support undergraduate research

within LIGO

Advanced Detector R&D (pending) 1997 -

2001
Support R&D to define new sub-

systems and new types of detectors

2

tuBNl
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Operations Supported R&D

a Gravitational wave research
o Physics environment monitoring and correlations
. Diagnostics and correlations with interferometer output
o Materials, mechanical, electronic stability
. Optical contaminatioh, materials outgassing, laser cleaning
o Residual gas instability
o Light scattering from tubes
o Linear and nonlinear servo operation, acquisition, stability
. Availability, reliability modeling
. Site to site correlations
. Geodesy, optical, GPS
This research will contribute to physics bottom line of LIGO

LIGO-G960209-00-M



What We Propose

. A program of research to define advanced subsystems
intended to be enhancements to the initial LIGO interferom-
eters

. A program of research to define new advanced detectors

. A five year program in each thrust
>r Some areas of research will enable implementation proposals

)) Some research areas will not be completed and will become part of a
following R&D proposal

. A program based upon the benchmark gravitational wave
sources, but intended to be flexible if the course of physics
research dictates a different evolution of LIGO capabilities

4 LIGO-G960209-00-M



Collaboration

o Most proposed tasks are highly collaborative, involving
institutions outside the LIGO Project

o These institutions will separately propose their required
resources

) >very few subcontracts f rom LIGO to collaborators

. The proposed program is the LIGO R&D program and col-
laborators may propose other activities for their institutions

o lt is our intention that this collaboration is the "training
wheels" for the larger LIGO Collaboration. This is an impor-
tant development in building this experimental field and it
follows the recommendations of the McDaniel Report.

LIGO-G960209-00-M



Steps in the Advanced Subsystems
Research

Jr I rPr uvEu
seismic noise thermalnoise

-----7

2

log10 (frequeney Hz)
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hr* Noise Envelopes for Initial LIGO
and Advanced Subsystems/Detectors
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Amplitude
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Spectral Strain Noise
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Astrophysics Motivations

Kip Thorne will discuss this subject
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LIGO Funding by NSF Task and by Year

Proposed

Fiscal Year Constntction R&D Operations Tatal

Thru L994 35.9 ll.2 47.1

r995 85.0 4,0 89.0

1996 70.0 2.4 72.4

'.. f i'i
'. 

j.. 
::

:'.:::':i::

:,lfrsfii
::i:':: i'::'i :::::
:i:i i ::i: :iii.::. i::::i
iil:::i : ::i: ::: i::::::: : :i :

'.ii:::::::i!:i
.,,..._::il:r
11 !,:r ..

1998 27.1 7.3 37.1

1999 20.9 23.6

2000 2l.l 23.8

2001 1{} ruqlmths > ili:l:fll
!:lt:...:t.:

i:t::i:{i

21.7

All funds shown in 6then'-year $M
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Noise Classification

Sens ing noise - errors in the measurement of the optical
phase introduced by scattered fields and the finite number
of quanta being counted

Random forces - stochastic processes that induce apparent
test mass motions including thermal excitation of test
masses, suspensions, seismic excitation, classical gravity
gradients induced by terrestrial and atmospheric density
fluctuatiohs, radiation pressure fluctuations, etc.

Technical noise - Non-fundamental sources of measure-
ment noise such as electromagnetic interferences, environ-
mental disturbances, imperfections in the instrumentation,
etc.

11 LIGO-G960209-00-M



Advanced Subsystems R&D

o Double Pendulum Suspension
o Reduced Thermal Noise
o Reduced Internal Test Mass Thermal Noise: Sapphire
o Higher Laser Power and Core Optics for Higher Power
o Increased Mass (Sapphire)

12 LtGO-G960209-00-M



Double Pendulum Suspension

One Concept:

first stage
mass

tesl mass
mirror

Added isolation from thermal noise
of seismic isolation

Reduce actuator force dynamic
range

Remove test mass magnets which
degrade O
Reduce magnetic field and domain
jump noise on test mass

Additional stage of ffo/n' isolation
controller

13 LIGO-G960209-00-M



Double Pendulum Suspension R&D

. Initial Phase
))Stanford, GEO and LIGO will study GEO design and LIGO requirements,

leading to a design configuration suitable for LIGO

>>Syracuse will study test mass losses vs. materials and attachments

>)Stanford will continue fiber growing studies

))GEO will carry out realistic suspended element performance tests

) >GEO actuator development will be used by LIGO to support studies of
actuators suitable for LIGO

o Prototype Test Phase
) )A set of L|GO-compatible prototypes will be fabricated and tested in a LIGO

test interferometer
GOAL IS CONSTRUCTION PROPOSAL AT END OF THIS RESEARCH

14 LtGO-G960209-00-M



Double Pendulum Work Plan

Significant Events

'$i"I,:.,r- I.'-r

Suspension fibers research mature

Attachment svstem research mature

Actuator technology research mature

Integration/selection of technologies

Initial prototype constructed

Initial prototype testing finished

Final design ready for fabrication, unification with thermal noise
research

Final design installed in test interferometer

Date

''F$llul?Pr 
i

,f"U,t99? 1

Fall 1998

Fall 1998

Fall 1998

Fall 1998

Winter 1998

Spring 1999

Fall 1999

Spring 2000

Spring 2001

Spring 2002lnterferometer tests finished

15 LIGO-G960209-00-M



Reduced Thermal Noise Research

o Early phases support double pendulum suspension
o This research continues through double pendulum work

and beyond, as an ongoing activity

16 LIGO-G960209-00-M



Reduced Thermal Noise Work Plan

Topic Responsible

SiO2 Materials Syracuse

SiO.' Materials Moscow State

Al2O3 Materials (sapphire) See sep arate section on sapphire

Si Materials and flexures Stanford

Attachments Moscow State, Syracuse,Stanford

Test mass Q measurement Syracuse

Noise correlations LIGO (Adv. Detector research)

Test suspension design and construction Part of double suspension research

Part of double suspension researchComplete system test in sensitive ifo

17 LIGO-G960209-00-M



Reduced Test Mass Internal Noise:
Sapphire Development

o Develop the techniques to grow, polish and coat sapphire
with all of the required tolerances to enable them to be used
as end test masses in LIGO and VIRGO.

o Investigate the absorption, birefringence and optical homo-
geneity with the goal of demonstrating suitability for the
input test masses in LIGO and VIRGO.

o Investigate alternatives to the current wire suspensions
which would not degrade the high intrinsic Q of the sapphire
and which give higher suspension Q's.

18 LIGO-G960209-00-M



Reduced Test Mass Internal Noise:
Sapphire Development

Significant Events Responsible Date

S ample Charact eylizatton' Complete,I i,ii;;,:,yl, i i' i:

..'.;,;':',':..i''; #ttftr:ffi,ff
July L997

Test Masses (2) Delivered LIGO, VIRGO Jan. 1998

Test Mass Polishing and Figure Character-
ization Complete

CSIRO July 1998

Test Mass Q, Absorption Birefringence
C h aract erization C omplete

LIGO, VIRGO, UWA Dec. 1998

First Monolithic Suspension Results UWA July 1999

trx#l 19 LIGO-G960209-00-M



Higher Laser Power

o Continues LIGO development of 10 W 1064 nm for initial
LIGO with Stanford and Lightwave

o Lightwave will continue development with rod geometry
master oscillator-powered amplifier (MOPA) with an SBIR
proposal

o LIGO will work with Stanford to apply LIGO requirements to
a slab geometry design

> >A Lightwave 10 W laser will be used as the master oscillator for the
resulting 100 W prototype which will be fully investigated

o This program is planned for three years, leading to an engi-
neering proposal to be carried out with industry

20 LIGO-G960209-00-M



Core Optics for Higher Power

. Goal of 100 W laser is phase sensitivity of 3 x 10-11radl^lHz

. Achieve this by raising laser power OR by reducing optical
losses OR by both

. This program proposes to follow on to LIGO Pathfinder pro-
gram by extension to more demanding:

> )optical metrology - principally of mirror polish and coating phase distortions

))optimum polishing technique for LIGO requirements

))control of coating uniformity and absolute optical characteristics such as
reflectivity and loss

21 LIGO-G960209-00-M



Core Optics for Higher Power

Responsibilities Collaborators
Schedule
Initiate---
Complete

Full precision phase mapping @ 1064 nm
of surface figure (upgrade)

LIGO and industry 1998 (mid)---
1999(late)

Acquire, install, iharacterize micro-
toogltn.s instrumepti ;. ":i .',, . :

Fully calibrated surface scatter/loss test
bed (upgrade)

VIRGO
LIGO and industrv

1998(early)---
1998(late)

< lppm level coating loss measurements.
< * lOVo bulk substrate loss mapping

EMU / VIRGO 1999(mid)---
2001

Design and fabricate developmental silica
mirror substrates (quantity -30)

LIGO and industry 1998 (early)---
1998(mid)

Surface polishing optimization LIGO and industrv 1998(late)---
2002(early)

Coating uniformity development LIGO and industry, VIRGO 1998(late)---
2002(mid)
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Advanced Detector R&D

o Resonant Sideband Extraction and Signal Recycling
o Advanced Seismic lsolation
o Signal Processing
o Measurement and Feedback of Thermal Noise

23 LIGO-G960209-00-M



Resonant Sideband Extraction and
Signal Recycling

tml LIGO-G960209-00-M



Signal Recycling (Dual Recycling)

. Additional recycling mirror placed at the antisymmetric (sig-
nal) port to increase signal storage time

. Signal recycling can be used to narrow band the interferom-
eter by adjusting sensitive peak frequency

25 LIGO-G960209-00-M



Resonant Sideband Extraction

o Same general arrangement of antisymmetric port recycling
mirror, but arm cavities have much higher finesse and mir-
ror is used to reduce signal storage time

o Sensitivity can be same as in signal recycling with reduced
optical power on the beam splitter

o Can also be used in a narrow band configuration

26 LIGO-G960209-00-M



RS E/S R Research Program

o University of Florida will study dual recycling in a tabletop
experiment lasting two years

o LIGO will study resonant sideband extraction in a tabletop
experiment lasting two years

An analytic study will be made by LIGO of suitable future
interferometer configurations using the entire range of pos-
sibilities promised by these two techniques

))modeling of interferometer sensitivity and response

))modeling of optical sensitivity to distortions using paraxial FFT methods

Following tabletop experiments, one of the techniques will
be studied in a large scale test in a LIGO test interferometer

27 LIGO-G960209-00-M



Advanced Seismic lsolation

o Initial LIGO measurement band limited by seismic noise at
40 Hz

o Goal of research is to:

))push this envelope down to about 1 Hz such that the limiting noise source
for the interferometer becomes gravity gradients

))reduce the dynamic range required of the fine control actuators by
providing isolation to frequencies as low as the microseismic peak (0.17 Hz).

o Three approaches:
>>LIGO MIT Stacis active system from Barry Controls does not meet low

frequency requi rements

)UILA 3-stage active system promises low frequency performance

) >Virgo passive stack is tall and requires additional material qualification

LIGO-G960209-00-M



Advanced Seismic lsolation Work Plan

This research is expected to extend into the next five year research period

29 LtGO-G960209-00-M



Staffing

LIGO (MlT and Caltech) Staffing Requirements

Category FY1998 FTE
FYI997-2001

FTE Total

scientist 4.5 20

postdoctoral 3 14.5

graduate student 3 t4

englneer 0.5 2.5

technician 2.5 t2

Total FTE 13.5 63.0

30 LIGO-G960209-00-M



Top Level Activity Plan

Task FYI997 FYI998 FY1999 FY2000 FY2OOI

Adv. Subsystem

Double Suspension

Thermal Noise I
Sapphire Test Mass I

Seismic Isolation

100 W Laser

Core Optics

Adv. Detectors

Sig. Rec./Res. S. E.

Seismic Isolation I
Signal Processing

Thermal Noise I
Test Interferometers

Conversion to 1064 nm I

31 LIGO-G960209-00-M



LIGO Funding Request

Task FY1998
5 YEAR
TOTAL

Adv. Subsystem

Double Suspension ; .ffihlt,t* $281K s809K

Thermal Noise $42K $134K

Sapphire Test Mass Kffi] $38K $227K

Seismic Isolation *,ffiggi#ffi $31K $177K

100 W Laser ffi $231K $725K

Core Optics $116K $83sK

Adv. Detectors

Sig. Rec./Res. S. E. wffi,&$ffi $146K $578K

Seismic Isolation
fffirr $28K $305K

Signal Processing ftffi 0 $15lK

Thermal Noise W.W 0 $20K

M&S TOTAL ffiffiffi $912K $3960K

STAFF TOTAL ffi&ffi.ffi{$

'*w-ffi
$1752K $8460K

TOTAL s2664K ST242OK

hml 32 LIGO-G960209-00-M



Collaboration

o For 1997, LIGO has appointed Seiji Kawamura and Mike
Zucker as Task Leaders for Advanced Detector R&D

o We will work with our collaborators to form effective coordi-
nation of this research

> > Periodic group meetings of each task group

) > Periodic meetings of the LIGO Collaboration

> >Widely circulated progress reports

> )An annual comprehensive workshop

) ) Institutional representation

33 LIGO-G960209-00-M



Collaboration

r This collaborative proposal combines
) ) LIGO expertise in system design and LIGO capability to integrate into

detector system
n expertise in system tradeoffs

r unique facilities

r extensive research with suspended optics interferorneters

) ) expert research groups (including LIGO) around the world

r During the next six months, the collaboration will be formed
. January, 1997 Aspen Meeting will focus on Advanced

Detector R&D

34 LIGO-G960209-00-M



During 1997...

o Modify 40 Meter Interferometer and MIT Interferometer to
accommodate double pendulum, 100 W laser, RSE/SR
re$earch

o Analyze double pendulum control system with GEO
. Complete sapphire sample characterization
. Define 100 W laser research with Lightwave
o Acquire micro-roughness instrument and initiate character-

ization research
o Commence resonant sideband extraction table top experi-

ment and supporting analytical work
THilSf; A#TIVIT Itr$ Iru*ffiFHI'IDfrhIT *F hI$T ffiHVIHW *F #SLLAffi*ffiAT*ffi$
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NSF Technical Review of the
LIGO Project

AdvancedR&DProposal

Kip Thorne

October 22,1996
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tracilities and Vacuum Equipment
Mark Coles

Presentation Objectives
Review project objectives pf last 6 months
Show how we are implementing designs that satisfy design
requlrements.



VacuLlm trquipment
John word€r, cecil Franklin, Allen sibley

Objectives for Last 6 Months:
o Chamber fabrication:

BSC prototype fabrication, cleaning, and test
Prototype bakeout heater blankrfs/controller delivery and test
Raw material order - steel plate, forgings, heads
Initiate fabrication of HAM chambers

o Purchased equipment:
Delivery of 4 main turbopump carts, 2 auxiliary turbo carts
Delivery of 2 main roughing pump carts

Delivery of eight 48" gate valves

Delivery of prototype large ion pump
Clean rooms ordered
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100 Hour bakeout test resutrts
The cleaning and baking procedures were very effectiye.
There was little evidence of hydrocarbon contamination
after the bakeout. Partial pressures of hydrccarbons were 3
to 4 orders of magnitude below hydrogen.

o Principal gas loads after the nitrogen soak are hydrogeh,
water, nitrogen.

o 100 gas load for nitrogen exceecls LIGo goals.
testing underway to deterrnine source of N2.

' Formal data revie]w meeting oct. 3u at pSI

Aalditional
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48" gatei valve status

o 2 of B gate valves delivered (the zwe need
now)

o Design problems encountered clue to
LIGO' s unique requirements:

no lubricants

vacllum load either side

low shock and vibration req't





Remaining Gate Valve Deliveries
for Hanford

o 48" Gate valves
o items3 &4 I0/3I (elecrric)
o items 5 &6 II/30 (pneumatic)
o items 7 &8 IZ|I9 (elecrric)

Ir{eed dates are not on critical path
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QUALITY ASSURANCE PROCEDURE

FOR

EQU IPM ENTIMATERIA L REC EIVING INS PECTION-
OF

ROUGHING PUMP SYSTEM

ocToBER 18,1996
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Equipment / ilIaterial Receiving Inspection Procedure
Roughing Pump System

i.0 The Receiving Inspector will verify that ail equipment and material received is listed on the
shipping documen6 and properly idendfied.

i.i The Receiving Inspector will inspect all items tor any evidence of shipping or handling darn-
age.

1,2_The Receiving Inspector will verify dimensions of critical componenrs, when required by
LIGO documents.

1-1ft. Receiving Inspector will document his inspection on a receiving Inspection Report (RIR,
JPL form # 1898 or equivalent).

1.4 Any nonconformists found including missing items, inconectly made items, incorrectly, iden-
tified items and damaged items will be documentecJ and reported to the LIGC Contract Manaser
and /or LIGO Procurement Officer.

1.5 After receipt the equipment or material they will be properly stored and maintained in an
appropriate location to insure proper protection again the eiements.

1.6 Storage and maintenance will be perlormed in accordance with the manufacfure's require-
ments.

2.0 The End Item Data Package (EIDP) will contain all critical data pertinent to each systems.. Evidence of acceptance by Vendor or Supplier'sr { set of Drawing and Procurement Specification.. Copy of Purchase Order.. Requirement for Test CertificaLion
A. Acceptance Test Report /Data
B. Dimensional Inspection Report. Calibration Records. Applicable Maintenance Procedures and Schedule.

' Safety constraints applicable to the equipmenr / material or personnel handling it.
' Aay other data which may be required for prcservation srorage continued operadon or repair

of the equipment.

2.1 On completion of the (EIDP) acceptance, delivery, installation,qualificadon, operation or
other processes for which availability of the (EIDP) may be a requirement rhe (EIDp) will be for-
warded to the LIGO Project Document Conrlol Center tbr recording and slJrage.

2-3 The End Irem Data Package and the Receiving tnspection Repon togerher witir any associared
documentation received with the equipment 0r matedal are pan of the conract / procurement
record and will be mainrained / aval,abijiry the LIGO purchasing otficer.

! t/
I r-,f a- .a



Bearn Tube
Larry Jones, Rai weiss, cecil] Franklin, Rich Ries,-,,, Allen siblev

o Beam tube fabrication achievements of
preceding 6 months:

o Delivered spiral tuf;e mill and quaiified performance
o Qualitied other fabrication eqpt and fixtures
o Processed stainless steel batch #2
o fabricatecl and delivered 16 expansion joints
o 300 fabricated and 2a0 delivered baffles

55 tubes {abricated

27 leak checked (no failures !)
7 cleaned
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Table 1: Summary of FTIR meesurements

Date Tube# cond, residue evap. KBr SAtn absorp.@ 7

mg/Iircr cc cm2 2950cm'I ,^Jxlu '

ru14/94 22A L',t^lt-"-' 14.5(6.0) I 200 I o.o+ 1 1.2(0.55) s.0

IUt4t94 22A cl 7.5(6.0) 200 0.64 1 | 0.7(0.55) 1.0

12t15t94 22B. uncl e.0(6.0) 100 0.64 I 0.e5(0.27) 10.0

rut5/94 22B. cl 2.0(6.0) 100 0.64 I 0.3s(0.27) 1.0

09t25/96 8001 cl 12.0(1.6) 100 0.32 1 0.70(0.04) 5.0

war/96 8003 uncl 4.8(1.6) 100 0.32 5 0.08(0.04) 1.1

r0/0U96 8003 c1(on) 3.2(r.6) 100 0.32 5 | 0.10(0.04) r.7

10t0u96 B002 uncl 3.2(1.6) zffi 0.64 5 0.08(0.03) 0.4

10/02t96 B002 c1(on) 2.0(r.6) 200 0.64 5 0.10(0.03) 0.6

r0/0u96 8002 ci(oCI 0.8(1.6) 200 0.64 5 0.07(0.02) 0.4

0t03/96 B004 uncl 3.2(0.8) 200 0.64 0.20(0.02) 13

l0/03/96 8004 cl(on) 1.6(0.8) 2W 0.64 0.14(0.02) 1.0

L0/03/96 B004 c1(of0 0.8(0.8) 2W 0.64 5 0.10(0.02) 0.6

t0/04t96 Bn05 cl(on) 2.8(0.8) 200 0.64 5 0.15(0.02) 0.9

rct04/96 8005 c1(off) 2.4(0.8) 200 0.64 5 0.05(0.02) 0.2

10t09/96 B00i cl(on) 2.4(0.8) 200 0.64 5 0.09(0.03) 0.4

r0t09/96 B002 ci(on) 0.8(0.8) 200 0.64 5 0.04(0.03) nl .j'"'ri

r)ta9t96 B003 cl(on) 0.8(0.8) 2W 0.64 .\ 0.08(0.03) 0.4*;'';'o'*

r}tlr/96 G001 ci(on) 0.8(0.8) 200 0.64 5 0.06(0.03) :.n t<..'

r0/r1/96 r001 cl(on) 1.2(0.8) 200 
|

0.64 5 0.07(0.03), 0.3

' ':..:

The sampies for FTIR analysis are taken by pouring 2 liters of HPLC 2-isopropanol a-long the
length of the rube in a channel about 10 cm wide. The fluid is collected in clean beakers ar one end
and samples are sent to an analytic chemistry laboratory tbr evaiuation. The laboratory evaponrcs

page 5 of 9
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a known quantity (us'relly 20O cc) of the isopropanol onto a Potasium Bromide crystal slide for

insertion into the beam of a Michelson interl'erometer with sensitivity between 400 to 4000 cm-l .

The results of the measuements are given to CB&I and the LIGO project in the form of transmis-

sion and absorption curves. The laboratory provides the absorption &s A = -t"t,.(;)

The notation':sed in Table 1 is the following. Numbers in parantheses are the values for the iso-
propanol reference. During the QT there was a large variation in the reference values ultimately
traced to the use of "dirq/" 5emple collection vessels. The sampling method has been changed in
Pasco and the consistency and reliability of the measurements has been greatly improved. hr the
column indicating the conditions, the designation uncl means sample taken before the tube was

cleaned, cl(on) is a sample taken along the same azimuthal position in the tube as the drain during
the cleaning and rinse while the designation cl(of| is a sample taken after the tube has been
rotated to provide more typical surface conditions in the tube. Samples taken on the drain line
have more contanrination than those off the line. During routine production CB&I will be mea-
suring every tenth tube by sampling on the drain line. The column labeled residue is a frst order
measurement of the contamination provided by weighing the residue after the sampling isopro-
panol has been evaporated. The columns labeled evaporated volume, area of the KBr spectrome-

ter sample plate, gain and absorption at the C-H stretch band at 2950 cm-l are used for internal

checks of the FTIR data The last column listing the specific absorption, z, at}gs} cm-l is the best
estimator for the hydrocarbon contamination on the surface. The specific absorption is defined as

( ln(I,//o)rsm Db- ln(I//o)r"r"r"o") x KBr area x sample volume in nrbe

sample volume evaporated on l(tsr x area ot tube exposed

Table 2: Auger analysis 27O ev Carbon line given in.terrns of ld coun8 in 1.64 minutes vs

A+ milling time

nbe # condiion 0 min I min 2 min 3 min 4 min

22B, uncl 57.4 24.3 16.5 11.8 10.8

22B cl 26.1 8.1 6.5 4.4 5.1

B-005 uncl 59.5 17.6 10.6 8.3 7.1+1.0

B-005 cl 1 24.3 <) )? 1.0+1.0 0.0+1.0

B-005 cl2 2r.9 6.7 2.1 1.0+1.0 0.0+1.0

Auger electron spectra are r;rken on strips of the steel that have been cut from the same material as

the tube. One coupon is not cleaned (uncl) and another (cl) is placed at the drain end of the tube a
few mm above the surface. This sample experiences the same cleaning as tie tube itself.
When analysed in the Auger electron spectrometer the Auger electron peak for Carbon is mea-

page 5 of 9



Oversite of Beam Tube Fab

o Cecil Franklin, Rich Riesen providing
fulltime sllrveillance of factory and site
installation activities.

o Daily log lcept, copies sent to caltech each
week.

o Specilic fab activities that are witnessed get
logged on QA sheets



BEAM TUBE ASSEMBLY ACTIVITIES

MCNITOF TUtsE CiFCUMF=iANCE AND VARIATION
TU3 E STRAIGHTNESS M=ASURE,^/AFIATICN

1.
)

STIFFENER LOCATIOI.YSPA CING
PUMP PONT LOCATION
TUEE INDEX, REF=FENCE MAFKS

EXPANDING AND MACHINING
TUBE ENDS

FINAL END FINISH
END PI-ANE FLATNESS AND PERP=NDICULAffITY
EXPANDED END CIFCUMF=NENCE

't

CL=,{N CLOTHING AND Si{OE COV=RS SHALL tsE WOFN
FOR WOFK INSIDE THE 3EAlvt TUBE

INSP=CT TUBES

LAYCUT TUBES

1. PERIODIC CHECK OF RESIDUAL 02 LA/E!-
2. PURGE GAS (N2) PUFrry
3. END COVENS INSTALLED

PUHGING OF TUBES

1. VEFIFY PUFGE GAS FLOW
2. STIFFENER SPLICE LOCAT]ON OVEN SFIRAL WELD

AND MINIMUM UNWELDED STIFFENEB?
3. LOCATION, SPACING AND LENGTH OFTACK WELDS
4, TIGHT FIT OF S'IIFF=NER
5. VERIFY ALIGNMENT OF SUPPORT RINGS AND BE{M

TUBE CAFDINAL LINES

1. LOCATION OF WELD START
2. NO WELDING OVER SFIFAL WELDS
g, !4I riLr oF srlli=NFi < 1o DEqaEES_

WELDING OF STIFFENE;S
AND SUPPORTS

1. FEJNFORCING HING DOES NOT Cf;OSS SFIRAL WELD2. RING IN CORHECT LCCATION
3. ADEOUATE PUFGE FOR WEI.DING?
4. PUMP PORT PROTECTIVE COVEF IN PIICE?

FUMP POFT FITTING AND WELDING

1. WELD APPEARANCE
2. EXTENT OF UNDERCUT, RIDGES OF VALLSYS
3. ADEOUATE FILLET?

PUMP PORTWELD
INSPECTTON

1. MONITOR CENTEFING CF W=i.D JOINT
2. TACK WELDING AND UNIFOFMIry OF WALL

TTFilCKNESS) I,|ATCH
3. RESIDUAL 02IN PUFGE GAS

FITTING OF STIFFENERS
AND SUPPORTS

EXPANSION JOINT
F|TTING AND WELDING

BUfi WELD OFFSE-| !N-SP=C VA.FIANON;
TUBE LENGTH

I DtMENSIoNALtNSPECTION



LEAK TESTING ACTIVITIES

II.ISTALI.ATICN OF tsE,AM TUEE IN T=ST COFFIN
CONFiRM EXPANSION JOINT IS FESTRAINED tsY
LE.AK TEST FIXTUFE

I
I

Y

-

I Arr^r | --^+ | r-

| ^, ' ^vn r tr) r r.rEADS j

I

DHAW VACUUM ON TUBE

ENCLOSE TUBE IN TEST HOOD

CHECK MASS/SPEC
INTERNAUSTANDARD
LEA}(AGE REATE OF

STD LEAK

CHECK MASS/SPEC
SENSIT1VITY TO

SYSTEM

I-IELIUM CONCENTFATION
IN TEST ENCLOSURE

{t.
2.

OBSERVE ABSOLUTE FFESSURE IN TLJBE SECTCN
OBSEIVE DIFFUSSION PUMP FOREI INE ASSOLUTE FNESSURE
HELIUM MASS SPEC ELEMENT PRESSUNE DURING TEST

OBSERVE CLEANUP TIME AND RESFCNSE TIME AND
RECOFD ACTUAL TIME
OBSEFVE PRELIMINAHY SYSTEM SENSMVTY AND
N-AAAA -F A AIT IA
t-ltr u\Jt-\u l-tEAUIl\(t

1. OBSE;VE HELIUM MASS SPEC FESPCNSE DURING
PRESSUFIZING TEST ENCLOSUE WITH HEI-IUM AND
RECOFD ANY INCRFJSE IN FEADING

OBSESVE HOCD PFESSUFE AND FECCRD FEADING
OBSESVE HELIUM CONCENTRATION ?" ON ANALYZ=F AND
aEccFD FEADTNG (GOV!^/AC MODEI_ 2$.160)

OBS=FVE SYSTEM STANDARD HEUUM LEAK I.D.
OBSERVE SYSTEM STANDAFD LEAK HEUUM L34K
RATE AND FECORD READING

EVACUATE TEST ENCLOSURE

P=IFORM MASS SPECTROMETER
LEAK TEST

PRESSURIZE TEST
ENCLOSUNE
WITH HELIUM

FiNAL OBSERVED
LEAKAGE RATE

OESE3VE |iELIUM MASS SFEC INDICATOR
INCFEASE rll !-.ltrLlur.4 r.Ear{.aGF tr.a.T!
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TUBEsEcn]oxEhrc-

P-t4

LIGO TUBE SECTION I.EAK JEST R,EFORT

o6?frJ
com;dr

@
lure Assy. 8-€5

t'iMS Leak h*of (tffu.. Mocct anc sedffi[-
Vnerl u l LO 1r; DPAF Lcy.3

System StenciarAftoiir:nr Leaf tO Aanciard Lcak l-lelium Lsefage Rare
s/ry + zeg 7a zf.E 2'U x 1o'E .iln. cc/s6c.

HMS 
=lernefit 

Pressure Dui:ng Test

Borrorur oF S.nge. Ton

Basis for nus lsat tnolcaffii

Pressura (Pr) During Ted

2.2, X I o-b \o -z ron

ESPopSE Trr.,: lO- S6c6AJOS
M: (lnitialHetium S'gn on 10"'scale t. 5 K fo=
fuh €ackgmund Signal) t_div on 10'r0scate, x 101= I divisions on i0-tl scala

Prcfiminafnr crrctArn c.oncirivifi, 7g.1 = 
Leakaqe 8?le if Std. Leak - 3r?? X 10'Jia1n Cc/ SeC / OivisiOn *

HoodPressur"ffi Helium ccncentrEtion= 2 t %

Hrll rm cnnr-rnlr:linn cnrrne{tinn far{nr /t1 .\ =O,ffi
Mr ffes Hetiurn Sign

Ilrfr (Final Calibration Signaf) I ? Oiv on 10't0scale, x fil= 1.O divislons on 10-:l scate t .8 I lO. -l O

En:f <rrctam eencitivitu Lq-1 = Leakaqe Rate of Sld. Leak = 2- 
'3 

L X tO'& €tm calsec/ ciivision - - *
l&-Mr

finat observed Leakage Rare (ep) = (rr[r . M:) x sr = O t ri;Zt;"Y,'i.".'"' Lr f ''

f Weld repaia were made during leak tesing and hsve been visually inspeCed and r*ie$ed and founct
acceptable. see w Report No.

No tvefded reoains ma<le dtrir

Final Test Sensitivily (Se)

Sr= 53 XCr.= fi' LL amcc lsecldivisicnj,71_
-+

Tests were performed and alt leakage was evaluated in accodance wi$r ihe referenced procedure.
*fecls not repaired and retesed Oiring testing so recorded above as io locatr'on and oisposilion.
AII other tested areas inctuded in this re-port *eie founc acceptabte.

COMMENTS: ,f hlfulra,n cL^*, X, SL,l.l c* p'tt s.n/.. * /nri:u ? ( C
.ru lt- 1 J,'r 

H

g 1a /ec
UAI =

DATE

Results reviar€d by:
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BT installation

o Installation:
o weld enclosllres, air filtration system cleliverecl to

site
o first gate rralve inst4lled
o high precision site survey completed to provide

reference locations for BT installation
o installation readiness review completed
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GENERAL INSTALLATION WORK AREA
ATTACHEMENT "C"

VALVE
TEFvtl,lATDN q.l{ACREE{
ASsE[,ALY IATER

8EIITTRAIL€R FOR TUBE DEL]VERY
(eq &acEx tENNEo Mtm taaaPotll

AUPERINTE}iOENT OFFICE TRAILER
I ATORAOE CONTAINER9
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INSTALLATION WORK AREA - INSTALLING TUBES
ATTACHEMENT '''D.''

BEAMruSE
ENCLGSURE
@VER

SEMI.TRAILER FOR TUBE DELIVERY
(ST,N SCREEN REQUFIEI) DURI\G TRA'{8FoRT)

PLAN vlrw AT TYPlc+ TUlr Loc^Tto$l
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INSTALLATION WORKAREA - FIT/VVELD
ATTACHEMENT "I'"

INFLATABLE
PURGE DAM

INTERNAL UP.
STREAM PLUO
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tseam Tube Enclosure

o Objective:
700 pre-cast BTE,'s on site by gll
Installation contract placed to have BTE
installer work approx 3-5 sections behind CBI.

o Status:

ACME manufacturing rl enclosures lday
Lavernier and ACME, agreement to provide
'Just in time" delivery





BTE Fab QA
o BTE's inspected by RMP in ACME yarcl.
o Rejection is L011000

' No stress cracking found. Ir{ormal shrinkage
cracks only



Civil Construction

o WA site
completed linish grade and slip form of slab
completed service road and distributed electric power
along arms

Completed precast approx 1500 BT enclosure segments

demo' d installation technique

completed final design and initiatecl construction of
WA bldgs

awarciect BT enclosure installation contract



_!;



iff

iltti:fr,.*
1,s
il'.#

' 
iv'

I 
.*'

! 
;11

J 
tr.!

I 
f^r

: 
ir', 

'
I 

:jA
t-*'

-{ 
i.i i

j1 
'(

" 
.t

-: 
I.l







)s.{I;l7,rl





Precision Survey
Allen Sibley

o Site tiducializatron by Rogers (local) and
IMTtrC (Kansas City)

o Combination of differential GPS and optical
methods

o Rogers elevationsiand ranges dGpS
o IMTtrC elevations and lateral optical
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BT Alignment
i

o QA contract with Rodgers to spot check
early CBI measurements

o CBI will Lrse differential GPS
o MAX alignment range of BT support is 3

inches. Want to centcr BT within this range.



WA

o Bldg construction status

mid and end station footers installed
conduit for power and dataacquisition and
control installed

vautrts and power for bakeout and site power
installed

conduits to chiller yards from mid and stations
placed.

bldg status
Otto Matherny





LA site civil construction

o completed final design for LA bldgs
o completed bid on bldgs, BT enclosures/slab
o close to completing rough grade work in LA
o power lines raised over site



LA Civil Construction Status
Otto Matherny, Fred Asiri

o Bids openeC for slabs,l enclosures, roads, buildings
apparent low bidders within budget.

o Rough grading:
It rains a lot in LA
approximately 150 days lost to weather delay

arms at full height since July
o should allow sufficientitime for settlement for Feb 97 slab

installation
o monitoring of settlement plates to look at creep rate.



LA Bldg Design
Fred Asiri

o Final design completed May 96
2IFO design

Reviewed by Baton Rouge architectural
firm for standard practices ancl materials
Recommendations incorporated into tinal
design

o Architectural approval obtained from LSLI
per site agreement



LA Civil Construction eA
o PSI (LA) monitors compaction work
o Parsons constnrction Mgr on-site

o QA audit of record keeping LIGO QA (Bill Tyler)
o cM record keeping audit by otto, Fred
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LTGO PROJECT
1-1.1 Vacuum Equipment

Oate: 17OC196
Pnogrom: LIGOPMAI
Report: LIGoSpA

BLrdget vs peq-f ormance vs Act.ra ISchedule perfocoance Index _ 84 Cost penforrance Index _ ,ot
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LTGO PROJECT
1 . 1 .2 Beam Tubes

Date: t6OCT96
Peogram: LIGOPMBI
tleport: LIGOSPA

Etuclge t vs
Schedule Penforrance
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LTGO PROJECT
nstruction

Oate: t6OC
Progr6m: LIGOPMBt
Repoct: LIGOSPA
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Summary

o All major facility contracts obligated or about to be.
o We have entered a very busy phase of activity - civil

construction, fabrication, and installation activities
underway at both observatory sites and at venclors

o we are exec'ting eA oversite plans to maintain
requirements and scheclule.

o No indications of significant cost growth
o No show stoppers so far
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OUTLINE

1. Data Analysis System for the Initial LIGO
Detector
) ) Science requirements/computational requirements
) ) Preliminary concept

r Data analysis flow
n Distribution of computing resources

- Access to resources -- network options

) ) Cngoing & planned activities; issues

2. Data Formats for LIGO Detector
)) Status of eollaboration with VIRGO
) ) Common format -- VIRGO model
) ) Unresolved issues

3. Modeling & Simulation Activities in LIGO

I
I
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Data Analysis for Initial LIGO

c LlGo construction Phase includes Data
Acquisition System (LIGO DAO)

o Archival a 4l.alysis Systems fall within scope of
Operations Phase.

) ) Need will grow gradually during detector commissioning
o McDaniel Panel Report to NSF identified need

to develop analysis capability to support both
Laboratory and Collaboration resedrch:

) ) Computing systems for LIGO; networks -- WAN;
maintenance & management of resources

) ) Greater computing power required for more complex
searches

) ) Data distribution and availability -- PAC consultation
c LIGO is developing a conceptual plan for initial

data analysis system which will be accessible
to both Laboratory and Collaboration:

) > Outline prepared for Fall l 996 NSF Review
) ) Refinement of requirements and concept to be conducted

in conjunction and in consultation with droader community
(1R07.

) > white paper to be available spring/summer 1gg7 .

tml
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Data Analysis Requirements
Science & Computational Requirements

Initial LIGO Sources and Estimated Analysis Capability Requirements

Initial LIGO
Performance Estimate

Data Analysis Requirements

rh

F

0 -'2 -'3 / yr @ 15 Mpc

If suffi cientlv asvmmetric
Minimalfor

straightforward
correlation ; if o p timal filt e rs

are discovered, problent
nny increase in complexity.

Minimal
Need PEM/houskeep-

ing data for veto

able for correlation with
other astrophysics:

Electroweak
. visible/radio/y

(HETE, GRO)
. V (Super-MNO)

Gravit.y. viltco/(itto
. Rcsonlrnt bal's

Waveforms unknown
2xl3x IFO correlation
Off-line analysis to
enhance SNR

BH/BH Collisions fro-1/yr(?)@5ooMpc;

MeFr-30-200MsuN

at)

F

o

NSA{S Inspirals
llo- 3/ yr @ 23 Mpc;

LT-4x60s MNs-MsuN

LT-4x500s Mrus-O.3MsuN

- 2 GFLOPS

- 50GFLOPS

- 2 GFLOPS

-20 GB /-I GB

-500 GB /-10 cB

-20 GB /-I GB

Mns>MsuN can be

done; appears feasible

down to - 0.3 MsuN

2xl3x correlations feasi-
ble depending on SNR.
Coalescence event may
generate correlated
(EW) signals as above.
PEM/housekeeping
needed for vetoing
Template rnatching
(Wiener filtering) or
wavelet analysis in f-t
domain.
Off-line analysis to
enhance SNR

llo- l/ yr @ 150Mpc;

\T-4x10s MNs-lOMsuN;
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Data Analys.s Requi rements
Science & Computational Requirements

rnitial LrGo sources and Estimated Analysis capability Requiremen ts

Sources Initial LIGO
Performance Bstimate

Data Analysis Requirements

CPU Storage Comments

v)
c-

5H.o
E.9O Ogca d
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F

rursars wlm mass
asymmery

hoc
( t )ftotpc\frmst2
[;-.1t, ' ]t-p-l 3xl0-5 ; r=10kpc

Tint = 106s

SNR=5

)=1ms

rJrrecreo searcnes ( e.9.,
galactic center, known pul-

sars) require minimal
resources

All-sky searches require
tens of TFLOPS -- beyond

anticipated capabilities
10 GB for t06s 1GW

waveform)

UJ!-tme anulyts-
Detection less sensitive
to non-Gaussian noise;
more sensitive to cali-
bration dri fts&drop-outs
Detection techniques as

for pulsars -- uarrow line
sources with modulated
frequency.
Correlations among
interferometers may be
performed (if needed)
after detectioil.
All-sky search requires

decomposition of 4fi sr

into >1010 pixels, each
region requiriug a differ-
ent spectral transforma-

tion of same dataset.(4
f-

F:a ,
.o <d .^
Hto O
?ri Fr
1ll

F

Background

Cl=fr
Q > 3x10-6

Af, f = 100H2

Tint = 107sec

vllnlmal requlrements --
analysis maybe done on

single workstations

. UJJ-hne analysts

. Requires multiple inter-
ferometers to be corre-
lated; may use PEM to
imprive SNR.



LIGO Data Stream and Data
Frame Design

0.15 MB/s
for 3 lFOs
GW Signal

Channel 1

Channel 2

Channel 3

Channel n

GPS Time
Calibration
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Frame is (structured) self-contained snapshot
of data for a period of time

- GW channel & ancillary IFO channels
- Environmental monitoring (veto) channels
- Facilities/Vacuum health & status
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LIGO Data Analysis Flow rr
Baseline

Interferometer
Outputs

Physical
Environment

Monitor

CDS Health/
Status

Frame Builder MASTER DATA
TAPE

Filter --
Process B
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Data
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Data
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Analysis
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Data Analysis for lnitial LIGO
#re- i r :?t:,' Procest,$pr,?Bp#i ns Resou rces &

o Redundant systems at LA & WA Observatories
o Support for 1X, 2x,3x operations independently

> ) Diagnostics -- especially during commissioning

) ) 2xl3x operations between sites feasible with reduced

j"?:i::ffiurst 
signars (^r < 1s) -- cw + superveto/eA

' Inspiral & coalescence waveforms (10s<AT < 1000s)
-- events

c Systern configuration (target: Mnrs)0.3 Mrr*)
) ) Volatile data storage for 3 hours of data + 3 hours of

?!?lyAS (f!-Fpl tor 2lFOs (WA) @ rc}% data stream:
125GB+1'25GB

> ) Template storage for:300 GB

> ) 2-50 GFLOP CPU system -- intrinsically parallel

j"**rtd#uglm::-i{;
exp e n sive/u p g rad e d iff i c u lt

tt$l
lhomellazzlP resentations/N SE
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Data Analysis for lnitial LIGO
{,;, rc * i i ra m, P ro c e s sS 

pr rff n f"T 
i n g R e s o u rc e s &

. System configuration (cont.)
) ) Site-to-site communication link to provide 2x and 3x real-

time cross-correlation

- Selected (pre-processed) data subsets (GW + super-veto;
event lists)

E 
]*o 

way: WA->LA & LA->WA
- Can support independent algorithms

- T1: 0.2 MB/s is barely sufficient for GW WA->LA

- T3 (6 MB/s) or ATM (20 MB/s) will be available by time
needed

triooN} 8
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Data Analysis for Initial LIGO
Processing Computing Resources &

Distribution

.",84i. t: Ez- i.W Yrfiitl-4\
;. ; ;_ !. x^ :: .!: i. ii j *::\:+"b,t.f,,s€

PROCESSOR
PRE-

DETECTOR
DATA

250 GB

CORRELATOR
2-50 GFLOP

=nI
V

J

TEMPLATES
3OO GB

IGO SITE LAN (ATM @ 20 MB/s)

9
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Data Analysis for f nitial LIGO

Distribution

o Single system at a LIGO Laboratory University*
o Supports analyses either not feasible or not

required on-line.
) ) Stochastic background
) ) Pulsar searches (directed/partial sky)
) ) lnsplral with combined lFOs (vector data for max. SNR)
) ) Research on algorithm development & signal processing
) ) Refined analyses
) ) Novel searches

- .. Provides/manipulates dat a ar.chive,
o Data access via WAN to other LIGO sites and

users.
o utilizes and is designed around existing

University resources for maintenance,
availability, communications & support.

trrqoN|
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Data Analysis for Initial LIGO
rI: r{'". ! i r.i,e P roce s r,il 

fl ,3 B li [t;| 
i n g R e s o u rc e s &

o System configuration (target: max. capability for
multiple users)

> ) Large data archive
( - 5OO TBIyf => 10k tapes/yr @ 50 GB/tape =)
$o.sttlly r @'$50/tape) '

) ) Robotic tape access -- size TBD

" :' ", "ri"J: 
"'l,-rtffi fi:il H::: : :: ::

ancillary channels)
) ) Processors for computationally intense analyses

(100+ GFLOPS)

- Support multiple, independent analyses (4 - 6)

Parallel processor(s) -- monolithic/efficient/mare expensive
n Workstation cluster -- versatile/less efficient/less expensive

,, ,,n;:'"fiffiil,:*:'il#ln to other Lrco sites &
col labo rati n g i nstitutions
r T3 (6 MB/s) or ATM (20 MB/s)

tlmN'l
/home/lazzlPresenlattons/NS
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Analysis for Initial LIGO
Processing Computing Resources &

Distribution

PRE.PR CORRELATO
1OO GFLOP

ARCHIVE
! I ."-''!i-E Q:*",:l;1.

DATA
450 Gts

TEMPLATES
LfGO ANALYFIS CENTER LAN (ATM @ 20 MB/s)

LIGO WAN (T3 @ 6 MB/s or ATM)
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LIGO Site-to-site
Communications

I l'A'f,lFn FrFrnAlrrLf FtlJ-*._.,
j:,r .. ";.'ri' 1., . .. 

"-'*'*--*** -y..*.**'*...

*Y; - i; 
-4"::1;ar'r i -:{f

t: t*-.,"",-:..):.. i\

.,u$irtffiffiill,\u
s.\iu"*; ^ .l"r "" .,.. \trFAtt

ir.i \tl

))

))

Hanford-Livingston link permits real-time cross-
correlations among instruments

Caltech-MlT link provides high speed link to data
archives; data tapes to be archived at university.

Site-University links provides site scientific staff access to
archived data
t-f niversity gateways providc !*r*ader eCIc*ss i* database

Data tapes transported to University repository

))

>)

tffil
lhomellazzl P r esentations/NS F
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Site Communlcations

o Options for utilizing existing resources -- these
are being explored:

) ) Caltech:

- HEP link to Mtr/cERN (DOE:ESNET; ptan: oc 12@70+MB/
s)

r IPAC/JPL link to NASA backbone (NASA)

- CACR link(s) to SC centers (NSF: VBNS->OCI 2@70+MB/s))
)) MIT:

- HEP link to Caltech/CERN (DOE - ESNET)

- NASA backbone (NASA)

- Link(s) to SC centers (NSF - VBNS)

) ) Livingston:

- LSU link to MSFC/NASA backbone (NASA)

- LSU link to SC centers (NSF - VBNS)

) ) Hanford:

- HNR/BNWL (DOE _ ESNET)

tml
I homellazz/P r esentations/N S F
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Planned Activities
Timeline for Development

Milestone or
Event Date Communications Hardware Software

Begin
Coincidence Operations

7t00 Cornrnon

On-Line System
Available

1/00 Common I

t /.l(l -t t ratat
JI)''ILI77

effg
fl6Wa.a I
o)Etr&
e)Td

D-^^---^*^-f O_
-r t ut-u.t crttctlf (x

Integration

cs ti.2HlkAfr.|HEry g 
HEE WaH seF IrU98 Specifications

System FDR tlt98 Design &
Prototyping

> ."*-

$ffcifications

System PDR rlt97 Design &
Prototyping

System DRR 5t97

tr#l
lf\ome/lazzJ P I esentations/NS F
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Ongoing Activities
Prototyping

o Detector construction phase is developing a
prototype DAQ system for the 40m facility

)) Utilize 40m to acq.uire datasets of substantial length (112
day) on a regular basis

) ) Experimental use of ancillary channels for data
qualification

o LlGo co-authored joint proposal for rBM
sponsored university Reseai'ch (suR) Grant
funding - $eO0k of processor hardware will be
awarded

) > LIGO will pa.rticipate in hardware configuration definition;
to be shared with other campus groups

) ) Hardware to be installed at center for Advanced
Computing Research (CACR)

) ) CAOR already has similar NSF-funded hardware for
astrophysics data analysis

o Use ongoing work to provide realistic scaf ing of
parallel analysis algorithms for large data sets

o Establish data link frorn 40m to CACR

16
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I

ISSUES

o LIGO Analysis System design must contend
with two conflicting needs...

> ) Rate of technology growth argues for delaying investment
in hardware to the latest possible moment...

) ) Need to develop/debug analysis software on specific
platform(s) to support detector commissioning. COTS &
btrict adherence'to standards.

o Effieient utilization of 40m prototype DAQ
system and CACR is key to developing an
extensible, modular system which is capable of
providing LIGO Laboratory & Collaboration
adequate analysis tocls for the first generation
detectors:

) ) Validation of software

) > ldentification of best hardware approaches
> ) Benchmarks for on-line processing

t6'l
lh'nmo ltazz t Dtac ant^ri^nc/NlStr
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f ssues
(cont.)

o Efficient use of detector ancillary data channels
i s n? 

iff :#il::: ::ff,?J:,:l?"o"ouear ;E GW channels correspond to <102 tapes lyear

o Actual cost of archival is bounded.,.
. TWo approaches possible...

> ) Start with minimum channel count and add channels as
experience dictates through commissioning phase

)) start with 100% channel count and pare back as
experience dictates

- During definition phase, Lf GO will actively seek
LRC representation in design inputs.

) ) This is the first presentation by LIGO
) > Process will take a year or more

tml
I homellazzJ P I esentations/NS F_
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LIGO.VIRGO DATA FORMAT
Status

c Initial meeting with VIRGO in April hosted by
LIGO

)) VIRGO format presented, compared with LIGO needs
) > Attractive (to LIGO) because of maturity & availability of

existing l/O libraries
) ) Tuned for time-series data stream (vs. events or images)

e Alternatives explored by LIGO
) > Public domain standards - CDF/HDF
> ) Used for image f rame data distribution (NASA)

)) Greater overhead per frame than VIRGO
) > Well suited for eventual data distribution

o Continued interaction with VIRGO
) > Format evolving under collaborative effort
> ) Software availability: commited to public domain access

frrcoNl
I hon e I lazzl P r e s entatio n s/N S F
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LIGO.VI RGO DATA FORMATS

PROPOSED FORMAT (Adopted from VTRGO)
) ) FRAMES (unit of information containinq all information

needed to understand the interferometer behavior over a
finite time interval)

) ) c STRUCTURES (frames are organized as a set of c
structures)

) ) FRAME HEADER (holds pointers to additional structures
that contain all information)

) ) LINK LisTS (used to coiieci generic data types, pEM,
ADC, etc.)

)) HEADER HooKS (pointing to frame elements used by
on-line processing or by off-line reprocessing)

) ) eN OntR IOINTS (allowing faster FFT analysis on
individual frames)

> ) DlcrloNARY (acts as a catalog of c structures and
pointer offsets)

tml
I nome I lazzl P r esentaltons/N S F
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LIGO-VIRGO DATA FORMAT

@ (pRhistory. Structures filled by
Frame tsuilderFrame time&duration

. Frame history

. Detector geometryr-

. Rar.v dnfa-

. Trigger data 

-
. Reconstructed data -
. Monitor data
. Simulation data-]

\)

Comment

r *(Next history) ,

SilA\
:a blks 

I,9_J

fFRd"r".r"il
tE'r*t".-l
\:"*3!" /

4;D or,f oFr^+^\
iFRSM
fSiVIS naI
Itrme, dal

Kls

I'I\JIYIJI-,'4tiX
JIVIS name,

time, data blks
((next ADC) ,/

. ,hKrawData \ tFRudcDati\ +/r'RaocData 
\

"'(SlowlvtonData) _
*(1st ADC)
x(gwADC)
*(laserADC)

t' ,/

Comment
data []

{(next ADC)--=

Comment
data []

((next ADC) ,/

' Structures fitted
by On-line ar Otf-

linaaaa tv

(postlprocessing

r FRiiigData - *"FRriigDutu -
Algorithm param.
trigger data []
*(next algorithm)

,,'* FRreconS-tDl

ffi
I buffer size

\nn

gonmm param.
trigger data []
*(next algorithm)

ife\
\***l
i

J

calibration sisnal

itructures nlrccl
by sirnulation srm,Data

lnrormatton
x(simData)

. Frame has tree structure:
o Individual blocks are C structures

-.ExtensibletoarbitrarylengthwithdesigneVolution
@.Utilizedforbothon.t#rba-ott-lineanalyiesL|Go-G96o211-0o-E
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LIGO-VIRGO DATA FORMAT
lssues

o Testing & verification at LIGO using llo libraries
for tape uncovered problems with C function
calls between platforms (DEC vs. SUN)

) )'i'3 
P# 3ffffi,.XX"il:":: f3',S i{i lf l" i,'i lly#: A1'3,-.T5"

t ran s p o rtab i I ity/m a i n ta i nab i I i tylu p g rad e/co m pati o i t iiy
o LlGo is discussing concerns with vlRGo;

rlnnuei.rending on outcome, LIGO may adopt
vlRGo paradigm but implement its own code.

o lssue to be resolved by Spring 1997.
$ #x4 gm f$"rm $rw3r ;*. r:*i#g ,g:!,fd'#$?*p*f3i9gdra'i4

m#gpfm#s$r$yS? ffi Jsi'i ? r,g*r rs *rffr w

tu#l
I hom e | | azz.l P r es entations/N S F
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Modeling Activities
Overview

Frequency domain
End-to-End model

Alignment Sensing & Control (ASC)

I Modal Moclel
I ctatic IF0.
I ar r rt Moclal expansion, Iiuear regime
I mode couplings by misalignmentt^
L__

FFT Model
static IF{)

paraxial approx.
detailed performance study

l,lC{} *ciso ${}n,"cr$ in Fl{.$-)Q.

LIGO noise sources in TIME

Spatial multi mode
'l'inrc rf*r"rr*in IF{} nxxir:l"

multi mocle, non-linear regirne.
field evolution with longitudinal

and alignment DOF'

flffiip-o-f,a-q (M"d.l) <- Legend

-E-

Length Sensing & Control (LSC)

Twiddle
Stcacly stat* ll-O in ill{}:Q.
Single mode, lineal regime.
Xfer func. for arbitrarv IFO

Single mode
-l'imr: 

eionrain lF(} nrodcl.
Single rnocle, non-linear regimc.

Axial distribution of fields

LIGO-Gq60211-00-E

+
omponents

Mirror motion
Ior.v lr-oc1. aliglrnrcni rroisc irr

tir:lc clorrrairr.

Core Optics C (coc)

23



Modeling activities

. Time domain intederometer model with length and alignment
D.O.E

>> Objective

Demonstration of lock acquisilion
dynamic stability of coupled alignment and length controllers
transfer functions between Length and Alignment DOF
Pseudo-data for noise analysig

) ) Parallel efforts by D. Redding/JPl_ and R. Beausoleil/Cygnus
ditferent approaches
model cross-validation
different application - speed vs. accuracy

)) D. Redding - time difference equations; iterative solution
Length (single D.O.F.) part comptete
Used for the design of LSC

>> R. Beausoleil - foruvard time propAgator kernel

single Fabry-Perot cavity with length and alignment DOF complete - being validated

24 LrGO-G960211-00-E



Modeling activities

. FFT model
t ) Detailed study of interferometer performance

e.9., sensitivity study of mirror phase/reflectivity error due to coating & polishing
>>Code is parallelized

running on PARAGON in CACR - 10 x faster than SS20
) ) Interface improved:

GUI interface for input data
Remote scripting
Database for maintaining the run summaries
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End model

. Frequency domain (steady state model) version
)) f nterferometer: Twiddle by M.RegBher/H. yamamoto

)) Noise models: K. Blackburn (& R. Weiss et al.)

. Transition to time domain
)) Interferometer and noise in freq. domain are essentially done
> > Control system for LIGO is still in design stage
) ) Time domain model will be developed and is more suited when modeling control

system

Time domain rFo moder with rength and angurar DoF - Jpucygnus moders
Time domain noise models need to be develooed

. Time domain version - just started
) ) First target is 40 m testbed - serve as a prototype for the full version
)) Inclusion of control system - use design for 40m recycling
)) lnclude fundamental building blocks for LIGO

nd-to-
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