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Cherge
NSF Committee to Rwiew

Tec.hnical Progress on LIGO

October 2t - 30' t997

Provide an irdepth review of the LIGO projgct. The principal tbrust of tbe

revie\ t will be the technicd aspects of tbe project

Assess the progress sbce the last review held inApril L997 ' trn particular

consider thr tid.r to thc project from fte delay in the schedules of the

interferometer sensing roA *igpntnt and of the 40 m itrerftrometer progam'

In your review, also include an assessment of pnogress in the fo[owiqg areas:

the seismic isolation and supcnsion syst€m; the optical system mcluding the

effects of the absorption of light and the input optics; the laserperformance

anA pbas" nodutatioq the simulation of the interferometers; the beam urbe

and vacuum equipmcnq, md the civil constnrction'

The final report of the review by the comrrifree should be available to the

r ff



CALIFORNIA INSTITUTE OF TECHNOLOGYA4ASSACHUSETTS INSTITUTE OF TECHNOLOGY

LIGO PROJECT

National Science Foundation Technical Review of the LIGO Project
October 28-30,1997
112-114 East Bridge

California Institute of Technology

Agenda

Tuesday October 28, 1oo7:

8:00: Executive session

9:00: Welcome - Dr. David Baltimore, President, Caltech

9:15: LIGO Project Introduction and Status - Gary Sanders

9:45: Hanford Site Status - Fred Raab

10:15: Livingston Site Status - Mark Coles

10:45: Break

1 1 : 00 : Data Format/AnalysisAvlodeling - Albert Lazzarrnt

Noon: Lunch break, 112 East Bridge

1:00: Detector Status/R&D Status - Stan WhitcomblDavid Shoemaker

3:00: Committee Executive Session

Laser Interferometer Gravitational Wave Observatory



3:30: Parallel groups

A. Conventional Facilities, Beam Tube and Vacuum Equipment-39 Bridge Annex
Reviewers: Paul Gilbert and Rudy Damm
Subjects: Construction progress, beam tube performance, baffles,

integration, etc.

.

: g. Laser/Optics-351 West Bridge (Large SCR)- 
Reviewers: Roger Falcone, Marc Levenson, and Daniel Coulter

, Subjects: Laser performance, lifetime, noise characteristics, and

modulation scheme and its interaction with laser output
stabilization

C. Seismic Isolation/Suspension-351 West Bridge (Small SCR)

Reviewers: Paul Reardon and Jim Bergquist
Subjects: technical performance, cost & schedule, creak effects, and

long thermal time constant effects on high Q system in
thermal isolation

D. 40M and Phase Noise Interferometer (PNI)-57 West Bridge

Reviewers: Don Hartill and Jerrold Zimmerman
Subjects: Present program, roles as R&D testbeds, and future plans

5:00: Executive Session followed bv dinner at the Athenaeum.

Wednesday October 29. 1oo7:

8:00: Executive Session

9:00: Parallel sessions resume
A. Conventional Facilities, Beam Tube and Vacuum Equipment-39 Bridge Annex

Reviewers: Paul Gilbert and Rudy Damm
Subjects: Construction progress, beam tube performance, baffles,

integration, etc.

Laser Interferometer Gravitational Wave Observatory



B. Laser/Optics-351 West Bridge (Large SCR)
Reviewers: Roger Falcone, Jerrold Zimmerman, and Jim Bergquist
Subjects: Optics- Transmission optics - absorption and thermal lensing

Coatings - uniformity and testing
Polishing - quality assurance and variability
Metrology
System aspects of Input optics

Thermal time constant effects - excess noise due to

high Q material's long relaxation time, thermal
isolation and radiation effects

C. Interferometer Sensing and Control/Simulation-351 West Bridge (Small SCR)

Reviewers: Don Hartill, Paul Reardon, Daniel Coulter and Marc Levenson

Subjects: Comments on FMI final results, PNI experience

proposed scheme for LIGO,
progress on simulation effort and its prediction of 40M
performance, noise tolerance of system, power handling of
diodes, computing plans and template issues for data analysis

Noon: Lunch, ll2-I14 East Bridge

1:00: Executive Sessions

Reports from the Subgroups
Formulation of Recommendations and Executive Summary

Thursday October 30, 1ao7:

8:30: Committee Executive Sessions

Discuss Draft Report
Complete Executive Summary

11:00: Close-Out Session with LIGO Staff

Noon: Working Lunch (If needed)

3:00: Adjourn

Laser Interferometer Gravitational Wave Observatory



List of Acronyms filetlfZVweblacronyms.html

Glossary of Acronyms and Abbreviations

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

1008T One hundred base T - 100Mb/s communications raiei also
implies an eleclrical/mechanical interface

lOBaseT Telephone tlpe EtherneL cable
ADC Analog-Lo-Digrita1 Converter
AMU AEomic Mass Unit
ANSI American NaEional Standards Tnstitute
AqI Application Programmer Interface
ARO After ReceiPt of Order
aS AlignmenE SYstem
ASc Alignment Sensing and Control
AS.CII American Standard Code Information Interchange
ATM Aslmchronous Transfer Mode (inter-processor communications prot
AVS Advanced Visual Systems (graphical development sofEware package
BAC Budget At ComPletion
BCU Beam Control UniE
BNhIL BatLelle Northwest Laboratories
Bs Beam Splitter
BSC Beam SPlitter Chamber
BT Beam Tube
BTD Beam Tube DemonsLration
BUDG Budget
C++ Object oriented computer language
CA/NS Control Area and Networking System
CACR Center for Advanced CompuEing Research (Caltech)
CAI4 Control Account Manager
CAP Control AccounL Plan
CBI Chicago Bridge & Iron
CCB Change Control Board
CCD Charge CouPled Device
CDF/HDF Common/Hierarchical Data FormaL
CDR ConcePtual Design Review
CDRL Contract Data Requirementss List
CDS Control and DaEa SYstem
CDS/DAQ Computer & Dat.a Systems Data Acquisition System
CNTR beam Centering Alignment System
COC Core OPEics ComPonents
COS Core OPt.ics SuPPort
COTS Commercial off-The-She1f software
CPU Central Processing Unit
CSIRO Commonwealth ScienEific & Industrial Research Organization
CSR Center for Space Research (MIT)
DAc Digital-to-Analog Converter
DAQS LIGO CDS Data AcquisiLion System
DCC Document Control Center
DCCD Design Configuration ControL DocumenL
DCU Data Collection Unit
DEC/SuN CompuEer Manufacturers: Oigital Eguip.Corp/SUN Microsystems, Ir
DMA Direct Memory Access
DoD Dept. of Defense
DoE Dept.. of Energry
DOF(s) Degree(s) of Freedom
DRD Data Requirement DescriPtion
DRR Design Requirements Review
DsP oigiual Signa1 Processor
EAC EstimaLe At Completion
EFINISH Early Finish
EMC Electro-maqneEic Control

I of4 10127/97 9:59 AM



List of Acronyms

LIGO Laser InEerferomeEer Gravitational-Wave Observatory
LN2 Liquid Nitrogen
LNT2 Liquid Nitrogen TraP No. 2

LNS Laboratory for Nuclear Science (MIT)
LOS Large OPtic SusPension
LRC LIGO Research CommunitY
LSC Length Sensing and ConEroL
LSU Louisiana Stsate UniversiEY
LT Long Term
LVDT Linear Variable Differential Transducer
LVEA Laser,/Vacuum EquiPment Area
MATLAB Control system modeling environment
Mb,/s Unit informalion exchange rate: of 106 bits of information per
MB/s 8 Mb/s: 106 Bytes Per second
Mbps Megabits Per second
Mft>s MegabYtes Per second
MrcS DOE Mathematics, Information, & Computer Sciences
MIMO Multiple Input, Multiple OuEput
MFtoPS Million Floating Point Operations Per Second
MOPA Master Oscil}ator, Power Amplifier
MPE Message Passing Extensions
MPI Message Passing Interface
MSFC NASA Marshall Space Fligtht Center
NPACI Nat'l Partnership for Advanced Computational Infrastructure
NPRO NonPlanar Ring Oscillator
NIM Nuclear Instrumentation Module
NIST National InsEitute of SEandards and Technology
NS Neutron St,ar
NSB NaEional Science Board
NSF National Science Foundation
OC3 Communication bandwidth designation: 1-55Mb/s
OC12 CommunicaLion bandwidth designation: 640 Mb,/s=4X OC3

oOP Object OrienLed.Programming
OPI OPerator Interface
Optlev Optical Lever Alignment System
OSEM InLegrated Optical Position Sensor/ElectroMagnetic driver
OSIX Plat.form Operating System Independent Standard for sofLware/har

l-nEerlaces
PAC (LIGO) Program Advisory Committee
pAW Data analysis package developed and distrj-buted by CERN

Pc Pockels Cell
PD Photo-Detector
PDR Preliminary Design Review
PDRR Preliminary Design Requirements Review
PEM Physical Environment. Monitoring System
PERF Performance
PLC Progra(unable Logic Controller
PM Project Manager
PMB Performance Measurement Baseline
PMCS Project Managlement Control System
PMDAQ Physical Environment Monitor Data Acquisition
PNI Phase Noise InLerferomeler
PNNL Pacific Northwest Nat.'l Laboratory
pOSIX estabtished industsry standard for software/hardware inEerfaces
PSI Process Systems International
PSL Prestabilized Laser
PZT Piezo-electric Transducer
QT Qualificat.ion Test
QTR Qualificalion Test Review
RAID Redundant Array of Inexpensive Disks
RAM Responsibility Assignment Matrix
RANCOR vessel subcontractor to PSI
RCM Recycling Mirror
RDIAG Remote Diagnostics
REO Research Electro-Optics (Company Name)

frle:lllZUweblacronyms.html
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LIGO Site Layouts.

thnford, WA
(4lm+ 2 km)

Livingston, LA
(4rm)

lll





LIGO Project Status

Gary Sanders

NSF Technical Review

October 28 r 30, 1997

tlml LtGO-G970249-00-M



Gravitational Waves
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LlGo Detector Spectral Noise Density
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LIGO I nterferometer Configu ration

recycling

mirror

photodetector
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Two LIGO Observatory Sites
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This Talk

o Technical Status
o Cost/Schedule Status

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

. Evolution of LIGO Organization
)>LIGO Scientific Collaboration and LIGO Laboratory

- Hanford Observatory operating organization is functioning

))LIGO Program Advisory Committee

X-$ffiffi ffimffis{t&r#t$*sx $m 65% ffi#vv}ptmt#$
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P roject Managqr's View:
Status of the Project

cosVschedule

Facility bid jeopardy passed at time of last review

Technical risks in facility construction have been managed

Facility/lntegration Groups have managed many

"workarounds"

Hanford site entering Operations phase

Detector design reaching firm definition

lndustrialization of detector is underway

Many technical risks in design have been resolved

Remaining technical risks and bid jeopardy resolved by

next review - readiness for detector installation

LtGO-G970249-00-M



Technical Highlights r Vacuum
Equipment

. Vacuum Chambers
>) Hanford vacuum equipment complete and being installed on site

> > Livingston vacuum equipment complete early in 1998

. Gate Valves
> > Hanford valves installed

) ) First Livingston valves installed

- others awaiting shipment when buildings are ready

o Pump sets in use to pump beam tube acceptance tests

I LtGO-G970249-00-M



Vacuum Equipment System Cartoon
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Vacuum Equipment ls At Hanford



Technical Highlights r Beam Tube

o Hanford Beam Tube Complete

) > X arm 2 km modules passed prebake outgassing and alignment

-Viton outgassing appears to provide limit to leak detection sensitivity, but well

below our requirements

) ) Y arm acceptance test underwaY

o All baffles installed at Hanford after resolving glass coating

and weld cracking Problems

Livingston beam tube fabrication underway

Livingston Installation is ready to proceed

>>lnstallation Readiness Review successfully completed last week

12 LrGO-G970249-00-M



Outgassing Result From First 2 km
Module

Table L: Prebake Outgassing Rates (torr liters/sec cm2 )

gas
measllred at

1100 hrs
assumed llt comments

I{e < 7.4xh(l-ra larger than QT by 2
max correction for ordinary 304 SS

2.7 x 105 "*2 at J(H2 ) = 1x 10-ll

J"q.,iu (Hz ) < 3.5 x 10-la

CO 6.9 x 10-1s 7.6 x1o-12Iqn) smaller than QT by 10

coz 1.9 x l0-la 2.1x10-ll/t(hr) smaller than QT by 2

cH+ 5.2 x 10-16 5.6 x10-13 / t(ttt) larger than QT by 4

Hzo 8.0x 10-e/t(trr) see table 7 and 8
smaller than QT by 2

Hydrocarbons

\tt,+t, ss, st

gxl0-3*J(H20) larger than QT by 2

13 LtGO-G970249-00-M



Technical Highlights r Hanford Civil
Construction

Hanford beam tube enclosures construction complete

Hanford site buildings are complete, testing is underway

Hanford buildings are all in joint occupancy or beneficial

occupancy.

Followon contractors now working in buildings

> > Beam tube bakeout insulation contractor working in enclosure for module

X1 - kickoff last week

) )Vacuum equipment installation contractor is working in LVEA and several

other buildings

> >Office Support Building (OSB) f urniture is inside and offices are being

occupied

))Computer network is being brought online

14 LIGO-G970249-00-M



Artists Concept of orner Station r Aerial
View

PHOTO SHOWN HERE

15 LtGO-G970249-00-M



Hanford Corner Station Aerial view



Technical Highlights r Livingston
Construction

. First arm slab is complete
o Second arm slab is under construction
o Livingston buildings are in advanced stages of construction

and are ahead of schedule
. Site access road problems have been successfully man-

aged
. Site schedule coordination has dealt with several schedule

disconnects and conflicts, preserving schedule

17 LtGO-G970249-00-M



Livingston Corner Station
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Livingston Beam Tube lnstallation

LIGO-G970249-00-M



ocToBER 1997
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Technical Highlights r R&D

o MIT Phase Noise Interferometer

)>Demonstration of phase sensitivity -2 x 1A-14 radAlHz,wilh 150 W

circulating 1064 nm light Power

. CIT 40 Meter Interferometer
)>Power recycled Michelson is running with recycling gain *4

-Lock acquisition guided by LIGO modeling

-Fabry Perot cavities to be added next

))LIGO end-to-end model has successfully reproduced single cavity

response

- more modeling tests Planned

21 LtGO-G970249-00-M



power Recycled Michelson Acquiring
Lock

TeK StoP: 250 S,/s
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Phase Noise Sensitivity From MIT
lnterferometer

Phase N€iae Inlerlemmelet

lr€q(hzl

10/t 4lg7 , 2
10/17197, 1
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Technical Highlights r Detector

. 10 W laser delivered by Lightwave Electronics; meets our

power and noise requirements

o Most Corning and Heraus glass for core optics is delivered

) ) absorption requirements met

Polishing and coating underway

Seismic isolation fabrication contracts are being initiated

) )*creak" testing of springs carried out with encouraging results

) )"First Article" fabrication initiated

24 LrGO-G970249-00-M



Technical Highlights r Detector

o Final designs for Length and Alignment Sensing and Con-
trol Systems underway

. Small Optics Suspension fabrication initiated

. Large Optics Suspension ready to bid mechanical fabrica-
tion

. Final design of Control and Data System global achitecture
nearing completion

. Vacuum Control and Monitoring System complete and
being readied for use in Hanford

25 LtGO-G970249-00-M
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Funds, Commitments, Costs

F rdrg
-..r-Adrd Costs

Ccts P[s Corrrritnpnhog
I
E
@
l-s
oo

300

250

200

150

100

50

1 995 1 996 1 997

LIGO Fiscal Year

1998 1999

rro

1 992 1 993 1 994
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Contingency vs. Estimate to Complete

50
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Contingency vs. Percent Cp[Plete
(thiough September 1 I 97)

2O"/o 4O"/o 60% 80% 1007o

Percent ComPlete

r--e
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LIGO Funding by NSF Task and by Year

Fiscal
Year

Construction R&D Operations
Advanced

R&D
Total

Thru
r994

35.9 ll.2 47.1

1995 85.0 4.0 89.0

r996 70.0 2.4 72.4

1997 55.0 1.6 0.3 0.8 57.7

1998 26.2 0.9 7.3 2.7 37.0

1999 20.9 2.8 23.7

2000 2t.r 2.9 24.0

2001 . 19.1
(1"0 months)

2.9 22.0

Total 272.1 20.0 68.7 L2.l 372.9

Att funds shown in 'then-year' $M

tL#l 30 LtGO-G970249-00-M



Costs and Commitments through
September 1997

(All Entries are $ Thousands)

ttlt lSlli- f L. r'- Pts,. 

- 

q 
- - 

FF. 

- 

- - - 
a r' 

- 

- - -' 
" - 

-' 
--

1.1-1 212* 956 3,040-- 1,758 452 28,066 17'787 45'853

1.2 17.262 4.795 3,687 qz96 rr/ 30'316 16'062 46'3

1.3 6.2s7 958 z,WA 1J47 2'162 14'ffi8 7'3fts 21',44

1-4 14.117 4.705 7,555 8,659 3,391 38,427 1-Q855-------glp93,

.2 6.270 1,521 
- 

2.267 1'720 1,072 12,850 8'cf,2 20'912

r ? 16 a16 845 Bg2 7g2 261 19'457 1,442 20'8W'-_ .

1.4 16.288 1,452 2"102 '1,99 576 21'9f0 2'M 24'.U4

TLlGo 2 (0) g (2) 
', ,(9J,*," *,. o, (Jl'.r''0.'0u,*or,r,#**r,,,r,**=,*rJF

Cumulative
Actual Cosis 98.246 113,477 1!6,477 156'431 165'113

Open

Commitments 91.492 109,800 98,

lotal Gosts plus
brnmitments f B9.73B 229,277 235,252 ?a'm

Note: unassigned costs have not been assigned to a LIGO wBS, but are continually reviewed to assure proper allocation'

31 LtGO-G970249-00-M



Major Detector Subcontracts

Suhcontract Award Date
Award

Arnount

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

Fused Silica Mirror Blanks - Heraeus Amersil August 1996 $1230K Competitive

Fused Silica Mirror Blanks - Corning, Inc. August 1996 $360K Competitive

Seismic Isolation Stack Development - Hytec August 1996 $r865K Change Order

Optics Polishing October 1996 $6sK Competitive FFP

Full Service Polishing December 1996 $1250K Change Order

C)ptics Coating Spring I997 $r700K Change Order

Detector Stack tr'abrication Winter 1997 $8000K Competitive FFP

10W Lasers Winter 1997 $s00K Change Order

Suspension System Fabrication Winter 1997 $2900K Competitive FFP

IOO Fabrication (University of Florida) Winter 1997 $1300K Change Order

Optical Modeling Winter 1996 $200K Change Order NTE

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

Suspension System Fabrication Winter 1997 $2900K Competitive FFP

COS Telescopes Spring 1998 $150K Competitive FFP

In Vacuum Cables Winter 1997 $100K Competitive FFP

Network Installation - Ilanford, Washington Winter 1997 $100K Competitive FFP
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Staffing History

-TotalFlead 

count

Full Tlnre &uivalent (FTB

Drect Charged to LIGO

SONDJFMAMJ
fi/onth

JASONDJFMAMJJASJFMAMJJA
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Summ ary of Technical Status

o 40 Meter program is still behind schedule (X) but has
achieved power recycled Michelson lock with SMAC model
agreement r'

. Input Optics subsystem appears to be progressing under
University of Florida leadership r'

o Heraus glass absorption okay for LIGO low OH glass /
o Load tests of springs indicate no "creaking" r'
o Data simulation program has program schedule r/
o Data analysis program has schedule and requirements y'

. Baffle installation/retrofit in Hanford is complete y'

34 LtGO-G970249-00-M



Summ ary of Technical Status

Beam tube vibration measurement will be repeated. In

preparation.

System startup and shutdown safety plans initiated.

Beam tube bakeout design has progressed through PDR-y'

Gate valve bakeout plan developed . l/
Detector support hardware plan is progressing. r'
Modulation scheme changed to series modulation' r'
In-house optical measurement capability in preparation - y'

10 W laser has arrived. Prestabilized laser integration has

begun.

LIGO-G970249-00-M



Summ ary of Technical Status

o 40 Meter Interferometer is operating with power recycling
and is being used as an operational testbed and training
ground. y'

o Phase Noise measurement has set a lower record in the
infrared and noise sources are being studied carefully. r'

Lflffiffi ffimffistrtiffitlmn im 65% ffiffrr]plwtel
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Status of the LIGOiHanford Observatory
(LHo)

Fred Raab; October 28, 1997



LHO is Now a Real Address

scientists have begun moving in

civil construction largely completed

beam-tube installation & evacuation completed

vacuum equipment installation underway

beam-tube bake out preparations underway

building of the operations staff underway

focus shifting toward future operations

2ot15 LtGO-G970254-00-H



View From LHO Y-End St:ationInside



LHO Civil Construction Status

Y-End Station joint occupancy began 9l\l97
Y-Mid Station joint occupancy began 9l1AP7
Corner-Station LVEA joint occupancy began gl\lg7

X-End Station joint occupancy begins today
X-Mid Station joint occupancy begins today

Corner-Station OSB joint occupancy begins today; offices
are assigned, phones are in and 1st furniture delivery
installed

General Computing Phase 1 Network installation expected
by 1115197

. LIGO Program Advisory Committee meets at LHO Nov 6,7

4ot15 LIGO-G970254-00-H



Photo of Otto New OSB Office
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Status of LHO Beam Tube

. CB&l completed last beam-tube section 7197 and moved
factory

. CB&l completed
off ice

all tubes baffled, aligned

all tubes have held vacuum

some held better than others
>>X2 was leak free

> >X1 leak at mid-station gate valved found and repaired

) )Y1 found to leak; initiating leak finding routine

>>Y2 evacuated and setting up for leak test

beam-tube installation 1}lg7 and moved

6 of 15 LIGO-G970254-00-H



Status of LHO Vacuum Equiprnent
l

o all X-End Station equipment delivered
. all X-Mid Station equipment delivered
o all Corner-Station equipment delivered for both interferome-

ters, except for WHAM9, WHAM13 and 1 cryopump/bel-
lows assembly

. all LN 2 tanks erected; plumbing started
o 2 soft-wall clean rooms commissioned
.c|ean-airskidsfortwobui|dingscommissioned
o expect to start bolting chambers down this week
o vacuum-controls system ready, subject to cleaning

7ot15 LtGO-G970254-00-H



photo of John & Kyle with LVEA Vacuum
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Photo of Dave Barker & Christine Patton
with Vacuum Control Racks
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Status of LHO Beam-Tube Bake Out

Preliminary Design completed & reviewed

Largest major contract (for insulation) signed and work has
begun

Bake-out power supplies (borrowed from Fermi
ered and stored on site

Lab) deliv-

. 500 KVA transformers for power supplies expected 11197

Cooling plant for power supplies expected starting in 12197

Other major equipment items (RGAs, cryopumps and data
acquisition system) nearing end of specification phase

10 of 15 LIGO-G970254-00-H
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LHO Staffing Status

Position Status Position Status
Head i:r"*cl {dll;.lh Senior Scientist-2 open

Facilities Manager Otto Matherny Scientist-2 open

Vacuum Engineer John Worden Scientist-3 open

Senior Scientist Ops Speciah st -2 open

Scientist Ops Specialist -3 open

Software Engineer Dave Barker Ops Specialist -4 open

Electr. Engineer f{iq: h;u'r.i iu,'i ril;u i 1r y Ops Specialist -5 open

Vacuum Specialist K"*,]* $t i,;1-* Ops Specialist -6 open

Ops Specialist ,\,ti,,,,:r,: j . f rh if l:;i; I Ops Specialist -7 open

Administrative Sec. open Ops Specialist -8 open

Optics Specialist open Ops Specialist -9 open

Electr. Specialist open

uqdN
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Front-Burner lssues at LH

establish General Computing network & infrastructure

acquire site instrumentation & furnishings
guide acceptance of facilities

set up labs & shops to support detector installation
o plan & coordinate detector installation
. staff accordingly

14 of 15 LIGO-G970254-00-H



Faclities largely constructed and poised for operations
Construction hand off to Operations peaks in Spring gB

) )completion of vacuum equipment installation - March gB

) )arrival of prototype laser - April gB

significant challenges in next six months
>)understand physics of the site & structures

) )set up labs & shake down facilities

)>hire staff (one position a month)

> >coordinate detector installation at sites

)>begin beam-tube bake out :
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NSF Review 10128197

LIco-Livingston Site Status and Plans

Mark Coles

Oct. 28, 1997 Mark Coles

slide 1 LIGO-G970250-00-L



Civil Construction Schedule

o Building construction is within overall site schedule envelope of
completion by March 9, 1998

o Hensel-Phelps (Bldg. Contractor) anticipated joint-occuPancy dates:

Left Arm end

LVEA
OSB

ro /24/e7
12/3L /gr
12/st /e7

Oct.28, 1997

slide 3

Right Arm end 1, /25 /98

Mark Coles
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Beam tube

. CBI has accelerated the beam tube fabrication and installation
schedule.

Actiaity Planned Accelerated

Start Fab 10/1.4/97 8/23/97

Start Right arm t2 / 18 / 97 L0 / L3 / 97

Start Left arm 5 / 21 / 98 lanlFeb 98

Oct.28, 1997

slide 4
Mark Coles
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Beam Tube Factory Status

. Factory demobilized from Pasco in May,97 .

. New 800 foot long building leased by CBI in Magnolia Beach,
approximately 23 miles from LIGO site

o Equipment installation began Iuly,97 .

o First tube formed in La on Aug. 20

o Number of tubes fabricated - 90 (10 per week)
o Number of tubes leak checked - 60 (10 per week)
. Initial cleaning results are acceptable

FTIR results about 10% higher than Hanford, on the average - 70"/"
of max

Oct.28, 1997

slide 5
Mark Coles
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Beam Tube Installation Status

o Installation equip*ent on site ^' Oct 1'

o Survey work
-brass markers at BT-VE interface points

installed and measured.

o IRR Review held 10 /Zg/9f
o First beam tube welded to valve on

10 /t7 /e7

Oct. 28, 1997 Mark Coles

slide 7 LIGO-G970250-00-L



BT Issues

o Good overlap of k"y staff between Hanford and Livingston,
resulting in faster startup.

. Initial CBI concern about skill level of local hires in La -
CBI now says they are satisfied with the quality available - it is
comparable to Hanford.

o Site access

no parallel roads like Hanford.
Need to be a good traffic cop

Oct.28, 1997
slide 9

Mark Coles
LrGO-G970250-00-L



Beam Tube Slab Schedule

o Contract modified to accommodate CBI BT acceleration

Item WWC contract Revised Actual CBI required

Rightarmslab 11/30/97 | 9/t/97 9/1,/97 9/1/97

Left arm slab 5/1/98 t/1/98 L2/I0/97* 'l'/'l'/98

(planned)

Note: $160 K acceleration incentiae to complete X-arm by 9/1

Left arm detail:
prepare base course 10/24
place rebar 70/31

slab paving 11, / 25

Oct. 28, 1997 Mark Coles
slide 10 LIGO-G970250-00-L



Bearn tube slab

o Flatness - design specs are:

o +l- l" over L00'

o +l- ]il8" over L0'

o Right arm meets specs

some remedial cutout and replacement was required

Oct.28, L997
slide 11

Mark Coles
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Beam Tube Enclosures

o Enclosures manufacturitg is on schedule -

900 cast I

o Acceptance is behind schedule - this has not been a priority item
with Parsons until recently

150 accepted

Oct. 28, 1997 Mark Coles
slide 15 LIGO-G970250-00-L tlr#l



Vacuum Equip*ent

o 3 of 5 BSC's mechanically complete ready for cleaning and testing

o 2 of 6 HAM's ready for cleaning and testing

o A11 four 80K pumps about half complete mechanically

o Manufacturing is comfortably on schedule

o Anticipate VE installation in LVEA in March 98

Oct.28, 1997

slide 17

Mark Coles
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Issues

o Blistering of foam insulated exterior panels
Plan to install shorter length replacement panels with an exterior hori zonal
joint, subject to demonstration by contractor that this is acceptable/ durable.
Contractor is proceeding on their own risk in the meantime.

o Fence

Mark Coles
LrGO-G970250-00-L

required to go to CCB for contingency to install cow fencing to keep the
livestock off our site. Needed primarily to maintain BT slab elevation
(survey string)

o State Access Road
Louisiana State was late in their road construction for the LIGO access road.
This required us to accept an "unfinished" construction road. State will now
finish the road AFTER the construction of LIGO is complete.

Oct.28, 1997

slide 19



Staffing

o 5 full time LIGO staff on site at present for civil construction and beam
tube fabrication and installation oversight.

. 2 fuII time Parsons CM staff plus one additional?/3 time.

o Plan to make the first scientific staff appointments during 1998, to
assist with preparation of lab infrastructure.

Oct.28, 1997

slide 21
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LSU Connections

o Beginnirg to receive some site infrastructure suPPort for
computer networking,Lsu is providing Internet service to the

Livingston site via ISDN

o TL upgrade next year

o Plans for T3 and links to Illinois NCSA site via SEPSCOR (NSF)

o Exploratory dialog developing on LIGO related educational
outreach programs

Oct.28, 1997

slide 22

Mark Cqles
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Summary

o On schedule
Livingston is benefitting from Hanford learning curve.

. Tighter site access will be a critical issue that requires
close monitoring throughout beam tube installation.

o Development of site staff and utrhzation of potential
LSU resources will be important tasks for the next
year.

Oct.28, 1997
slide 23

Mark Coles
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Data Formats

Data Analysis

and

Modefing Activities

Albert Lazzarini

NSF Falf Review
28 - 30 October 1gg7
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OUTLINE

o Data Formats for LIGO Detector
)) Status & update

) ) New specification and frame software library

) ) lmplementation at LIGO 40m prototype

) ) C++ redesign of library -- ttser interface(s)

o LIGO Data Analysis System (LDAS) for the
lnitial LIGO Detector

)) Status & update

)) Design requirements/functional requirements

) ) lmplementation concept

) ) Ongolng activities

) ) Planned task; schedule, staffing, etc.

o Modeling & Simulation
)) Status & update

) ) 40m modeling activities

) ) LIGO modeling activities

> ) Planned tasks; schedule, staffing, etc.

2

-RevrewVNSF-97-1 
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LIGO
DATAFORMAT

rml
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DATA FORMAT
Update & StatUs

o Meeting with VIRGO/Annecy group in June:

) ) Generated a specification for the frame format

) ) Platform independent implementation

)) Scope:
r data acquisition and archival;

- common format with VIRGO/GEO||AMA/...

) ) tntroduced software standards: POSIX I ANSI

) ) Control evolution of frame after initial approved release
through consortium of participating laboratories/projects
r ftp sites to distribute/control software & documentation

o Planning a follow-up meeting in November

LIGO has established a close (weekly) working
rapport with the VIRGO/Annecy group.

tffil
I nome I lazzl P rcsentatlonYN S F
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Compositional relationships

DATA FORMAT

FILE MAKE.UP

FRAME

@| 
Fil'EHEADER(l pcrrrc)

| | FM,itE

f ENDoFFtE(t prfre)
FRAME MAKE-UP

W FM,ITEHEADERfl ecrrrunf)

f Dr-cnor{Aftr 
i

I DArAct-AssE8 
|t-__-l

lJ E|DOFFM,IiE(r pertamci
STRUCTUREMAKE.UP 

]

tE{qDl
DATAO 488

5

COI,}IIER FOR INSTANCE
oFct-Ags lN FRA,ME
AOOREOATE DATA
0rEsroRwvnntn*ervrFl

* Dictionary structure be!3vior ls unique In that 
i1. ltpreceeds header for first fr"r" "iiil": I

2. Dictionary is built up incrementalfy as-aOOititional
:ti:gly".: are incorporated inro trame 

- - - 
i3. tt is valid for entire file (persistent)

Ltco-ce7p248_00-E
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DATA FORMAT
ongoing aCiivifies

o New release of frame library by VIRGO
)) g 112 month effort culminating in Rev 3.4, consistent with

Rev. B of sPecification
)) Released to GEO & TAMA via ftp sites

) ) Software validation is a collaborative effort among a
number of grouPs:

- VIRGO - code develoPment

-i""#$-,ff'ementationinhardware

- debugging new features
r Univ. of Wisconsin (8. Allen)

- incorporation into prototype analysis software (GRASP)

- cAcR (center for Advanced computing Research)
r eomputational resourcesfortestbeds/analysis

) ) Plan to target frame l/O interfaces with commercial
analysis envi ronrnents

- MATLAB

- Mathematica
I IDL
I

tffil
t home I lazzl P r es entahonYN S F
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DATA FORMAT
Ongoing-activities

1

' Data compression (lossless) incorporated into
f ra 

1e':?J:ll ;:H-T, ffffi I f,flff 
)

r - 2X reduction in volume of files

o Direct savings in media per year

Results of GZW compression on Frame Thanslation of 40m Data Oe72 s)

GZIP Level Differentiation Thanslated
Frame Size

Frame Size vs.
Raw Data Size

Time (7a cpu)
to Tlanslate

Vo Real-time

None No 1282532t(J 97.67Vo 975s (7.4Vo) 5.9Vo

1' Yes' 667693 kB 5A.85Vo l46ts (75?o) 8.9Vo

No

t'es

No

I'es

No

Yes

No

726?fi9t<B

640s49 kI|
706373 kB

62tt57 t<B

697533 kB

619965 kB

696613 kB

55.31Vo

48.7$Vo

53.8OVo

47.3l%o

53.t2%o

47.217o

53.05Vo

1494s (72Vo)

1799s (789o)

1863s (77%o'l

3951s (91Vo)

3187s (837o)

4940s (9l%ol

4407s (87Vo)

9.lVo

lA.9Vo

u3&
21Vc

19.3Vo

30Vo

26.770

rml
I homel lazZ P I esentationVN S F
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DATA FORMAT

o Future plans (1997/1 998)
) ) Object Oriented lmplementation in C++

r Separation of Frame l/O -- User Application PrOgrammer
Interface (APl)

)) VIRGO/LIGO participation in redesign effort

- Continue design of Frame l/O classes
r Develop a Frame API specification

) ) lmplementation
r Gontinue testing with 40m DAQS (important!)

tml
I homel lazzl P r ese ntallonYN
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LIGO DATA ANALYSIS SYSTEM (LDAS)

I
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Data Analysis for Initial LIGO
Status & l.Jpdate

o Presented an overview of LIGO plan for initial
LIGO analysis system ("LDAS") at June PAC
Meeting at MlT.

) ) White paper presented

) ) General approach endorsed

) ) lssues:

- Requirements/goals
r Schedule

- Magnitude of data archival

- Definition of reduced data sets

o Efforts from June to present focused on
defining LDAS requirements and
i mplementation concePt

) ) LIGO Design Requirements Review by 1 December

) ) Review committee to include experts from outside

tffil
I homet lazzl P r es entati on s/N S F
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Data Analysis for Initial LlGo
- i-- Status &-Updatefcontinued) -

o Benchmarking (Aften in collaboration with
CACR and LtcO)

Software prototyping

Derived cost estimate

Developed implementation ptan for general
computing infrastructure at observaiories

Dr]gloped a schedufe to develop LDAS for
LIGO lcommissioning

Demonstrated Lf Go I data an?lysis (on fine)
component feasible

trfrNl
I hom e / lazzl P rcs entationVN S F
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LIGO Data Analysis SYstem (LDAS)
Requ!rements

o Mission-critical services:

) ) Provide on-line analysis at the observatories.

) ) Process and reduce the raw LIGO datasets at the off-line
center to prepare the data for archival storage and
retrieval.

) ) Provide computational and storage resources for off-line
analysis using the archived data

) ) Provide a flexible design which can be reconfigured to
reftect ngw analysis oicomputational requirementS as
they evolve.

) ) Provide access to LIGO data from all LIGO Laboratory
sites and also from member institutions of the LIGO
Scientific Collaboration for the LIGO I search.

tml
I home I la72l P rcs entatlons/N S F
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LfGo Data Anatysis system (LDAS)
_Bequirements

o TWo LDAS components

) ) On-line LDAS (@ observatories)

- Two systems, one for Hanford, and one for Livingstonr Hanford system handres 2 interferometers
)) Off-line LDAS (@ CACR/CIT/M|T)

- Collaborative arrangement with CACR
' Dedicated LlGo hardware within cAcR on scale of

observatory systems

_ 
Database archive

' strategic use of other cAcR facilities as available

- Transparent access for otf-line analysis of archived data

: 
L|GO Laboratory -- CtT/MlT
LIGO Scientific Collaboration

o wide area network (wAN) to enabfe inter-site
communications

) ) University scientific and engineering support to
Observatories

) ) Access to archive database
) ) Access to real-time data from observatories
) ) lnter-observatory event sharing

tml
/home/lazlPresentations/NSF
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LIGO Data Analysis System (LDAS)
Flanr rirarnanteI r\.rYu!r vl I rvr rLv

o lmplementation attributes:

) ) Flexibility => No (or very little) custom hardware with
custom software interfaces

) ) Extensibility => Modular (not function specific) component
design

) ) Portability => Upgradable hardware under same software
or vice-versa => POSIX compliance, software standards,
etc.

) > Maintainability => object oriented programming design
("reusable software components")

Design reflects current approaches to lalge-scale
.softw arehardware development efforts

14 Ltco-ce70248-oo-E
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LlGo Data An3rtysls system (LDAS)
_ i Functions-

. o On-line component

tml
I hom el lazz| P rcsentation VN S F_

) ) diagnostics support

- regressionandcross-correlations
r tests Mo closed loop feedback to interferometers

) ) characterization of sensitivity
r noise stationarity

) ) signal processing for detection
- best estimate strain

reduced data sets

- share candidate events

) ) data distribution (limited)
r near real-time data available across LlGo Laboratory

15
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LIGO Data Analysis System (LDAS)
Er rna*ianc.I tlf l\rtl\71 li)

o Off-line component

) ) data ingestion/data reduction
r process, reduce, and incorporate recent data into archive

) ) data distribution
r retrieve, filter, and deliver data to LIGO researchers

) ) large scale searches

- expanded searches (multiple interferometers, deeper, lighter
masses, etc.)

r extended searches for periodic sources (larger search area,
greater parameter sPace)

) ) non-time critical searches

- stochastic background

- data mining

- refined analyses, etc.

) ) algorithm prototyping and development

) ) hardware upgrade/prototyping testbeds

tffil
,home | | azzl P I es entations/N S
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LIGO Wide Area Network

- LlGo draftg! prgpog-ed Mou between NSF/DOE to estabtishaccess to ESnet at Hanford -- presentfy @ nsF to, review.r 
Kt[ng. with LSU to set up f lnk to Livingston; access tovBNS when avaitabte @ LSU

WANILAN connectivity among LrGo Laboratory sites

tml
1homel 

I azzJ P r esentattons/N S F
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LDAS Prototyping Resu lts

o DATA ANALYSIS
) ) Inspiraling binary detection data flow

- 40m data

:":#ilffi ff{ff illff*llh:,ff :,
CACR

- CACR Beowulf (linux) cluster - experimental system

lno*TrB$igfJif3 
MHz PCs *, rast ethernet

- LIGO Sun Ultra Cluster - high end WS W slow
ethernet

-,::l3Ji3'&19?l.;:T'ffif, memorv murti-node; ratest

. Archive retrieval and transmission of data
) ) Throughput from archive prototype (CACR HPSS)

achieved at LIGO bandwidths:
> 7 MB/s for 100G8 files with ATM

o Spreadsheet model of LIGO LDAS data flow to
project costs/system size using expected
technology growth

Results demonstrate feasibility of implementing
LIGO LDAS concePt

18
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LDAS Prototyping Resu lts
BenChmarks

))

))

Wiener (optimal) fiftering to detect short templates in data
very paraf fel: fook for each of s4.000 templates ineach data segment.

Number of cPU's to keep up with data stream (l9gz technotogy)

full LIGO (extrapolated)

Beowulf Pentium pro

optimized FFT: Kuck for Paragon, SGVCray, Sun Performance, FFT'W for Beowulf
) ) All these systems can provide

- parallel debrrg_g.e.Is, p.rofifers, optimizing compiters,
assembler FFT libraries.

) ) MPI code can be improved significanily;
- Relative pertormance figures expected to change tittte,

) ) Results are representative forr generic problem of searching for ,,short'n templates insignals.

Expect performance by l ggg to improve
2X - 3X as technology improves
(higher clock speeds, etc.)

fml
I home / lazzl P rcsentations/NS F
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LDAS Prototypi ng Resu lts
4Om data analysis

o HARDWARE:
) ) Developed a Client-Server Frame lO package using UNIX

sockets lwitn TCP/IP communication -- ethernet)

) ) Unix to vxWorks with Fast Ethernet link meets DAQS
requirements: 5.9 MB/s

" : 
- 
ffi:'''n' jfi''Ilfil:XTlilr 

or rasr chan ne,s
acquired @ 40m with DAQS

o Next:
) > Install client server package on Reflective Memory

network
) ) Add more bookkeeping

tffil
I homel lazzJ P rcsentation YN S F
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LDAS P rototypi ng Efforts
alysis

o SOFTWARE: Use of PAW with Frame lO

) ) Exploit availability (and experience of newly anived
postdocslto USe-Cf nru library tools for data visualization
r Tools primarily for discrete, tagged,.glel.ts characterized by a

numbbr of simultaneous channels (HEP)

Need to incorporate signal-processing (FFTs, spectral cross-
correlations, etc.) into PAW --> extracVimprove upon Some
GRASP package!(s).

) ) Multiple channels of data can be viewed at a time

o SOFTWARE: Metadata - collateral information

o CDs-generated information:

- configurational databases (the "settable parameters")

- health/status information

- trend summaries
r etc.

o Detector diagnostics information:

- test results

- parameters/fits

tffil
lhom e I lazzl P r esentationVNS F
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LDAS Prototypi ng Efforts
40m ciata anaiysis

. SOFTWARE: Metadata - collateral information
required to analyze GW time series, etc.

o Detector diagnostics information:
r in general, "the measurable parameters" defining the

intederometer characteristics --

- optical quantities;

- transfer functions;

- gtc.

o Data analysis information:

- non-LIGO data/events;

- frame data tape summary data (index into the archived
data)

- LIGO events summaries (TBD)

o Data'::::?::f 
,:T::,*.

- Metadata about frames: calibrations/anomalies reported/etc.

- External (non-LIGO events): earthquakes/storms/etc.

: :ilflff::il'J..;rff:'J:1Tffffiil: 
L'Go da'labase

tml
lhomellaz/PresentattonYNS F
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LDAS Prototyping Results
40m data analysis
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LDAS Development
Schedule
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Summary

r ' LlGo Data Analysis system design in the
Design Requirements Review phise

' tfco wAN plan is moving forward
) ) 

il|ft?fE 
interaction to grant access to LIGO of ESnet @

) ) 
,HffHflrrynlrt, 

to set up rink from Livinsston to campus

o Prototyping and benchmarking activities are
crucial to completing design

j ) > Feasibility -- benchmarking
) ) lmprovement of co.ncgpts.- utirization of 40m prot_otype

DAQS and cAcR to devetoping diii inarysrs concept
- Compression/signal conditioning/reduction studies

) ) Validation of software

- Frame library software

- Data server software

- GRASP

) ) Pulsar search benchmarking: different probfem
- Communication fabric is heavily stressed by gigapoint FFTs.

- Notan on-line search, however

tmf
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Modeling and Simulation
j- -#ail+s-&Update-

o Took data for a single cavity and started model
comparison and validation with 40m prototype

) ) Used multi-mode time domain model fOi Qualitative
comparison of scans

o Single mode (TEMoo) time domain model
integrated into end-to-end environment

o Continuation with end-to-end model foundation
) ) GUI interface to engine

- ) > Subsystemrmodels under development

. Interface to data analysis at the Frame lO level

o Developed a schedule for the end-to-end model

rffil
I hom el lazy' P I esentationVN S F
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Modeling & Simulation
40m measurement & analysis results

o Measured a large set of time-domain fringe
sweeps of a single cavitY

) ) measurement of opportunity between recycling
instal lation activities

" :'uiln:'i,T:f,:l?::ffiffi ,'iiff iT 35i ;::i, s de
bands

,, j":ffi? 
;imultaneoustv 

transmitted intensitv

- sensitive primarily to TEMoo carrier
r no interference

- useful to identify components of the reflected demodulated
signal for further interpretation and analysis

) ) time domain signals allow measurement of cavity physical

fffil
I l'pmellazzl P r esentationVN S F
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Modeling & Simulation
- -€fid-to-end-modeling-fesults

-----

o Reorganized computational engine for opticaf
cavity time-domain model

) ) 10X improvemehf in speed foi few element systems
) ) made data type passing inter{ace between C++ modules

less general
) ) speed up possible because source code developed in-h-

ouse; commercial simulators could not be modified
o Began development of the application user

interface (APl)/graphical user interface (GUI) to
allow for "user-friendly" front end

> ) migrate from script-based configuration
) ) designing fiterpreter/translator to read/create scripts from

graphical ("block diagram") representations of hardware
) ) still to consider: how to absorb modeling results and

outputs from user presentation: visualiz-ation, analysis,
display,...

) ) need: run time control of model to allow parameter
changes/variation to be input without reiompilation

tml
I hom e I lazzJ P r ese ntationVN S E
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Modeling & Simulation
E n d.to-en d' mociel ing res ults-

o Modules developed:

) ) digital filter
r simulates feedback & control

- simulates noise sources
r simulates plant dynamics (state space representation)
r mechanical elements -- pendulum/suspended optics,...

) ) optical elements

- free space propagator

- mirrors & beamsplitters (4-port devices)

- electiO-optical components

- phase shifters

- detectors, demodulators

30
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Modeling activities

' o Still needed
) ) seismic isolation system

- exists as MATTAB model being usdd for detector design
r needs to be implemented into end to end (C++) environment

) ) prestabilized laser system
r plan to begin working with PSL team to identify/deverop

components needed for model

- a body of measurements exist (e.g., frequency, intensity
noise behavior in open/closed loop) against which validation
can proceed

)) length sensing control loop topology

- will incorporate final product developed by Detector LSC/ASC
group

) ) Multi-mode time domain model

- elements of model, physics equations delivered as a parallel
Fst (8. Peausoleil, consultant) -- useful for open-loop cavity
oynamtcs

- extension of single mode model under development by D.
Redding -- likely to become basis for end-to-end multiole
mode eng[tq (including closed loop control of alignmeint and
length DOFs) 

\ \

tueNl 31

lhome/lazzlPrcsentationyNSF_Revrews/NSF_97_10/NSFReviewg71028_short.fm5

LtGO-G970248-00-E



odeling & Simulation
Schedule
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ACRONYMS
t

ANSI
API
ASCU
Cr-+
CACR
CDS
CPU
DAQS
DOE
DOF(s)
ESnet
FFT

GB

GEO
GUI
GW
GZIP
IDL
UO or IO
LANAil'AN
tDAS
LSU
MATLAB
Mb/s

MB/s
MPI

NSF
oc3
ocr2
ooP
osx
PAC
PAW

tuc,Nl
lhome/ lazzJ P rcsentattonyNSF

- American National Standards Institute
- Application Programming Interface
- American Standard Code Information Interchange
- Object oriented computer language
- Caltech's Center for Advanced ComputingResearch
- Computer and Data Systems (LIGO Detector subsystem)
- Central Processing Unit: a computer
- LIGO CDS Data Acquisition System
- Department of Energy
- Degree(s) of Freedom
- Energy Sciences Network - DOE WAN infrastructure
- Fast Fourier Transform

- Unit of data volume, 109 Bytes of information: I "CD" contains approximat ely O.64GB or
640 MB.
- Anglo-German gravitational wave detector project
- Graphical User Interface
- Gravitational Wave(s)
- UND( standard lossless data compression algorithm
- Data analysis programming environment
- Input / Output
- Local or Wide Area Networks
- LIGOData Analysis System -

- Louisiana State University
- Control system modeling environment

- unit information exchange rate: of 106 bits of information per second
- 8 Mb/s: 106 Bytes per second
- Message Passing Interface. A software protocol to use in a massively parallel manner a
(large) number of independent CPUs to perform a single large computing task.
- National Science Foundation
- one of several communications bandwidth designations: 155 Mb/s
- one of several communications bandwidth designations: 640 Mb/s = 4X oC3
- Object Oriented Programming
- Platform Operating System Independent Standard for software/hardware interfaces
- Program Advisory Committee
- Data analysis package developed and distribured by CERN

33
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ACRONYMS r continued

RF - Radio frequencY

TAMA - Japanese gravitational wave detector project

TCPIP - Transmission Control Protocol/Internet Protocol

TEM - Mode of the electromagnetic field: transverse magnetic and electric fields

Tl - One of several communications bandwidth designations: 1.55 Mb/s = l%o of OC3

vBNS - Very High Bandwidth Network System (NSF V/AN infrastrcuture)

l00BT - One hundred base T - 100 Mb/s communications rate; also implies an electricaVmechanical

interface.

tffil
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NSF Revievu -

Detector/R&D Status

S. Whitcomb lD. Shoemaker

28 October 1gg7

LIGO-G970252-00-D



Outline

o CosUschedule status
o Lasers and Optics (Whltcornb)
o Suspensions and lsolation (Whitcomb)
o Interferometer Sensing/Control

(Shoemaker)
o Physics Environment Monitoring/Control
-and$ata-system€hoemaker)-
o Summary

2 LrGO-G970252-00-D



LIGO PROJECT
1 -Z iDetector Pnognam: pMB_0A97

Report: LIGOSPA

Etuctget vs
Schedule perfornance ??-jormance ys Actuaf.
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Detector Milestones

Milestone PMP Date
Proposed
PMP Date

Projected

BSC Seismic lsolation FDR 7197 4198 4198

HAM Seismic lsolation FDR 7197 4198 4198

Core Optics Support FDR 7197 u98 498

Suspension FDR ele7 (Act.)

Core Optics Components FDR 7197 1U97 1Us7

Input Optic FDR 4198 4198 4198

Prestabilized Laser FDR 8/98 8/98 8/98

Alignment S&G FDR 4198 4198 4198

Length S&C FDR s/98 5/98 s/98

Detector System PDR 1?/97 1?/97 1z97

CDS Network Installation 9197 4Be 4198

Data Acquisition System FDR 4198 4198 4198

Physics Environ. Mon. FDR 6/98 6/98 10197 (Act.)

lnitiate Interferometer
installation

7te8 (wA)
1/ee (LA)

7ts8 (wA)
l/ee (LA)

7te8 (wA)
1/ee (LA)

Begin Goincidence Tests lAOO lAsO 1?/00

4 LtGO-G970252-00-D



LnSERS

Prestabilized
AND Oprrcs
Nd:YAG Laser:

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

> rSingle Frequency

> > Diffraction-Limited, Single Transverse Mode

) )lntensity and Frequency Stabilization

Double pass MOPA configuration adopted
) )Commercial 700 mw NPRO used as master oscillator

> )Very good beam profile

) ) Moderate efficiency and saturation

Final Design Review TlgT
> >Brassboard results demonstrated key optical performance

parameters (power, beam quality, frequency noise)

Alpha unit brought to LIGO this month
>>preliminary testing at Lightwave at or near all output

specifications, including demanding limits on intensity
noise at 60 Hz harmonics

LrGO-G970252-00-D



Lnsens ANo OPTIcS

Prestabilized Nd :YAG Laser:
MOPA Performance

double-pass output power

300 400
input power (mW)

6 LrGO-G970252-00-D



P resta bhffi?ffi itfu?\tra Las e r :ruesiqn
PrototyRe Prestabilized NPRO tested onPhase Noise Interferometer at Mfr
conceptuaf design for Prestabilized 10 wLaser reviewed a-nd approved

>>Frequency stabilization based on system tested on pNl
) ) Intensity stabilization witf use ampf ifier pump diode current(with AOM as back_up approach)

r 11pas= mod e Gfeaner"teste-tru/-i'T N'',O-
) ) Passive cavity to reduce intensity noise at modulation

frequency (factor of _5)

> )colfaborative effort with stanford group
o Table, erlclosure.gglign nearing completion

(required by Aprit 199E)

7 Ltco-c970252-00_D



LnSERS AND OPICS
Prestabi I tzed Nd :YAG Laser:

lssues
o Have observed significant rate of power

degradation (>1 mW/day) in some 7OO mW
NPRO's

>)Power degradation due to decreasing pump power from
laser diode, but underlying cause still uncertain

- Contamination?

- Defective laser diodes?

=rChargssmadelnlightwavsbuildprocess-toreduce-
possible contamination sources; not sufficient data (yet) to
evaluate effect

> )Some units show long life

- MO's for LIGO lasers will be tested and selected to have

acceptable rate of degradation

) )Continuing to urge Lightwave to find and fix the problem

8 LtGO-G970252-00-D



LnSERS

f nput
AND Oplcs
Optics:

Proqress and Status
Incfudes modufators, beam expanding
tefescope, suspended mode cieaner davity
university of Florida group taking
responsibifity for Input Optics
Modufation scheme reconsidered and
changed to (simpler) series modufation
Prefiminary Design Review hefd Aug ,gT

' optical anafysis of mode-matching
telescope completed

o optical fayout of in-vacuum components
underway

o Long-lead procurements underw ay
>>Bids for optics blanks received

> > Fabrication of small optics suspensions started

9 LIGO-c970252-00-D



LnSERS AND OpIcS
Core Optics:

Procurement Status
o Fused silica blanks for core optics

) )Corning (21 ordered): 17 delivered (ETM's, FM's RCM's)

))Heraeus (18 ordered): 11 delivered (lTM's, BS's)

o Thermal lensing in lnput Test Masses
) )Witness samples have absorption 2-5 ppm lem versus

expected 4-6 ppm/cm

> >Analysis indicates sensitivity degradation -few %

o Polishing contracts moving forward
>>General Optics: 6 ETM's completed, 2in work

> )CSIRO: 4 ETM's completed, 4 FM's completed, 4 RCM's in
work

> )Contract to polisn P Input Test Masses awarded to CSIRO

o Coating uniformity meets LIGO req'ts
> > Full-sized optic fabricated at REO and tested at NIST

10 LtGO-G970252-00-D



Lnsens ANo Oplcs
Core Optics:

Substrate Absorption
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LnSERS AND OPICS
Core Optics:

lssues
o Delay of Heraeus fused silica blanks uses

all schedule contingency for core optics
> >Aggressive procurement schedule had built -4 month float

))Heraeus material used for BS and ITM's (logically the first

core optics to be installed)

o Coating scheduling needs to be defined
' ) > Requires significant block of coating chamber time which

rnustbe-seffi ule*witlr-otherf t E+produeti

> >Original plan (involving 3 coating blocks) may need to be

modified

? Optics for 2 km interferometer still
scheduled to be delivered on time for
installation

> > lf any delays occur, we can rearrange the installation

Sequence to minimize impact on full interferorneter
operation

13 LIGO-G9702s2-00-D



LnSERS AND OpTICS

Core Optics Support:
Proqress and Status

o Responsible for:
) )Telescopes and beam steering optics to extract light for

LSC/ASC from vacuum system

))Baffles and beamdumps in vacuum chambers

o Recent emphasis on design of in-vacuum
beam-red uci n g telescopes

> r 16 cm diameter off-axis reflector with 8x demagnification

) >Total number required -20 => sighificant cost driver

>)Key issue is effects of aberrations on alignment wavefront
sensing system

> > Preliminary conclusion: -?,Jg telescope optics adequate

o Preliminary Design Review planned for
November

t6l 14 LIGO-G970252-00-D



SuSPENSIONS AND ISOUTION

Suspensions:
Ar l

UTATUS

o Small Optics Suspension
))Mechanical design complete, prototype installed in 40 m

inter{erometer for performance testing

))Mechanical fabrication for Input Optics undenruay

o Large Optics Suspension
))Mechanical design complete (multiple variants required for

r different Core Optics)

- ) ) RFQ for fabrication ready to release

o Electronic circuit invented which meets
ran ge/noise req u i rements

> >Simulation and breadboard verify design concept

))Final design in progress

15 LtGO-G970252-00-D



SUSpENSIONS

Seismic
AND ISOmTION

lsolation:
Status

o First Article Fabrication Underway
))First Article fabrication drawings for mechanical structures

finalized and reviewed (June-September)

)>Expect HAM First Article assembly to begin February 1998

o Greak tests of constrained-layer-damped
metal springs performed at Caltech

>>12 hours of data showed no evidence for large impulsive
------€vents;fi€ets tlGO req't for nongaussian noise

o lnstallation sequence for seismic isolation
system reviewed in preparation for design
of assembly fixtures and tooling

o Actuators
) )Coarse actuator design reviewed; mechanical drawings

being finalized, discussions with vendors for commercial
components undenruay

>>Fine actuator range/noise tests being started (for

compensation of tidal motion and rnicroseismic peak)

16 LIGO-G970252-00-D



SuspENStoNs

Seismic
AND lsomloN
lsolation:

Creak Test Results

adjacent sample ditference histogram for force noise measurement
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SUSPENSIONS AND ISOMION

Seismic lsolation:
lssues

o Fabrication schedule is tight

)>Need to have 3 HAM seismic isoration systems ready for

instal|ation April 1998, 3 BSc systems by late Summer

))Somerawmateria|swith|eadtimesuptol2weeks

r r>schedure can be met, but with no ailowance for major

rQhangesbasedonFirstArtic|etesting
' o Gost
a

) >Some items quoted above our budget, Some below --

c Net rikery to be s-1'%above budget (Fab budget -98.7 N

o
))Fabricationusingfixedpricecontracts,

will be *"n"g"itir" facilities fixed price contracts

a

Lt(
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' lnterferometer Sensing and Control

Principal Functions:
o Interferometer Length and Alignment sensing

' Low-noise sensors for detection-mode alignment and cavity length

o Length & alignment control system design

o Strain signal readout & calibration

o End-to-end interferometer diagnostics

ISC has three Modes of oPeration:

o Initial alignment (all mirrors within 0.5 prad)

o Acquisition (acquire resonance)

-a
Operational sensors use interferometric sensing

o length relies on RF-modulation-demodulation techniques, null servos

, Pound-Drever-Hall for common mode ('reflection locking')

> asymmetric interferometer for differential mode (not white-light ifo)

o alignment similar; uses quadrant diodes, measures shear between carrier

and sidebands

> near- and far-field to separate angles from displacements
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Al ign ment Sensi ng/Control

Basic system design and prototyping of sensor well advanced

o Fixed Mass Interferometer verified sensing model, control concepts

o also, tests on Wavefront Sensor head and demodulator concept

Further sensor hardware tests in preparation or underway

. Phase Noise Interferometer uses autoalignment (but with analog servo)

. 40m use (re-use of FMI parts) imminent

Test bench for test of digital controller in construction
traaaaa-rla-ataala-aa

:1..-r..tr.r.-trl'r i

('3 *uu"rrontsensor @ RFoscillator analog filter

19) demodulator angle conrroltuut"*k* oo,lt#

o end-to-end test of a simple cavity; prototype for Mode Cleaner controls
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Align ment Sensing/Control

Significant Activity this last half year: Initial Alignment

o must bring components from non-aligned to < 10-6 rads

. length control system not well-defined 'plant' for larger initial angles

o theodolites and precision monuments used to establish initial pointing

> initial articles of the surveying tools acquired

> test at Hanford planned in coming months

maintaining pointing during acquisition using optical levers

> complete prototype constructed and in long-term test

!- I r'_-L ' L- |
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Al ignment Sensing/Control

Diagnostics for Alignment and Length

o special role in interferometer diagnosis: most subsystems rely on Align/
Length tor diagnostic functions

test mass to accidental rotations; transfer functions of isolation
system;...

o both Alignment and Length use digital signal processing, unique in LIGO

Requirements: capabilitY to
> extract and display any (digital) signal, including internal servo signals

' add a stimulus to error and/or control signal using predefined
waveforms (in ban , up to several Kllz

> correlate the diagnostics read-outs with PEM signals (off-line).

o Presently in conceptual design; test Length aspects on Phase Noise
I nterferometer (after phase demonstration)
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Length Sensi ng/Control

Preliminary Design comPleted
o Subsystem functional block with principal interfaces

MODULATION

DETECTION 1

!t"d-, umbilical

+opticalsignal
+RF signal

+ AF signal

+controUmonitor

4, PSU
loo

ACQUtSTflON
MODE

CONTROLLER

PSUTOO
DRIVE

sus
DRIVE

199:rrr|

LOOP CONTROLLERS ACTUATOR DRIVES

...+ sus
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Length Sensi ng/Control

Lock Acquisition
. states identified; stable servoloops developed for each state

o two'tricks' needed:

' guided lock acquisition, with intelligent deceleration of masses

State I

r-=={ /.l II c+
\

State f

o productive interaction with 40m

LIGO Project

I

to test models/aid labwork
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Length Sensing/Control

Example: Schematic of differential length control system

Requirements:
o hold arm cavities on resonance to limit laser amplitude noise coupling

(-ro-tg m rms): requires high loop gains at microseismic peak (0.16 Hz)
and isolation system resonances (1-10 Hz)

o hold Michelson at minimum without corrupting GW sensing due to limited
shot noise sensitivity in Michelson; requires high gain (-100) at -2 Hz,
unity gain at 30 H2,0.1 at 47 Hz.
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Length Sensi ng/Control

Requirements for calibration of absolute strain sensitivity
o Absolute strain amplitude: 5"/"

o Timing of incident GW: +50 psec relative to world time

Two systems to be employed
o calibration of coil currents to force, leading to known displacement

> developed/used on 40m, PNI; requires some care

o Photon Actuator

> test planned on Phase Noise Interferometer
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Length Sensi ng/Control

Photodetectors
o lnGaAs devices have undergone additional testing

o Additional commercial sources identified

o photodetector'head' (diode, resonant circuit, preamplifier, monitor)
designed

' in test on the Phase Noise Interferometer (right test of dynamic range)
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Length Sensi ng/Control

Digital transmission of test-mass control signals
. required to send signals down 4km length

o puts entlre system in d!g!ta! domain: flexibility abounds

Requirements on dynamic range severe
o control signals to test mass span from tidal motions (hundreds of microns)

to instrument shot-noise limited sensitivity (to-tg m/ JHz)
o test starting; open loop, closed loop, then application to Phase Noise

lnterferometer

low noise whitening/
source anti-aliasing

o many similarities in gains, dynamic range requirement (no 4km delay, arm
storage time though)
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Length/Al ig n ment Sensi ng/Gontrol

issues identified at time of Length Preliminary Design Review (July 97)

o technical

achieve given large low-frequency gain requirements and very
severe out-of-band pedormance requirements

simply left to occur at will (lengthens locking time); no real tests of
full storage time possible

> digital signal systems new for scientists, challenging for engineers

o schedule
> technical problems more challenging than 'planned'

' subcritical design teams (1 .something people per task)

' seme losVre-deployed staff

Difficult choice: reduce 40m effort, regroup/strengthen Length/Align

o control systems must be in place for debugging of entire interferometer

o build in flexibility to allow late information from 40m to be incorporated

. place more reliance on modeling

c some increased risk, but best path from here to operations

40m program remains important and vital

o longer schedule for same goals
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40m lnterferometer

Objectives
. demonstrate acquisition and operational control systems on a complete

Ll GO-confi g u ration intede romete r

o serve as a testbed for LIGO electronics subsystems

Planned activities during last half year

o incorporation of recycling mirror
o shakedown of recycled Michelson system
o shakedown of complete recycled interferometer

Technical problems
. Argon lon Laser: 3 tubes (various defects, various delays), power supply

o instrumentation: power supplies, more interesting problems (modulation

o optics: Pockels Cells with anomalous 'clouding', also failures of vacuum
bakeout contrcls

Staffing
. limited number of experienced interferometer physicists
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40m Interferometer

Accomplishments
o installation procedures on optics/suspensions

o input to suspension design (cross-coupling of suspensions sensors)

. testing of data acquisition system

,' tests of dynamic and static models

. successful operation of recycled Michelson

ln preparation
o installation of wavefront sensors, associated (analog) servo

> test on long-baseline, suspended system with coupled cavities

o servocontrols for complete recycled Fabry-Perot configuration

Schedule
. shakedown of recycled Michelson in process; installation of wavefront

sensors
o November: add one Fabry-Perot arm

o December: second arm, thus complete configuration

. January '98: use of wavefront sensor

. April '98: stable operation, noise studies; data iaking, analysis
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Phase Noise Interferometer

Objectives

o demonstrate ability to sense phase as required for LIGO (sxto-lr rad/ JHz)

o test photodetector/amplifier designs

o explore sensing limitations in general; e.9., scattered light, frequency
noise...

o new: demonstrate a closed-loop digital control loop with prototype
hardware

Conversion to Nd:YAG

. incorporation of 700 mW lR Pre-Stabilized Laser

o change of optics to 1064 nm

o tflmmll
. operational at the end of September
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Phase Noise I nterferometer

Schematic layout

InGaAs
Photodetector
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Phase Noise Interferometer

System works well, looking at noise sources carefully
o Low frequencies: variable, related to seismic noise, probably accidental

backscatter from output table components

o High frequencies: shot noise limited at -150 W circulating,

2xt0-10 rad/ JHz, limited by thermal lensing

Phase Noise Interf erometer
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Phase Noise I nterferometer

Thermal lensing identified by time evolution of interferometer
parameters

l.
= 1.2

o
TL .l

o
.F
$ 0.8
o
(tr

o

a

Contrast degrades from -r0-4 to -4x10-a in matter of seconds

had also observed with Argon laser Phase Noise lfo, but changing beam
position reduced effect --> mirror contamination; for Nd:YAG, this effect
independent of beam position

roughly explained by 15 ppm/cm absorption in Beamsplitter substrate, to
be confirmed by measurements on similar pieces

\ \ Antisymmetric
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Phase Noise I nterferometer

High frequency research thus at a natural limit
o close enough to LIGO requirements to show photodiode performance,

scattering paths, stress dynamic range of detection/control system

Low frequency research now focus
o search for backscatter paths

. excitation of probable contributors

Parallel development of closed-loop digital servo tests on systern
o to follow understanding of noise spectrum and tests of analog detection

elements

Have to finish everything by May, when Building20 is slated for
destruction.
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Physics Environment Monitor

Purpose: to understand environmental impact on interferometer

o obvious linear couplings (e.9., seismic noise in GW band)

o non-linear couplings (e.g., upconversion from large motions at a few Hz)

o dyhamic range issues (e.9., correlation of microseismic peak)

o unanticipated couplings (e.9., RFI saturating amplifier front ends)

. characterization of observatories (e.g., weather monitoring)

Sensors:
o accelerometers, seismometers, microphones, magnetometers, RF

receivers, thunderstorm monitor, muons detector, power line monitors,
dust monitors, residual gas analyzers, weather monitors

Sources of excitation:
. piezo-electric and electro-magnetic'shakers', loudspeakers, magnetic and

electric field generators

lmplementation
o fixed equipment associated with interferometer

o portable excitation/sensing equipment for special tests

. central acquisition system for global diagnostic tests, or stand-alone

Status
o Final Design completed; fabrication/procurement underway

' principally commercial instruments

o Field measurements (for early site correlation studies) in November
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Physics Environmental Monitor

Example: Transfer function of a seismic lsolatlon system
Mechanical Excitation System

r-'r-il-----r

Note: the Shaker can be
P I or Electromagnetic Shaker

CDS-ADCs
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Control and Data System

Group very active in all detector subsystems
o those actions reported with subsystem activities

o hardware and software in preliminary or final design

Global Control and Data System activities
o Data Acquisition Preliminary Design completed

:ig#:b?etffi

IFO Diagnostics

Data Analysis
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Control and Data System

Requirements for Data Acquisition system:
o Acquire analog signals provided by control and monitoring subsystems

o Format acquired data into LIGOA/IRGO standard frame formats.
. Save formatted data to short and long term storage.
o Provide data display capabilities data distribution capabilities

i
I
t
I
I
I

Digital Signals
lrtt
| : Dala Analysis'I Svsteml'

T

I
I
!
I
T

I
If rrrrrr rr-rrrrrr-rrr rr

FrameBuilder
- FrameBuilder
- DAQ Server
- NDCU
- RTDD

Data Distribution Network
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Control and Data System

Design issues resolved:
o Anti-aliasing and sampling approaches

o time-stamping system, GPS receiver deployment

o network and frame-builder hardware tests

a

Final Design underwaY
o Procure and install VME UltraSparc in prototype and verify system meets

specs of >6MBytes/sec

o Work with others to develop specifications for LIGO database

> InstrumentConfiguration

i

o Add additional data display features

> Faster graphics packages (XRT Graph / Open GL)

o Finalize initial system layout based on actual control system designs
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Control and Data Systern

Vacuum Controls
o CDS carries responsibility for coordination and remote control of vacuum

system
o -700 analog interface signals, 7 control racks

o software to lockout illegal states

o display systems to track status and indicate errors

. system complete September 20

. testing/commissioning with PSI in December/January

o first 'detector' hardware on sites, much more to follow
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Where are we?

Sign if icant accomPlishments
o Verified low absorption of Heraeus fused silica, completed polishing of 14

Core Optics, verified coating uniformity

o Received first 10 W Nd:YAG laser, verified LIGO performance of
servocontrols in Phase Noise Interferometer test

. placed comfortable limit on spring creaking, started first article Seismic

lsolation fabrication

o Invented circuit to meet range/noise requirements for suspension drive,

completed susPension design

o Verified that InGaAs photodiodes can operate at power and frequency
required, demonstrated near-L|GO phase sensitivity

., Started digital servo implementation test, established length control
design basis

o PEM final design complete, ordering deliverable equipment

Overall status
o -112 of all subsystems have initiated fabrication

o A number of issues to watch but no major technical problems

Major Challenge
o To move the fabrication along in time to support installation

o To remain flexible to adapt to (inevitable) changes in plan
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