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Charge to the Review Panel

The NSF Grant Proposal Guide contains instructions and guidelines for individual
investigator proposals. The National Science Board approved review criteria from
the Grant Proposal Guide are reproduced below and should be addressed in the
review of this proposal.

Review Criteria

The National Science Board approved revised criteria for evaluating proposals at its
meeting on March 28, 1997 (NSB 97-72). All NSF proposals are evaluated through use
of the two merit review criteria. ln some instances, however, NSF will employ additional
criteria as required to highlight the specific objectives of certain programs and activities.
For example, proposals for large facility projects also might be subject to special review
criteria outlined in the program solicitation.

The two NSB-approved merit review criteria are listed below. The criteria include
considerations that help define them. These considerations are suggestions, and not all
will apply to any given proposal. While proposers must address both merit review
criteria, reviewers will be asked to address only those considerations that are relevant to
the proposal being considered and for which he/she is qualified to make judgments.

What is the intellectual merit of the proposed activity?

How important is the proposed activity to advancing knowledge and
understanding within its own field or across different fields? How well
qualified is the proposer (individual or team) to conduct the protect? (lf
appropriate, the reviewer will comment on the quality of prior work.) To
what extent does the proposed activity suggest and explore creative and
original concepts? How well conceived and organized is the proposed
activity? ls there sufficient ac@ss to resources?

What are the broader impacts of the proposed activity?

How well does the activity advance discovery and understanding while
promoting teaching, training, and learning? How well does the proposed
activity broaden the participation of underrepresented groups (e.9.,
gender, ethnicity, disability, geographic, etc.)? To what extent will it
enhance the infrastructure for research and education, such as facilities,
instrumentation, networks, and partnerships? Will the results be
disseminated broadly to enhance scientific and technological
understanding? What may be the benefits of the proposed activity to
society?



NSF staff will give careful consideration to the following in making funding
decisions:
Integration of Research and Education

One of the principal strategies in support of NSF's goals is to foster
integration of research and education through the programs, projects and
activities it supports at academic and research institutions. These
institutions provide abundant opportunities where individuals may
concurrently assume responsibilities as researchers, educators, and
students, and where all can engage in joint efforts that infuse education
with the excitement of discovery and enrich research through the diversity
of learning perspectives.

lntegrating Diversity into NSF Programs, Projects, and Activities

Broadening opportunities and enabling the participation of all citizens,
women and men, underrepresented minorities, and persons with
disabilities, are essential to the health and vitality of science and
engineering. NSF is committed to this principle of diversity and deems it
central to the programs, projects, and activities it considers and supports.



Specific Charge for Advanced LIGO Review Panel

The original LIGO proposal called for a staged approach to reach the full sensitivity
necessary to detect and analyze gravitational radiation from predicted astronomical
sources. The installation of detector system upgrades to make this possible was planned
to occur after the initial LIGO observation period of 2003 through 2006. The current
proposal represents the technical approach to extend the detector sensitivity by a factor
of at least ten over the original LIGO design goal and extend the low frequency response
from 40 Hzto 10 Hz. The technical plan to achieve this goal is described in the proposal
and supporting documents, along with the cost, schedule, and management structure.

We ask that the Panel review the proposed work in technical detail. In carrying out this
task, we ask that the following questions be addressed:

. ls the scientific case for the needed upgrade convincing? Are the scientific
requirements achieved in a cost-effective manner?

. ls the specific proposed Advanced Detector upgrade appropriate to accomplish
the scientific goals? In particular, is the decision to convert the 2-km Hanford
interferometer to a second 4-km interferometer well founded, and will the specific
subsystems each meet the required performance specifications?

. Are the requested budget (including contingency) and manpower levels
appropriate to carry out the proposed upgrade?

. Are the schedule and milestones achievable with the proposed resources? Does
the phasing of the downtime of detectors achieve a proper balance of cost,
manpower, and observation time?

. ls the proposed management plan appropriate to oversee the R&D, construction,
installation and commissioning of the upgrade?

. Has the issue of cost effectiveness in operating the more complex Advanced
LIGO system been addressed?

. ls the proposed education and outreach plan well designed, and are the
proposed manpower and funds appropriate to carry it out?
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LIGO Overview

Gary H Sanders

NSF Review of Advanced LIGO

Caltech, June 11, 2003
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TIGO
This talk

o Introduction to LIGO and terrestrial gravitational wave
detectors

o The LIGO mission and the upgrade strategy

o The scientific reach and impact of Advanced LIGO

o How we are organized for Advanced LIGO

o Broader impacts

2LtGO-G030250-01-M LIGO Laboratory



Advanced LIGO In Context

o LIGO construction is complete

" NSF investment in LIGO now totals about $400 million

" Construction cost $292 million

" LIGO facilities represent - 213 ol the construction investment and are intended
to support successive detectors

o Initial LIGO detectors are operating and have carried out
early scientific running

" Initial LIGO should accomplish its sensitive observation goal by late 2006

o Advanced LIGO development is defining the detailed design
and retiring risks

o The experienced LIGO team will be ready to install Advanced
LIGO in 2OO7

o Observations for probable gravitational wave detection can
commence in 2010

LtGO-G030250-01-M LIGO Laboratory



HGO
LIGO Overview

"Colliding Black Holes"

Credit.
National Center for Supercomputing Applications (NCSA)

LtGO-G030250-01-M



rlco Gravity as a "Strai n" of Flat
Space-Time

grav itational radi ation from
binary inspiral of compact oblecfs

5LtGO-G030250-01-M LIGO Laboratory



Evidence for Gravitational Waves

Neutron Binary System - Hulse & Taylor

PSR 1913 + 16 -- Timing of Pulsars
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Direct Detection

Gravitational Wave
Astrophysical Source

Terrestrial detectors
LIGO, GEO, TAMA, Virgo

Detectors
in space

LISA

LrGO-G030250-01-M LIGO Laboratory



HGO Astrophysics Sources by
Frequency

o EM waves are
studied over -20
orders of magnitude
> (ULF radio -> HE y-rays)

o Gravitational Waves
over -10 orders of
magnitude
> (terrestrial + space)
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]1TreO
A New Wlndow on the Universie

Gravitational Waves will
provide a new way to view
the dynamics of the Universe

ILIGO Laboratory



HGO Astrophysical Sources of
Gravitational Waves

Compact bin ary inspiral: "chirps",
NS-NS waveforms are well described
BH-BH need better waveforms

Supernovae I GRBs. "bursts"

el ectromagnetic radiation
>) Challenge to search for untriggered bursts

Pulsars in our galaxy: "periodic signals"

doppler shift)

Cosmological Signals "stochastic background'

.,. .
^ .-L,'-.--"" -\l/ ;;;l---4Im.

-7 I

LIGO-G030250-01-M LIGO Laboratory



Detecti ng a passing wave rrrr

Free masses

LtGO-G030250-01-M LIGO Laboratory 11



Detecting a passing wave .rr,

If l L

lltr :1, r r
rFt

F.iit\

lnterferometer
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ll,lco
I nte rfe romete r Go n ce pt

Laser used to measure
relative lengths of two
orthogonal arms
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LIGO Laboratory

r Arms in LIGO a
r Measure ditrereri

length to one part in 1021 or
10-18 meters

...causing the
interference pattern

to change at the
photodiode

As a wave
passes, the
arm lengths
change in
different
\Mays....
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LIGO An International Network of
Interferometers

) I Simultaneously detect signal (within msec)i 1r,-,,^L- willke 
i

I I tuuLtr r.tv,
l.__.---__.._
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DESIGN
CONSTRUCTION

OPERATION
L
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9s.

LIGO Laboratory

MIT + Caltech
*170 people

LIGO Organization & Support

LIGO Scientific
Collaboration

44 member institutions

> 400 scientists

LIGO Laboratory 15



LIGO The Laboratory Sites

Laser I nturterometer G ravitational-wave Obseruatorv (LIGO)

Hanford
Observatory

Livingsfon
Observatory

LtGO-G030250-01-M LIGO Laboratory 16
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HGO LIGO Livingston Observatory
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LIGO
LIGO Beam Tube
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1.2 m diameter - 3mm stainless
50 km of weld

NO LEAK$ !!

LIGO beam tube under
construction in January 1998

o 65 ft spiral welded sections

o girth welded in pofiable
clean room in the field

LtGO-G030250-01-M LIGO Laboratory 20



LIGO
LIGO Vacuum Equipment

LIGO Laboratory
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.,,T'160 A LIGO Mirror

Substrates: SiO,
25 cm Diameter, 10 cm thick

Homogeneity<5x 10-7

lnternal mode Q's > 2x106

Polishing
Surface uniformity . 1 nm rms

Radii of curvature matched < 3o/o

Coating
Scatter < 50 ppm

Absorption < 0.5 ppm

Uniformity .10-3

LtGO-G030250-01-M LIGO Laboratory 22



LIGO Gore Optics
fns tallation and align menf

LIGO team now expert in this
very demanding work

LtGO-G030250-01-M LIGO Laboratory 23



HGO What Limits Sensitivity
of lnterferometers?

Seismic noise & vibration
limit at low frequencies

Atomic vibrations (Thermal
Noise) inside components
limit at mid frequencies

Quantum nature of light
(Shot Noise) limits at high
f requencies

Myriad details of the lasers,
electronics, etc., can make
problems above these levels

tN
I t*a

r-{

l*S

100

Frequency (Hz)
LtGO-G030250-01-M

i i11111_g =l 19' 
l



LIGO Sensitivity
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o Commissioning and the First
Science Runs

1 999
40
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20 30
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20 30tt
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LIGO Laboratory

Science
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LIGO Plans
schedule

1 996

1997

1 998

1 999

2000

2A01

2002
2003+

2007

Construction Underway (mostly civil)

Facility Construction (vacuum system)

Interferometer Construction (complete facilities)

Construction Complete (interferometers in vacuum)

Detector Installation (commissioning subsystems)

Commission Interferometers (first coincidences)

Sensitivity studies (initiate LIGO I Science Run)

L|GO I data run (one year integrated data at h - 1t21)

Begin'advanced' LIGO installation

6

+
@

LIGO-G010036-00-M

LrGO-G030250-01-M LIGO Laboratory 27



Advanced LIGO Reach

Science from a few hours of Advanced LIGO observing should
be comparable to 1 year of initial LIGO!

LtGO-G030250-01-M LIGO Laboratory



Historical Background

o

O

o

LIGO was approved for construction of
>) a platform suitable for successive and additional intederometers

1996 McDaniel report endorsed plans for:

beyond initial LIGO

LIGO Scientific Collaboration (LSC)

R&D proposals from LIGO Lab and LSC received late
1 996

LrGO-G0302s0-01-M LIGO Laboratory 29
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rilil Establishing a Supported
ProgramDevelopment

LSC authored a White Paper on an advanced LIGO
detector in 1998 and described a reference concept and
R&D program

LIGO Lab and LSC jointly submitted a revised White
Paper and a project conceptual document to NSF in late
1 999

installation

program

LtGO-G0302s0-01-M LIGO Laboratory



Current LIGO Laborato ry
Development Program

o In 2000, LIGO Lab proposed to NSF continuation
of LIGO operations and R&D for the period
FY20A2 FY2006

Operating initial LIGO

- Analyzing data and producing science
Developing Advanced LIGO through Final Design

Advanced LIGO development were to be supported from the basic
operating budget

from an Advanced R&D budget line

LrGO-G030250-01-M LIGO Laboratory 31



LIGO Proposal
LIGO Operations - 2006)

Budge
(2002

FY

2001

($lvtl

FY

2002
($lvtl

FY

2003

($nn1

FY

2004
($lvll

FY

2005

($m1

FY

2006
($nn1

Total
2002-6
($lvtl

Currently funded
Operations

22.92 23.63 24.32 25.05 25.87 26.65 125.52

Increase for Full
Operations

) 5.20 4.79 4.86 4.95 25.01

Advanced R&D , rol 2,77 2.86 2.95 3.04 3.13 14.76

R&D Equipment for
LSC Research

c

I

3.30

..5
3.84 3.14 10.28

Total Budgets ew} ( 1ts.st
\-..-/

FY 2001 currently fr"rnded Operations ($l9.lM fbrtelr rnonths) is nonnalized to 12 months
and provided fbr comparisort only and is not included in totals.

LtGO-G030250-01-M LIGO Laboratory 32



sal Budget
(2002-2006)

Propo"Revised"
LIGO Operations

o $28 million provided for FY 2002 Operations in February and
May 2002

" Reduced or deferred hiring, Adv R&D, equipment, outreach, etc

o Priority for commissioning and toward LIGO 24x7 Operations

o Full $33 million awarded for FY2003 (6 months late)

FY
2002
($wl1

FY
2003

($ru1

FY
2904
($lvtl

FY
2005
($ru1

FY
2006

($ru1

Operations $2+ $2e $30 $30 $30

Advanced
R&D

$+ $+ $s $s $s

LtGO-G030250-01-M LIGO Laboratory 33



Funding for LIGO Laboratory
Program

o NSF award for continuing LIGO operations is at a
level less than requested

o FY2003 appropriations delayed 6 months

r Initial LIGO operations and data analysis/science is
highest priority

o Nevertheless, the Advanced LIGO development
program has accomplished much of what was
proposed

" The LSC has been a full partner in all of these activities

" Advanced LIGO R&D not run as a firm project though we are ready

Lrco-Goso2so-01-M LIGO Labratory U



o A Development Project Across the
LSC

Since late 1999, we have planned the Advanced LIGO
development program as if it was part of a construction project

" Work Breakdown Structure

" Cost estimate

" Schedule

" Management structure

" Requirements documented and systems engineering and modeling

" Design process established

This "projectized" development program has been operating in
a serious collaborative manner across the LSC

" LSC Working Groups

- Advanced detector configurations working group

- Core optics working grouP

- Laser working group

- Suspensions working group

LtGO-G030250-01-M LIGO Laboratory 35



Advanced LIGO Proposal

o R&D through final design and full prototypes now
underway

Proposal requests funding for the construction

lnternational partners propose support of additional
$25.5 million ,/

o

o

LtGO-G030250-01-M LIGO Laboratory 36



proposing?What are we

o

o

Replace all three interferometers

Convert current2 km interferometer in Hanford to a 4 km
interferometer

LIGO-G030250-01-M LIGO Laboratory 37
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::ffiG Phasing of I nterferometer
Replacements

o Initial LIGO installation and commissioning taught us many
lessons
" How to effectively use expert teams

" How to properly phase rework and installation

" How to interleave installation with early commissioning

" How to transfer lessons from one interferometer to the others
o Properly phasing the work on the three interferometers can optimize the

progress

" Gomplete R&D before final installation

o Minimizing scientific "down time" is a major goal of the LSC

" How we accomplish this should be coordinated with the international network
of detectors through the Gravitational Wave International Committee

o Installation into LIGO vacuum system should take place after
prototype program retires most risk

" R&D program tests advanced prototypes fully
Llco-G0302s0-or-M LIGO Laboratory 38



Phasing lmplementation of the 3
Interferometers

o

o

o

o

Replacing all 3 interferometers simultaneously

Strict serial replacement of 3 interferometers

)> maintains at least one interferometer operating as much as possible

Rapid and overlapping phasing of replacement/upgrad e{
imperative to bring set of detectors on line

International community and scientific review will enable
us to further optimize this balance

LtGO-G030250-01-M LIGO Laboratory



Buildup of Education and Outreach

o
o

o LIGO Lab outreach has been primarily observatory
centered
LIGO Lab renewal called for increased activity
Supported new effort and formed a strategy and Local
Educator's Networks at each observatory
This process led to a new proposal with partners for a
greatly expanded program

e NSF is beginning an effort to produce a "half-hour" video on
LIGO

o Advanced LIGO proposal calls for an LSC-wide
education and outreach program

LtGO-G030250-01-M LIGO Laboratory



LSC Outreach Program Startup

o
o

o
o

FY2O04 - Recruit LSC Outreach Director and assistant
FY2004 - Survey all LSC education and outreach activities and develop a
descriptive survey document
FY2004 - Formation of LSC Educators Advisory Network

FY2O04 - August 2004 LSC meeting hosts an additional two day LSC
Outreach Workshop at which all LSC activities are showcased and
attendees, including outside consultants and advisory network members
participate in design discussions for an enhanced, coordinated LSC
program
FY2005 - LSC Outreach Director develops detailed program plan with
review meetings and educators advisory network participation

FY2005 - March 2005 LSC meeting hosts one day LSC Outreach
Workshop to finalize and approve program plan

FY2005 - Initial elements of the plan implemented

FY2005 - Supplemental proposals to NSF are submitted as necessary

FY2006 - Initial operation of the coordinated LSC outreach programs

o
o
o

LtGO-G030250-01-M LIGO Laboratory



Febru ary 2003 Proposed
Education & Outreach Program

Proposal submitted to NSF Feb. 10 for major enhancement to outreach
activity:

" Collaboration of Caltech, SUBR, La Board of Regents, Exploratorium of San Francisco

Construct an educational outreach center on-site at LLO.

Place hands-on exhibits from Exploratorium in center (with subset at LHO)'

lmplement teacher pre-service and in-service training initiative to teach
inquiry based science techniques at SUBR - extend to LHO communities

Use LIGO staff to provide science leadership in selection of exhibits,
development of science content in teacher training programs

La Board of Regents, through La Systemic Initiative with leveraged
resources from US Dept of Education LA GEAR UP program, willfacilitate
teacher training and student visits to outreach center from underserved
communities.
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Advanced LIGO In Context

e LIGO construction is complete

" NSF investment in LIGO now totals about $400 million

" Construction cost $292 million

" LIGO facilities represent - 213 ol the construction investment and are intended
to support successive detectors

o Initial LIGO detectors are operating and have carried out
early scientific running

" Initial LIGO should accomplish its sensitive observation by late 2006

o Advanced LIGO development is defining the detailed design
and retiring risks

o The experienced LIGO team will be ready to install Advanced
LIGO in 2007

o Observations for probable gravitational wave detection can
commence in 2010

LrGO-G030250-01-M LIGO Laboratory



ission and Strategy

o
o

o Observe gravitational waves directly

I nitiate gravitational wave astronomy

Bring initial LIGO to design sensitivity and observe for one
integrated year at that sensitivity

Upgrade detector with a very significant increment in
sensitivity

o
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Plenary Talks

o LIGO Overview - Sanders

o LIGO Commissioning and First Results - Whitcomb

o Astrophysics - Thorne

o Advanced LIGO - Shoemaker

o Cost, Schedule and Management - Sanders
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Specific Charge

Is the scientific case for the needed upgrade convincing? Are the scientific
requirements achieved in a cost-effective manner?
Is the specific proposed Advanced Detector upgrade appropriate to
accompiish the scientific goals? In particular, is the d-ecision to convert the
2-km Hanford inteferometer to a second 4-km inteferometer well
founded, and will the specific subsystems each meet the required
performance specifications?
Are the requested budget (including contingency) and manpower levels
appropriate to carry out the proposed upgrade?
Are the schedule and milestones achievable with the proposed resources?
Does the phasing of the downtime of detectors achieve a proper balance
of cost, manpower, and observation time?
Is the proposed management plan appropriate to oversee.the R&D,
construction, installation and commissioning of the upgrade?
Has the issue of cost effectiveness in operating the more complex
Advanced LIGO system been addressed?
Is the proposed education and outreach plan well designed, and are the
proposed manpower and funds appropriate to carry it out?
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lnitial LIGO Commissioning
and First Observations

Stan Whitcomb

NSF AdvLlGO Review

Caltech

1 1 June 2003
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First Science Run (Sl)

August 23 - September 9
(-400 hours)

Three LIGO interferometers,
plus GEO (Europe) and
TAMA (Japan)

Hardware reliability good for
this stage in the commissioning

>) Longest locked section for
ind ivid ual interferomete r:

21 hrs

1e-16

le-17

le-22

le-23

le-zarf,

Strain Sensitivities for the LIGO Interferometers for S1
23 August 2I|i)Z - 09 September 2002 LIGO-G020461-00-E

r000
Frequency [Hzl

le-18

5' le-19

E
{ r.-zo
j

-' r"-21

r0000r00

\ ilir\h:\
rt

::::tt:::::. :.:r:::tl.al

\::: :::::::::::t[i

\r I

iilil ffi,;i' t: ti l l' :::: ::::::::: : :::;::::f
.,.'...1....''..4.....I

:;l
I i, r, LrI ff,I

'il, '
l "',.|'i'.i ,":

:'\l
t:::

\#fr

fr
il.ll ,llrillll,ilil[t,tffi::vl$ll:

:::: :'i:::

$ . :: i i::l i: .l : li:iI.jir:;:.ffi: iii
1..i....:..: :..::N s:" 1 ).r

:g:=:F 'ffii,:,,i,
J-.-4

- 
LLO4km

- 
LHO4km

- 
LHO2km

- - LIGO I SRD Goal. 2km

LLO-4K LHO-4K LHO.2K 3x Coinc.

Duty cycle 42% 58% 73% 24%

LtGO-G030280-00-D AdvLIGO Beview -- June 2003



ttGo Astrophysical Searches with S/ Data

o Compact binary inspiral: "chirps"

o Pulsars in ou

(frequency, doppler shift)
>, all sky search (computing challenge)
)> r-modes

o Cosmological Signals "stocltastic

/^\ nA\,Fl /tr n A llll-'Jl/l/i1l/l" l)illllrv ||
vu

/'
,r - --__ _-__

I
._ -.-1-..,.,..""..."" \l i n'-r"4''"vr

vz-G'

-
hackgreund"

Supernovae / GRBs: "bursts"

electromagn
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rtco Compact Binary Coalescence

Inspiral Merger Ringdown

<_-t/\

-

/\\-------//G
,(-______>

<---t

need better waveforms

o Discrete set of templates labeled by
(m1 , m2)

)) 2110 templates
>, At most 3% loss in SNR
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) Search: matched templates

eutron Star - Neutron Star

- waveforms are well descri

-1000 rycles simulations
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tlGO Results of Sl lnspiral Search

!2fl{J

ffi
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{ 50 r00 tFo eDo

Simulated Galactic Population
r Population includes Milky Way,

LMC and SMC
.LMC and SMC contribute

-12/" of Milky Way

LIGO 51 Upper Limit
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o Theoretical prediction R

Detectable Range for 52 data will reach Andromeda!
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.Tlrho
Burst Sources

r Known sources -- Supernovae & GRBs
> Goincidence with obserued electromagnetic
observations.

> No close supernovae occurred during the
first science run
>> Second science run - We are analyzing
the recent very bright and close GRB030329

NO RESULT YET

Unknown phenomena

radiation of unknown waveform (e.9. black
hole mergers).

€t'
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Itco 'Unmodelled' Burst Search

GOAL

METHODS

search for waveforms from sources for which we cannot
currently make an accurate prediction of the waveform shape.

Time-domain high pass filter

Pure Time-Domain Search
.SLOPE'

-+ 6l0us*--

e-Frequency Plane Search
.TFCLUSTERS'

K--+l
0.125s

rl

fr

0
I

+time
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[,reO Determi nation of Efficiency

Detector efficiency vs amplitude, average over sources. GA tau=1.0ms

Effi
1

hmTo measure our
efficiehGy, we must
pick a waveform.

l ms Gaussian burst
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,,,T,n"o Upper Limit
1ms gaussian bursts

Result is derived using 'TFCLUSTERS' algorithm

10

waveform peak amplitude (strain)

Upper limit in strain
compared to earlier
(cryogenic bar) results:

. IGEC 2001 combined bar
upper limit: < 2 events per
day having h=Ix10-20 per Hz
of burst bandwidth. For a
lkHz bandwidth, limit is
< 2 events/day at h=1 x1017

. Astone ef al. (20021,
report a one sigma excess of
one event per day at strain
levef of h -2x10-18

o^eo
U)

co
o
;4
(E

0
10-17 10-16 10-15 10-14

l

...t

:.:

:

1

Ltco-G030280-00-D AdvLIGO Review -- June 20Ag 11



utGo Periodic Sources

o Pulsars in our galaxy:
) search for observed neutron stars
) all sky search (computing challenge)
> r-modes

i ;rL lr'':.rr .:i, jt' ![ iri

er--r*- Spin oxis pre.cesses
wrth fne-quency fr.

r Frequency modulation of signal
due to Earth's motion

rAmplitude modulation due to
the detector's antenna pattern.
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utGo Directed Search in S/
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ttGo Two Search Methods

Frequencv domain

Best suited for large
parameter space searches

Maximum likelihood
detection method +
frequentist approach

Time domain

. Best suited to target
known objects, even if
phase evolution is
complicated

. Bayeeian approach

First science
same search

run --- use both pipelines for the
for cross-checking and validation
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HGO Results: PSR J1939+2 134

o No evidence of continuous wave emission from PSR J1939+2134.
o Summary of 95"/" upper limits on h:

IFO Frequentist FDS Bayesian TDS

GEO (1 .94+0 .12') x 10'21 (2.1 +0.1) x 1O'zt

LLO (2.83+0.31) x 10-22 (1.4 +0.1) x 1 O'22

LHO-2K (4.71t0.50) x 1O'22 (2.2 t0.2) x 1O'22

LHO-4K (6.42+0.72) x 1O'22 (2.7 +0.3) x 1O'22

o Best previous results for PSR J1939+2134:

ho ( 10-20 (Glasgow, Hough et ol., 1983)
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ll' rco Stochastic Background

o Strength specified by ratio of energy density in GWs to total energy
density needed to close the universe:
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'T,reO Pretiminary Limifs, Stochastic Search

Interferometer Pair | 9AY" CL Upper Limit Too,

LHO 4km-LLO 4km f).* (40H2 - 31 4 Hz) < 72.4 62.3 hrs

LHO 2km-LLO 4km Qcw (40H2 - 314 Hz) < 23 61.0 hrs

. Non-negligible LHO 4km-2km (H1 -H2) instrumental cross-correlation ;

currently being investigated.

o Previous best upper limits:
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Sfochastic BackgroundT*O sen sitivifies and theory
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Changes Between S/ and 32

Digital Suspensions installed on LHO-2K and LLO-4K
)> New coil drivers & realtime control code for suspensions

>) Lower noise, switchable dynamic range (200 mA acquisition, 5 mA running)

)) Separate DC biases for alignment
>) Better filtering, diagonalization and control/sequencing features

Optical lever improvements
)> Structural stiffening (designed for thermal/kinematic stability, not low

vibration)
)> lmproved filtering to take advantage of reduced resonances

>) Pre-ADC "whitening" for improved dynamic reserve

More Power
)> Enabled by better alignment stability
>) Also required control of "l-phase" photocurrent (overload)

>) Now - 1.5 W into mode cleaners, - 40 W at beamsplitter (R-40)

)) Only 10-20 mA average DC photocurrent at dark pofis !! (optics very good)
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Second Science Run (52)

o

a

o

February 14 - April 14, 2002 (- 1400 hours)

Three LIGO interferometers and TAMA (Japan)

Steady improvement in sensitivity continues
)) Approximately 10x improvement over 51

Duty cycle similar to 51
)> Increased sensitivity did not degrade operation

LLO.4K LHO-4K LHO-2K 3x Coinc.

Duty cycle (cf. 51) 37% (42%) 74% (58%) 58% (73%) 22% (24%)
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Stability improvements for 52

o Wavefront sensing (WFS) for alignment control

suspended optics

Sensing degrees-of-freedom different from control degrees-of-freedom

o s1 :

o s2.

control

oNow:

"All 10 degrees-of-freedom controlled by WFS
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Virgo Cluster

LIGO 32 Sensitivity and Stability
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Major On-going
Com m issi o n i ng Activiti es

o

o

o

o

Seismic retrofit at LLO

Finish wavefront sensing alignment system

RFI cleanup, linear power supplies

Shot noise sensitivity

Acoustic coupling

Numerous smaller tasks

o

a
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Sersmic lsolation Upgrade

o The Seismic lsolation System at LLO needs to be
upgraded
)) Seismic noise environment much worse below 1A Hz than originally

planned (logging largest factor, but also train, other anthropogenic
noise)

)) Plan is to add an active, external pre-isolation (EPl) stage without
disturbing the alignment of the installed optics

o Current Plan:
D Continue prototype testing at MlT, including testing VME based

controls
> Review held far 4118; management decision on how to proceed

pending

) Order components, fabricate and assemble; fabrication/assembly
phase lasts -5.5 months

) Installation starts -Jan '04 and should complete -Apr'04
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Sersmic lsolation Testing at MIT

Hydraulic External
Pre-lsolator (HEPI)

electro-Magnetic External
Pre-lsolator (MEPI)

Cf ]OS]SLJ

DT:]A LJ LIC
I UATOFi
rilr;:ctt'ttnt )
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';TreO Shot Noise Sensitivity

H2 Sensitivity during 52

Simplistic power
calculations suggests
factor of -2 shortfall

>) 10x increase in laser
power would give factor
-3 improvement

Does not take improved
sideband efficiency into
account
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O ptical ch aracte ri zation

. Good news: optics quality is (almost all) good

LLO-4K: Gain of nearly 50 seen, more usually about 45

LHO-4K : Gain of 40-45

LLO-4K : P"r/ Pb, = 3 x 10-5

LHO-4K : P^rl Pb, = 6 x 10-a

Bad AR coating on |TMX,+uclhe.replaced
has been

o Low RF sideband gain/efficiency
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HGO Thermal Lensing

o RF sideband efficiency is low

unstable: lack of Input Test Mass
(lTM) thermal lens makes gr'gz > 1

relies on point design for thermal
lensing

curvature); 6 month lead time

with another source (AdvLlGO ',
or GEO technique)

commissioning activities

- 
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ttGo Acou stic Peaks : Scatte ri ng/cl i ppi ng

o

o

O

Peaks occur in B0-1000 Hzband, at 10-100x required level

Source for LHO correlated noise (stochastic search)

Investigating:

)> Modify output periscopes/mirror mounts: stiffer, damped

lot
Frequency (Hz)
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Excitations
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io'
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Summary

Commissioning of detectors progressing well
)> Steady progression on all fronts: sensitivity, duty cycle, stability,

First Science analyses underway

offer a real possibility to detect gravitational waves

analysis efforts

of preparation

Design performance (both sensitivity and duty cycle)
should be achieved next year
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ASTROPHYSICS

Kip S. Thorne
CaRT, California lnstitute of Technology

NSF Advanced LIGO Review
Pasadena, 11 June 2003
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Conventions on
Sou rcelsensitivity Plots

o Assume the best
search
algorithm now
known

o Set Threshold
so false alarm
probability - 1o/o

)> For rare broadband
signals: on tail of
Gaussian; increase
S/T by - 10% >
0.01% false alarm
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o Neutron Star &
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o Spinning NS's
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1o- 23
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TIGO Neutron
{nur mo$t

Inspiral
source)

Star lNeutron Star
rmliahly undmrstnnd

./
\

{--=-o 
h+

,r-1 time

lo-22
1.4 Msun I 1.4 Msun
NS/NS Binaries
Event rates )

D. Spergel, J.H. Taylor 10 -"
Astrophys J, 556, 340 (2001)

lnitial lFOs

)> 1 / 3000 yrs to 1 | 4yrs rc-24
Advanced lFOs -

50 1 00 200
frequency, Hz

-10 min

3e
-10,000 cycles

10 20 500 1 000



Science From Observed Inspirals.
NS/NS, NS/BH, BH/BH

\ ,.,
r-.--."..-l-rlH

/\

o Relativistic effects are very strong -- e.g.

o Information carried:

Location on sky (-1 degree)

Mchirp = p3/5 M2l5 to -to-3

o Search for EM counterpart, e.g .y-burst. lf found:
)> Learn the nature of the trigger for that y-burst

h+



l

',' i

utGo Star
NS

Neutron
and

lBlack Hole Inspiral
Tidal Disruption

\ rt \ rn^-.
al-al

/--{ .^-22
1.4Msun t 10 Msun 

'10

NS/BH Binaries
Event rates
)> Population Synthesis _ca

[Kalogera's summary] 10 -"

lnitial lFOs

' 
10-24

Advanced lFOs
50 1 00 200

frequency, Hz

Se"\

3-?ta\
NS Radius to 15%
-Nuclear Phvsics-

NEED: Nurrow-banded,
umericul Simulutio
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reo Black Hole lBlack Hole Inspiral
and Merger

1OMsun | 10 Msun
BH/BH Binaries
Event rates a rc-22

[Kalogera's summary] T
Is

Initial lFOs E to-23

Advanced lFOs - rc-24

10 20 50 100 200 500 1000
frequency,Hz
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HGO BH/BH Mergers: Exploring the
Dynamics of Spacetime Warpage

Inspiral Ringdown

<"--3
/q\.--L-J#
<.---}

<_---3

\-1/,
V--^i.r--- AFffiZ -cffiF

.!C--$-y,/=I1\

llowt'l------------+rsupercompute known--------+

Merger

<*__-5

GJ

To interpret
Observed waves:

Compare with
Numerical
Relativity

Simulations

I
- 1 000 cYcles simulations

-1 min !



ItGo Probing Intermediate Mass BH's
with Small BH's

l

ln globular clusters: BH-BH capture formation, merger,
formation, merger, ... in globular clusters ) intermediate-
mass BH: 100 - 1000 Msun lCole Miller]

Plunge of few Msun BH into few -100 Msun BH

Ringdown studies:
/ 10 per year with
M/m > 60; more for
smaller M/m
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HGO Massive BH/BH Mergers
with Fast Spins r Advanced lFOs

3

2

Lowernreffi

t'ii

,1-i

a
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tV.
-
()
oo

a
U

0.5

0.3

o.2

0.1

10 100

Binary's Total Mass, Ms
1 000
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NS Ellipticity:

sSr o-5 rc-22

Known Pulsars:

a z 3xt o-6 (1 oooHzif) x
(distan cellOkpc) 10-23

t Z 5x 1A'7 x (distance/1 Okpc)

rc-24

"filco Spinning NS's: Pulsars in Our Galaxy

Crab Spindow
IJpper Limit

10 20 50 100 200 500 1000
frequency,Hz

12
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TIGO Spinning NS's: Pulsars in Our Galaxy
[narrow-banded i nte rferometer]

pla'sible: e5 l0--.
Known Pulsars 

t O-t
Unknown: All
Sky search

:

q
n|+-t;10 -rF

?
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t o-t
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t tat"

h

"t'AlOt'
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400 700 1 000

Frequency (Hz)
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Spinning Neutron Stars:
Low-Mass X-Ray Binaries in our Galaxy

Rotation rates -250 to -600
revolutions / sec

balanced by GW emission 10 -'
torque

lf so, & steady state: observed
X-ray flux ) GW strength

. ^-23
Combined GW & EM 10 -'

obs's + information about:

temperature dependence of A,
viscosity, ...

50 1 00 200
frequency, Hz

Signal strengths for
days of intesratio10

10 20 500 1 000



HGO NS Birth:
Tumbling Bar; Convection

Born in:

lf very fast spin:

detectable to:

Initial lFOs. -SMpc (MB1 grouP, -1 supernova/3yr)

- Advanced lFOs. -100Mpc (-500 supernovae/yr)

lf slow spin:

(- 1/30yrs) OO



Complementarity of LIGO & LISA

LIGO
High-frequency bandt -1 OHz
to -1500H2 (analog of optical
astronomy)
Neutron-star studies:

Study stellar mass BH's
(-3 Msun to -1000 Msun)

Study merger of NS and BH
binaries in distant galaxies

LISA
Low-frequency band: -0.0001
Hz to -0.1 Hz (analog of radio
astronomy)
Cannot study neutron star
physics

Study supermassive BH's
(-100,000 to 10,000,000 Msun)
Study White dwdfi, NS, and BH
binaries in our galaXy, long
before merger
Study early universe at age
-10- 't sec (-100 GeV)

o Study_early uniyerse at age
-10'25 """ 

(-1og Gev)
16



ulGo Stochastic Background
from Very Early Universe

o GW's are the ideal tool for probing the very early
universe -- "messenger" from first one second

ffirurrnrroN,qr Ennrt-l
NowsFzrt

fi3,J
sH

Planck Time
1o-43 SECoNDS
Singularity
crpates
Space & Tim e
of our universe

1 SECOND

o Present limit

10 billion
YEARS

100,000
YEAHS

on GWs
primordial n ucleosynthesis

O - (GW energy density)/(closure density) S t O-5
1 7



H'IGO Stochastic Background
from Very Early Universe

o Detect by

of Hanford & Livingston ,^rn
4km lFOs 1O-t'

o Good sensitivity
requires

2x(detector separation). _ -231

Initial lFOs detect if

Advanced lFos' 1o-24

)l xl g-9 with 10 20 50 100 200 500 1000

reduCed power & 3 mOnth SearCh frequency,Hz 18



Grav'l Waves from Very Early Universe.
Unknown Sources

o

o

o Waves from standard inflation. O-10-15: much too weak

o BUT: Crude superstring models of big bang suggest waves
might be strong enough for detection by Advanced lFOs

Bursts from cosmic strings: possibly detectable by Initial lFOs

Energetic processes at (universe age) - 10-25 sec and
(universe temperature) x 10Y Gev t GWs in LIGO band

)> excitations of our universe as a 3-dimensional "brane" (membrane)
in higher dimensions: [C. Hqgan]

Brane forms wrinkled

- When wrinkles "come inside the cosmological horizon", they
start to oscillate; oscillation energy goes into gravitational waves

LIGO probes waves from wrinkles of length - 1O-10 to t0-13 mm

lf wave energy equilibrates: possibly detectable by initial lFOs

UNKNOWN SOURCEo Example of hitherto 19



Conclusions

o LIGO's Initial lnterferometers bring us into the realm

where it is plausible to begin detecting cosmic
gravitational waves.

With LIGO's Advanced Interferometers we can be

confident of:

into the nature and dynamics of spacetime

curvature, that cannot be obtained in any other way

20





Overview of Advanced LIGO

David Shoemaker

NSF Review of Advanced LIGO

1 1 June 2003

G0300260-00-M

LIGO Laboratory



LIGO Advanced LIGO

o

o

LIGO mission: detect gravitational
waves and

initiate GW astronomy
Next detector

of known sources

reasonable extrapolations of
detector physics and technologies

reliable instrument

neither too early nor too late

+ Advanced LlGo

2

G0300260-00-M

LIGO Laboratory



r lco
lnitial and Advanced LIGO

Factor 10 better amplitude
sensitivity

Factor 4 lower frequency 10-zz
bound
NS Binaries: for three
interferometers,

BH Binaries:

Stochastic backg round :

C'l

I

N

6l

q

Vela Spinclowrr
\..Upper Lirnit VCrah Spindown

Upper Limit

50 100 200
frequency. Hz

1o- 23

G0300260-00-M

10- 
2a

10 20 1 000



Anatomy of the projected
Adv LIGO detector performance

10-21

Newtonian background,
estimate for LIGO sites

Seismic 'cutoff' at 10 Hz

Suspension thermal noise

ro-22

I
I\\

\ .. Initial LIGO
\.2
ta 

.t'\.2
\ ,t'

\a ntn
'a-----'

Test mass thermal noise l0'23 Advanced LIGO

Unified quantum noise
dominates at
most frequencies for full
power, broadband tuning T0-24

10 Hz 100 Hz
O Advanced LIGO's Fabry-Perot Michelson Interferometer is a platform for all

currently envisaged enhancements to this detector architecture

LIGO Laboratory
G0300260-00-M

1 kHz



Design features

40 KG SAPPSMG
TEST MASSES

INPUT MODE
CLEANER

Power Recycling Mirror
Beam Splitter
Input Test Mass
End Test Mass
Signal Recycling Mirror
Photodiode

ACTIVE
THEFMAL -
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\
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0KW
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ITM
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PD .-I
-E- ew FEADour
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G0300260-00-M

LIGO Laboratory



Laser

40 KG SAPPB(re
TEST MASSES

INPUT MODE
CLEANEFI

ACTIVE
QUAD SILICA
SUSPENSION

r=0,5?'"
\

-t-o
o

0KW

THERMAL *
conHEcroN -

1 25w

PRM
T-6%

ITM

T=5oto

OUTPUT MODE
CLEANEFI

roF
-E- ew READour

ACTIVE

G0300260-00-M

LIGO Laboratory



Pre-stabilized Laser

O Require the maximum power compatible with optical materials

" 1999 White Paper: 180 W at output of laser, leads to 830 kW in cavities

" Continue with Nd:YAG, 1064 nm

" 2002: Three approaches studied bv LSC collaboration - stable/unstable slab
oscillator (Adeidide), slab amplifier-(Stanford), end-pumped rod oscillator
(Laser Zentrum Hannover (LZH)); evaluation concludes that all three look
feasible

" Choose the end-pumped rod oscillator, injection locked to an NPRO >+
" 2003: Prototyping well advanced - % of Slave system has developed 87 W l">

"*$**c_l--

\Fl
modemaching

optics

HR@1064. f . 2l . f .YAG/Nd:YAG/YAG
rrr.1g'v' 

- 

u a rv ,

G0300260-00-M

High Power Slave 20 W Mastes
I



Pre-stabilized laser

Overall subsystem system design
similar to initial LIGO

fixed reference cavity,
10 HzlHzlt2 al 10 Hz required
(10 HzlHzlt2 41 12 Hz seen in initial LIGO) r-+

>) Intensity stabilization to in-vacuum photodiode,
2x10-e AP lP at 10 Hz required (1x10-B at 1 0 Hz demonstrated)

Max Planck Institute, Hannover leading the Pre-stabilized laser
development - Willke

)> Germany contributing laser to Advanced LIGO

I
G0300260-00-M

LIGO Laboratory



Input Optics, Modulation

40 KG SAPPH(re
TEST MASSES

QUAD SILICA
SUSPENSION

r=O.5%
E
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o
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G0300260-00-M

LIGO Laboratory
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lilGo lnput Optics

Provides phase modulation for length, angle control (Pound-Drever-Hall)

Stabilizes beam position, frequency with suspended mode-cleaner cavity

Matches into main optics (6 cm beam) with suspended telescope

1999 White Paper: Design similar to initial LIGO but 2Ox higher power
r\l t rrttttr*nl ('r rntt'rr

Nlode ltlntching I

"l'elescnps lntn I

('ore ()ptics I I

[]eunr Stecning 
IChallenges:

Ilnrndnl'
l*nlntinrr

l;rrndnl'
lsnlntinn

{ntu Ilbt'irnl e{'*r'
I enulh ,\lrgrrnrent
( rrttlrrrl

u s1:tl'rltllltrrtt
ti'rrnt 1*nurlh rf nrill!,J

Int'ni(in 
I

Stalr ilirnttr,rr 
,

I r. 0:lsf l' I

I

lnler-
l'ernnre t*rRT

j\lodulrtinn

[tode
(=leaner

r:I
tG0300260-00-M



HGO Input Optics

University of Florida leading
development effort -- Reitze

2002: High power rubidium tantanyl
phosphate (RTP)
electro-optic modulator developed

LIGO power densities, with no
degradation >

2003: Faraday isolator from
IAP-Nizhny Novgorod

thermal birefringence
compensated
Ok to 80 W - more powerful
test laser being installed at
Livingston

Is olation
Ratio
(dB optical)

-20

-2s

-30

-35

-40
A<

-50

204060
Laser Power (W)

67.5" rotatnl

a t'
aaalrl r

oo

Conrentional FI
oa

aaa

rtrtt
( ,)ntl)e ll\;lt.rl I )esrlrr

G0300260-00-M
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Test Masses
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G0300260-00-M
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Test Masses lCore Optics

Absolutely central mechanical and
optical element in the detector
>) 830 kW; <1ppm loss; <20ppm scatter
)) 2x108 Q; a0 kg; 32 cm dia

1999 White Paper: Sapphire as test
mass/core optic material;
development program launched

Low mechanical loss, high density,
high thermal conductivity all desirable
attributes of sapphire

Fused silica remains a viable fallback
option

O Significant progress in program
)> Industrial cooperation
)) Characterization by very active

LSC working group

G0300260-00-M

Full-size Advanced LIGO
sapphire substrate

LIGO Laboratory 13



LIGO Core Optics

2002: Fabrication of Sapphire:

(Crystal Systems) ; 31 .4 x 13 cm; two acquired

2003: Mechanical losses: requirement met >

2002: Bulk Homogeneity: requirement met

2001 : Polishing technology:

1.0 nm-rms uniformity over central 120 mm
(requirement is 0.75 nm)

2003: Bulk Absorption:

G0300260-00-M
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40

20

0

Compensation Polish

'beToib /i2D

after

222

150

100

50

0

-50

.100

-150

-231

020



Mirror coatings
40 KG SAPPH(ffi
TEST MASSES

INPUT MODE
CLEANEFI

AGTIVE

rd).5%
\
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QUAD SILICA
SUSPENSION

OUTPUT MODE
CLEANEFI
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G0300260-00-M
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Test Mass Coatings

Coated sapphire minors (100 Hz)

Requi
coati

I
o

Optical absorption (-0.5 ppm), scatter meet ;G-3 
to-zo

requirements for (good) conventional coatings E
R&D mid-2000: Thermal noise due to coating €
mechanical lo.ss recognized;,LSC program .Errr-r,
put in motion to devei6p low-loss ioatings tr

)) Series of coating runs - materials,
thickness, annealing, vendors

>) Measurements on a variety of samples

?
F
q)

!6nF I l0-"
o
o

o
o

o
o

2OO1 : TarOu identified as principal source of loss > l0-o

2002: Test coatings show somewhat reduced loss

5 lo4
Coating /

Need -5x reduction in loss to make compromise to performance minimal
2003: Expanding the coating development program r+
)> RFP out to 5 vendors; expect to select 2

Direct measurement via special purpose TNI interferometer - lab tour
First to-be-installed coatings needed in -2.5 years - sets the time scale

Standard
coating

G0300260-00-M

LIGO Laboratory 16



O Thermal Compensation

40 KG SAPPSI{Rffi
TEST MASSES
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G0300260-00-M

LIGO Laboratory 17



o

ItGo Active Thermal Compensation

1999 White Paper. Need recognized,
concept laid out

Removes excess 'focus' due to absorption in
coating, substrate

Allows optics to be used at all input powers

2002: Initial R&D successfully completed >

Sophisticated thermal model ('Melody') D>q
developed to calculate needs and solution €o
2003: Gingin facility (ACIGA) readying PE
tests with Lab suspensions, optics E
Application to initial LIGO in preparation 

-8-(s
.9
o-
o

co3oo26o-oo-M I

Compensation
Plates

_ Shielded ring compensator test
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llJ ;ilj;$6o Seismic lsolation
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:TreO lsolation : Requirements

1999 White Paper: Render
seismic noise a negligible
limitation to GW searches

for frequencies less than -15 Hz

to attenuation

1999 White Paper: Reduce
or eliminate actuation
on test masses

10'"

Actuation source of direct noise, also 10-

increases thermal noise
Acquisition challenge greatly reduced
In-lock (detection mode) control
system challenge is also reduced

Seismic
contribution

Newtonian
background

x'o'

G0300260-00-M

LIGO Laboratory 20



,15*o lsolation. Two-stage platform

2000: Choose an active approach: >

of 6 degree-of-freedom each

after installation, operational modes

systems

Lead at LSU - Giaime

2003: Stanford Engineering Test
Facility Prototype fabricated r+

actuator - structure alignment

2003: RFP for final Prototypes
released > Ltco Laboratc

c0300260-00-M



lsolation. Pre-lsolator

External stage of low-frequency
pre-isolation (> -1 Hz)

offload from the suspensions

Lead at Stanford - Lantz
2003: Prototypes in test and evaluation
at MIT for early deployment at Livingsto
in order to reduce the cultural noise
impact on initial LIGO
)> System performance exceeds r+

Advanced LIGO requirements

G0300260-00-M

LIGO Laboratory



Suspension

40 KG SAPPS(re
TEST MASSES
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LIGO Suspensions: Test Mass Ouads

1999 White Paper. Adopt GEO600
monolithic suspension assembly
Requirements:

2000: Quadruple pendulum design chosen
)) Fused silica fibers, bonded to test mass

compliance

Success of GEO600 a significant comfort r-+

PPARC funding approved: significant financial,
technical contribution; quad suspensions,
electronics, and some sapphire substrates >

G0i00260-00-M
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Suspensions:
Triples

Triple suspensions for auxiliary optics

Uses same fused-silica design,
control hierarchy

2003: Prototype of Mode Cleaner >
triple suspension fabricated
-- lab tour

To be installed in LASTI fall-2003

G0300260-00-M



GW Readout

40 KG SAPPHMffi
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,TilGO GW readout, Systems

1999 White Paper: Signal recycled
Michelson Fabry-Perot configu ration

optimization for technical noises

power in interferometer as desired

2000: Three table-top prototypes give 10'

direction for sensing, locking system >+
2003: Glasgow 10m prototype: control matrix elements confirmed >+
2003: Readout choice - DC rather than RF for GW sensing r+
" Offset - 1 picometer from intederometer dark fringe

" Best SNR, simplifies laser, photodetection requirements

Caltech 40m prototype in construction, early testing - lab tour

" Complete end-to-end test of readout, controls, data acquisition

Thermal noise

1o'
Frequency (Hz)

G0300260-00-M

LIGO Laboratory



System testing

Initial LIGO experience: thorough testing
off-site necessary
Very signifrcant feature in Advanced
LIGO plan: testing of accurate
prototypes in context
Two major facilities:

MIT LASTI facility - full scale tests of
seismic isolation, suspensions, laser,
mode Cleaner
Caltech 40m interferometer -
sensing/controls tests of readout,
engineering model for data acquisition,
software - lab tour

Support from LSC testbeds

G0300260-00-M

,""u.,,,,...",*". 
; l,, &,13lr,l',li

t!l1' -" ,1.-, !q
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Scope of proposal

o

o

o

Upgrade of the detector

Upgrade of the laboratory data analysis system
)> Observatory on-line analysis

Virtually no changes in the infrastructure

>) Replacement of -15m long spool piece in vacuum equipment

G0300260-00-M

LIGO Laboratory 29
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Upgrade of all three interferometers

In discovery phase, tune all three to broadband curve

" 3 interferometers nearly doubles the event rate over 2 interferometers

" lmproves non-Gaussian statistics

" Commissioning on other LHO IFO while observing with LHO-LLO pair

ln observation phase, the same IFO configuration can be
tuned to increase low or high frequency sensitivity
,, sub-micron shift in the operating point of one mirror suffices

" third IFO could e.9.,

- observe with a narrow-band VIRGO

- focus alone on a known-frequency periodic source

- focus on a narrow frequency band associated with a coalescence,
or BH ringing of an inspiral detected by other two lFOs

G0300260-00-M

LIGO Laboratory 30
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,$'rrrg Reference design

O Baseline is to upgrade the 3'd interferometer from 2km to 4km
>) Cost is modest and sensitivity gain supports discovery
>) Will certainly want maximum sensitivity later

O Baseline is a nearly simultaneous upgrade of both sites
)> Could stagger quite significantly to maintain the network -

with an equally significant delay in completion and coincidence
observations by the two LIGO sites

O Baseline is to employ Sapphire as the test mass material

31

G0300260-00-M
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Timing of Advanced LIGO

O Direct observation of gravitational waves is a compelling
scientific goal, and Advanced LIGO will be a crucial element

O Delaying Advanced LIGO likely to create a significant gap in
the field - at least in the US

O Our LSC-wide R&D program is in concerted motion

O We are well prepared

O Timely for International partners that we move forward now

G0300260-00-M

LIGO Laboratory



Baseline plan

o

o

Initial LIGO Observation at design sensitivity 2OO4 - 2006

Structured R&D program to develop technologies

Now: This proposal is for fabrication, installation

Long-lead purchases planned for 2004, real start 2005

Start installation in 2007

Coincident observations by 2010

o
o

o

o

G0300260-00-M

LIGO Laboratory 33
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Itco Advanced LIGO
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O Initial instruments, data establishing the field of
interferometric GW detection

Advanced LIGO promises exciting astrophysics

Substantial progress in R&D, design

Still a few good problems to solve

A broad community effort, international support

Ready to make transition from R&D to Project

O Advanced LIGO can lead the field to maturity
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Advanced LIGO Cost, Schedule and
Management

Gary H Sanders

NSF Review of Advanced LIGO

Caltech, June 1 1, 2003
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Main Points

Experienced LIGO Lab team has planned and estimated
Advanced LIGO with the LSC
LIGO Lab and LSC have formed a strong partnership
Design and development process is already underway in a "project"
setting
Most of the elements of a formal project are in place

Costs are estimated in detail
Schedule planning is thorough and will support definition of the final
negotiated project
Performance measurement infrastructure is in place
International partnerships are already being exercised
Project Management Plan can be made definitive when financial
commitments are complete

LIGO-G030251-01-M LIGO Laboratory



Organization
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National Science Board

Director of NSF

Understanding

Mathematical and
Physical Sciences

Budg et and F ina nce s

and Aereements

LIGO Program
Management

President Pre sidenl

Provost

LIGO
Oversight

Committee
CITMIT

Dean of Science
VP Business
and Finance

Physics Mathematics
and Ast ronomy

Center for Space
Re s e arch

Office of Sponsore
Research

Physics

LIGO Laborato ry

Cooper ative

+-_---:-
Memorandum

No change
in structure
required
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A Development Project Across the LSC
Since late 1999, we have planned the Advanced LIGO
development program as if it was part of a construction project

" Work Breakdown Structure

" Cost estimate

" Schedule

" Management structure

" Requirements documented and systems engineering and modeling
,, Design process established

This "projectized" development program has been operating in
a serious collaborative manner across the LSC

" LSC Working Groups

- Advanced detector configurations working group

- Core optics working group

- Laser working group

- Suspensions working group

LtGO-G030251-01-M LIGO Laboratory
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DESIGN
CONSTRUCTION ..

OPERATION
L

RLat\-'---.."-.-_---
./t'/.

,/

I

I MIT + Caltech
-170 people

LIGO Organization & Support

SCIENCE

LIGO Scientific
Cottaboration

44 member institutions

> 400 scientists

4
./\/ LIGO Laboratory"
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LSC "Project" Participation

Lab and LSC scientists/engineers share in leadership
roles in the project

LSC working groups already coordinate progress in
monthly meetings and at LSC face-to-face meetings

LSC Executive Committee involved in discussions of all
major design choices and decisions

Advanced LIGO has become a shared Lab/LSC project

7LtGO-G030251-01-M LIGO Laboratory



Advanced LIGO Resource Model

o Current FY2002 - FY2006 Cooperative Agreement
)> LIGO Lab operating resources provide staff and support for Advanced LIGO

development through Final Design/prototype stage

incremental staff

o This request supports fabrication and construction, and very little
incremental staff for construction and installation
)) From MREFC or R&RA NSF accounts as NSF determines

We assume LIGO Lab renewal Cooperative Agreement FY20O7 - FY2O11
supports staff and infrastructure support for fabrication, construction,
installation, commissioning of Advanced LIGO

LSC/|nternational partner resources support their development programs

International partner capital budgets support portions of the fabrication,
construction, installation
All of these elements are properly included in the plan shown at this
review

o
o

LtGO-G030251-01-M LIGO Laboratory



Work Breakdown Structure (WBS)
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Advanced LIGO WBS

o
o 2.0 LIGO Laboratory Operations
o
o 4.0. Advanced LIGO Project (Advanced LIGO)

> 4.1. Facility Modifications (FAC)
) 4.2. Seismic lsolation Subsystem (SEl)
) 4.3. Suspension Subsystem (SUS)
)) 4.4 Prestabilized Laser Subsystem (PSL)

> 4.5. lnput Optics Subsystem (lO)
> 4.6. Gore Optics Components (COG)

> 4.7. Auxiliary Optics Subsystem (AOS)
> 4.8. Interferometer Sensing and Controls Subsystem (lSC)

)) 4.9. Data Acquisition, Diagnostics, Network & Supervisory Control (DAQ)
) 4.10. Support Equipment (SUP)
) 4.11. Advanced LIGO Construction Project Research and Development (R&D)

) 4.12. Data Analysis and Computing Subsystem (COMP)

> 4.13.Installation and Gommissioning Task (lNS)

) 4.14. Project Management (PM)

Based upon existing
LIGO Laboratory
WBSlaccount
structure



LIGO.2.01 Laboratory Caltech Site Operations

11G0.2.01.1 Director's Office (DlR)

11c0.2.01.2 Business Office (BUS)

11G0.2.01.3 Technical and Engineering Support (TEC)

11G0.2.01.4 Detector $upport (DEO

11G0.2.01.5 Data Analysis and Gomputing (COMP)

1|G0.2.01.5.1 Data Analysis (REC)

11G0.2.01.5.2 Modeling & Simulation (REC)

1IG0.2.01.5.3 Data Analysis - General Comp

11G0.2.01.6 Carnpus Research Facilities (GAM)

1|G0.2.01.6.1 40 Meter Interferometer Upgrade

1tG0.2.01.6.1.1 FAC

11G0.2.01.6.1.1.1 Lab Expansion

1lG0.2,01.6.1.1.2 Vacuum Envelope

1|G0.2.01.6.1.1.3 Vacuum Controls

1tG0.2.01.6.1.2 SEI

1|G0.2.01.6.1.2.1 0utput Chamber Stack

1|G0.2.01.6.1.2.2 Gavity Optics lsolation

11G0.2.01.6.1.2.3 Open

11G0.2,01.6.1.2.4 Active lsolators

1tG0.2.01.6.1.3 SUS

1|G0.2.01.6,1.3.1 Large 0ptic Suspensions

1|G0.2,01,6.1.3.2 Small Optic Suspensions

1tG0,2,01.6.1.4 PSL

1|G0.2,01.6.1.4.1 Laser

1tG0.2.01.6.1.4.2 PSL

FAC
L1GO.4.01.1 FAC Vacuum Equipment
L1GO.4.01.1.1 2K to 4K Conversion
L1GO.4.01.1,2 Clean Room Systems
L|GO.4.01.1.3 Vacuum Equipment Bakeout and Preparation

L1GO.4.01.2 FAC Beam Tube
L1GO.4.01.3 FAC Conventional Facilities
11GO.4.01.3.1 Livingston Staging Building
1tGO.4.01.3.2 S

L|GO.4.02 Seismic lsolation (SEl)
L1GO.4.02.1 SEI $ubsystem Management

L1GO.4.02.2 SEI R&D
L|GO.4.02.2.1 Seismic lsolation R&D - Caltech (SEl)

1|cO.4.02.2.2 Stochastic Noise R&D - MIT (STO)

L1GO.4.02.2.3 Seismic lsolation R&D - LSU

L1GO.4.02.2.4 Seismic lsolation R&D - Stanford
L|GO.4.02.2.5 Seismic lsolation R&D - JILA

L1GO.4.02.3 SEI Design
L1GO.4.02.3.1 SEI Conceptual Design/Requirements
L|GO.4.02.3.2 SEI Preliminary Design
L|GO.4.02.3.2.1 ETF Prototype Unit
11GO.4.02.3.2.1.1 Desi

LfGO.4.02.3.2.'1.'1.1 Requirements Definition

L1GO.4.02.3.2.1.1.2 Mechanical Design

L]GO.4.02.3.2.1.1.3 Electrical Desisrr

LtGO-G030251 -01 -lV J..l{;$ Lalt*rntrsrv tt



Current status of Advanced
LIGO organization -
Org follows WBS

Project Manager just hired

LIGO Laboratory



Project Planning
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LIGO Basic Elements of Project
Planning Are in Place

Estimates /
Budget
Generation

Accounting /
Procurement

Planning,
Scheduling, and
Performance
Measurement

Doc. Control /
QAQC / Change
Requests

Actuals-
tot

-
q0

illil

-
tI t

-
clo

tlilt

E-
tElt

-
cl 0

ililt

E-rEt

-
clo

tllll
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Cost Estimate
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Estimates Performed To a Standard

o Guidance provided to estimators
on

)> Basis of Estimate (BOE)

(wBS)

)> Risk Assessment Methodology

Advanced LIGO

ESTIMATING PLAN
May 23, 2003

LtGO-M990310-05-M

cosr (cEP)

LtGO-G030251-01-M LIGO Laboratory 16



Standa ct Life C
+M

Conceptual Design

Prelim Design

M tbon
Final Design

M +FDR
Procurement

Supply / Fabricate

Handling / Deliver / Transport

Assembly

f nspection

lnstall

Startup /
Comrnission

i ptni"t'

M lto*

NOTE: Soma design reviews
are activities and not
milestones- In those cases
the "D" is used as the prefix.

Activitv lD Format

4M-DXXXXX : Activity lD

4M = 4O-Meter Lab Upgrade Project

- = Separator

D = Design Task

YY = | lninr ra Nr trXXXXX = Unique Number

LrGO-G030251-01-M LIGO Laboratory 17



Advenced ulGO
09-40111-12 2K to 4K Conversion CAP IGO.UOUOg 40111 N5I-L'CiU.UUUUI Z

09-40112\2 Clean Room Systems CAP _rGo.00009 40112 N5'.LIGU.UUUOl2
09-40113-14. Vacuum Equipment Bakeout and Preparation CAP -rGo.00009 +01 13 NSFLrGO.000012
og-401?-12 \ AC Beam Tube GAP .IGU.UOUOg +o17 NSFLrGO.000012

09-40131-12 L\inqston Staqinq Buildinq CAP -rGo.00009 40131 NSFLtGO.000012

0940132-12 Stadinq Buildinq Cranes CAP -rGo.00009 40132 NSFL1GO.000012

09-4021-12 SEI Subs\stem Manaqement ON ,rGo.00009 4021 NSFLtGO.000012

L|GO.4.01 Facil Modifications (FAC

Note: the
value

"40111" is
common.

L|GO.4.02 Seismic lsolation (SEl

LtGO-G030251-01-M LIGO Laboratory 18



Discipline: Engineer

NSF COdE:

Organization:

Slj ('ode []l

('nltech

This value is used as a unique
resource lD and populates the
resource dictionary for planning.

This value is used as a FTE value for
making head counts and evaluating
resource usage.

Percentage Avallabil ityNAME RES ID Relation to Proj.

Abhott. I(ichnrd l'NI]l("1{)l l.l(i() l.ah |{}{}.{10"i,

Arrnnnduln. I lelena t,FJll:( "l 04 l.l( i(l l.nl'r l(x).()0'r;,

Ilarnr's. Ir'lnrrn I'NI]l('l't)ll Ll( i() l.ah l{x}.(x}'li,

Ili ll ingsll'. ( i;rrth'ntt I Nll:("1'l(i LI( i() | ah l{}(}.(x}qi,

I)ing. llongl'u I:\ll]l('1.14 l.l(,iO l.nlt l(x).()0ni,

I)uncnn. Kris I:NI]l('l'l(' LI(i() l,ntr l(x)_{}{}"i,

Irherns. Irhilin LNI]l("1 ll{ l.l(iO Lah l(x).t){}'li,

Ijrr-r'- 
-l'hontns l:Nl]l('l 55 l.l(iO l.nh I(X).(Xlni,

llu- (inace l:Nll2( ''l',{ I l.l(io l.ntr I t(x).(xln,i

A

LtGO-G030251-01-M LIGO Laboratory 19



ffinr"cf, r$o co$hgolr - !4isre$..efr loJem?t,Explsrer

Yiew F4vorhes lools Help

' ffi H H dtb /f seach }furavci* Ql*a" €t ful-',&
htts://adrdbfl .fig|o. calHr.etu/ctffirueht {t.htf

lr\,rtsS Ainira

Advanced LIGO Costbod
lorllLlion

CostBook Home uElE

CostBook Reoorts

Add Line ltems
Direct Labor
Contract Labor
Travel
Eouioment
Subcontract
Material/PublicationslConsultants/Comsuter Services

EdiUtlelete Line ltems

pno gs e t_g1 
-r!st 

rrr91 pf 
":"-E-!'U 9m

Edit WBS Dictionary

(choose from list then press Edit)

h Edlt Activity Sh€et

(cJroo. qe qgq!!{ *rg1eter" elO$ffi

Lasf npdafed on July 18. 2N1
Email : webmaster@lwo. calteci. edu

vlBs
D€iignA'"-Hg;_d Advanced LIGO Costbook

. lnrldl.ton

,:, , i ,Adrnnced LtGp cgtrlggk: Mtsrorpft l$?mfl,Filalg$I,
litw Fgvorhes !ool: Eelp

{',i,h t* H fr1 psexcr 5ft'ravories

htg: //adnew.fu o. caldr. edulcctbook/rcmrt-dcfadt.htf

GostEook Reports lIEIt

FDF Reports as ofMay 13. 2002
Summary Report (t13KB)
4.02 Seismic lsolation Detail (rszxa)
4.03 Suspension hail (solKB)

l!]0rlEsLqetd! (231 KB)

4.05 lnput Ootic6 Dstail tr33KB)
4.06 Core Optics Detail (19oKB)

4.07 Auxiliarv Optics Detail {17eK.s}

Repods try WBS (select a WBS)

ffi,.Wltffiffiq$w-W
WIWffi}
Reports by System (select a system)

il'rorwgKeHsr'-\,ruwwsmfl 5ryilI'Tn

nir"'tEffiFHigT6[ruETrlT\ f NonlaborFl69ource9 q

h Estimator Summary Report (select a name)

li Total Cost for LIGO.4

CostBook Home

, 

'',',,r',',',.',,,P, 
f, ,,,'fr

&file Edit

Qa.a
Ad_*ess

;

;

Q*" # ffi-r
m

DeJgn
Araembly

FamovC

ia**
LIGO LaboratoryLtGO-G030251-01-M



€l Advanc€d LlGo costbook - Microsoft Internet Explorer

file ldit lliew F4vorites fools lelp

Qaack - I it]l igl *i: n'search --11 Favoriles tft.a'" 7' i

' 1, "' r &] ht@: /ladmdbv'r.liqo.caltech.edu/costboklreport-default.htf

€l Advanced LIGO Costbook - Microsoft Internet Explorer t]tttt
#[ile Edit liew Favorites lools Belp

Assembly
Removsl

CostBook Reports tiEII:l

POF Reports :s of May 11. 200?
SllnglalLRcpgd t t t:xsr
4.!2_Sejs-!0j!-lssLs!!p-D-Dc!eil .rsTKBt

4 03 Susgension Detail isolKEl
4 04 PSL Detail i2:rlKBi
4-!5-Llp.u!-Qs!!s-Dslsil t;::rra,
4..196-lQsIe-.lQp[EE-Dslad I 1 s0KBr

) Reports by \A/ES (selPct a WBS)

Qaacr - ..,, i*l rgll 'i'it ,'search -*'Fa./dtes {f Media f,/r i ll- 
-"ru, 

h;i,l -

''"" '.. gl trtp://aclmclbsm.ligo.caltech.edu/costbmk/report-def6ult.htf -Ttl g ct i'r !'i t'

WBS
Design

Assembry Advanced LIGO COStbOOk
Rernoval

Installatign

CostBook Repons tiEllt

PDF Reporls as of Mav 11. 2002
Summary Report ir 13KE j

4.02 Seismic lsolation Detail t:szxei
4 03 Suspension Detail lsolKBr
jLqLESLDSlai! {2,1 I KB ;

4 o5 InPut ootics Detail l:;r:rKst
4 06 Core Ootics Detail (tsoKa)
4.07 Auxiliary Ootics Detail itzsrcar

Reports lry \f/BS (select a \ /8S)

11GO.4.06.4.1 .- Palhf nder P

tsroG;ffiiiles 1 r-WES-b;Git-" {':::T.8$-

[;ffi;R;;ilrc;;*"h /ffi i''5[Iffiry-\

) Rel:orts lly Systenr {select a systeDr)

1--ErowseTililil-e;-\ Syslem Summary

{*-G6;;Hes6;ru;;-\ y' Nonlabor Resources

) Estimator Surrrrrrary RePort (select a nanre)

Fd.;\

) Total Cost for L|GO.4

WBS Acti

Advanced LIGO Costbo<
lnstallalion

';i

I
I

i

I

I S oon. $ Intemet

21

tGo.4.06.3.2.2 --

|G0.4.06.3.2.3 -' Cleaning Process Design
1GO.4.06.3.2.4 -- Metrologv Design
1GO.4.06.3.2.5 -- Mechanical Tests Design
1GO.4.06 3 3 - COC Final Design
lGO.:|.06.3.3.1 - Optics Design

.4.06.3.3.2 -- Fixture/Handling Design

.4.06.3.3.3 -- Cleaning Process Design

.4.06.3.3.4 -- Metrology Design

.4.06.3.3.5 -- Mechanical Tests Design
4.06.4 -- COC Fabricalion

4.06.4.2 -- Metrology Fabrication
4.06.4.3 -- Substrate Blanks
4.06.4.4 -- Polishing
4.06.4.5 -- Coating

LlG0.4 06.4.6 -- Cleaning Process Equipmenl
11GO.4.06.4.7 -- Melrology Testing/Oualifi cation
LIGO 4 06 4.8 -- Fixture/Handling Fabrication
LIGO.4.07 -- Auxiliary Oplics (AOS)
1lGO.4.07.1 -- AOS Subsystem Management
1rGO.4.07.2 - AOS R8D
1|GO.4.07.2.1 -- Aclive Optics Compensation R&D - MIT (AOP)
L1GO.4.07.2 2 -- Active Oplics Compensalion RBD'Stanford
11GO.4.07.2.3 - Active Oplics Compensation R8D - ACIGA
11GO.4.07.2.4 -- Photon Drive R&D - CIT
1|GO.4.07.2.5 - Photon Drive R&D - MIT
1lGO.4.07.2.6 -- Photon Drive R&D - GEO
11GO.4.07.3 - AOS Design

4.07.3.1 -- AOS Conc

LIGO-G030251-01-M LIGO Laboratory
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Eile Edit Sew Fgvorites lools HelP *Fi
(}n".r t ffi H m €h *psearctr frr.uo.'rc= ffr.r"oa ffi i m- 'ffi ffit r m

Address ffi nte,#"drndbsrv.ligo.caltech.edu/costbooklreport-wbsSummary.htf?rtype=wbs&rallingfiorm=sum&wbst E no l-inks nn

CostBook AetiviS $heet Surnmary
for WBS Hxnher LEO"4.O6-4.1 -- Pathfin#r
{Amounts Include Staff Benents. GRA Benefits, and Indirect Cost}

WBSHo: LreO.4.OS A.1 - Patlrfiniler

COF40641A - EST: Pathfinder SPF

COF40641B - EST: Pathfinder LFF

$49o,276.25

$833,01s.s0

sl,323,291.75

$1,323,2S1"75

$839"OO7.7S

$2"162,2SS54

WBS Tatal:

Report Total:

Report Continqsrcy at 63.4$%:

Total Plus Ctrtlingency:

ffi o*"

LIGO-G030251-01-M LIGO Laboratory
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*I
H|e

UFCI u Aestbaot Adt Er stffit D3tril- ' Hlqosft Inter-net Explarcr

Edit Uew Favorite! Iools Lleh

Qeu* - i[ni,illt, td H €h ,il)sear*r Sravoies Q[l'r.au fft [*-;fu ffi - n
r.H'*, :i htbr,,/.fte!1b'.CL.Gt..d"1.*@+o5 a l*rAP.bfrrlq&tvP.a|br&*!9forn* B EG' ' ''{' '

Costbook Activity Sheet Detail

pn
s

6

WBSI{o:1IGO.4.06.4. 1 - Pathfi nder
Activity:COF40641A - EST: Pathfinder SPF

Duratio,nr365 deys
Estimator:G. Billingsley on 05/021?001

Item Cost
Code Categpry Resource tlescription Comments or Vendor

AZ Labor EN Engineer

AZ Labor OT Other

BZ Labor SC Scientist

DZ Equip. D2 Small Pathfinder blank cosl - rollup of 6

E1 Inl Travel El Deliver Minors to UWA review specifications

G5 Contrad G5 Coat 5 types of minors ? Virgo-Lyon

G5 Contract G5 Polisn 3 Mode cleaner mirrors Wave Precision

c5 Contraet G5 polish 3 optics CSIRO

G5 Contrad G5 Shipping Time Trax

Cost
Basis CostCode Quantity UnitCost

EE 12-40641-14 CP 507 $45.00

EE 12-40641-14 CP 179 $50.00

EE 12-40641-14 CP 108 540.00

HD 12-4064'r-14 CP 1 S43,010.00

HD 12-40641-14 CP 1 $2,075.00

EE 12-40641-14 CP 1 5?00,000.00

vo 12-40641-14 CP 1 $68.445.00

vQ 12-40641-14 CP I $1?9.640.00

HD 12-40641-14 CP 1 $2.000.00

Subtotal:

Staff Benefits:

6RA Benefits:

lrdirect Cost
Tot6l Cost:

( Cost 6x1.00% + Sched:4x1.00% + Tech: 8x4.00%| Contingency @ 42.00%:

Cost Plus ContirEency:

Return to wBS SummarY Baqe

Item Amount

$22.815.00

s8,950.00

$4.320.00

s43,010.00

s?.075.00

s200,000.00

$68.445.00

s129.640.00

$2,000.00

$481,255,00

$9,021.25

$0.00

$0.00

$490,276.25

1205,916.02

$696,192.27

I Intemetffi o*"
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Activity
t0

Aclivity
Oescription

Orig
Dur

Early

Stan

Early

Finish
L6te
Starl

-.tte
Finish

Total
Float

BLrclgeted

Cost

EST: Prithfihddr sPF

Pathfincler LPF

Snrall Pathfinder-Prepdre Blank specificdtions

I SPf-Order Blanks

SPF- Polishing RFP

tr SPF - Polish Pt'opdsal prcp frt \,€nclor

E SPF-Polishing Pfbpos8l E\,f, lUation

0 SPF-Let PoliShing Contract

SPF- Coating RFP

SPF - Coating Froposirl prep at vendor

I SPF-Coating Pfopbsal Evaluation

I SPF-L€t Coatihg Contfact

E SPF-Coating Set Up

r:T_t $PF:Ff,bricdte Blf,riks, Halfl size

tl SFf-Absorb Testing

E SFF-Honrogenetty llleasurEnr€nt

E sPF-PF-Polishing

tr SPF- Uncoated ?"lelrology

D SPF-Coatlng

tr SPF-Codtecll tletrology

E SPFl0eliver to Ul'/A

E LPF.Prepare Blanti sdecifications Full size

I LPF-Orcler Blahks - Plthfincler ftrll size

I LPF- Polishind RFP

I LPF - Polibh Frofosal prep al vendor,

I LPF-Let FoliShirig Oonh-act

I LPf- Coatihg RFP

E LPF - Coaling Prbpobal prep at vefidor

I LPF-Let Coaling Cohtfacl

tr LPF-CodtinS Set UP

- 

LPF-Fabric:lte Blanks"Fdl size

I LPF-Absorb Testing

t LP F-tlonlogdneity ltrea surenrent

I LPF-Polishihg

I LPF- Urlcodted l,qetrology

I LPF-Coatihg

I LPF-Coated l"{etrology

+ Deliter LPF ETM to LASTI

0 Detiter LPF ITM lo LAbTI

2.1€2.299.:jI $0croc

L|GO.4.06 Core Components (COC)

ii9€.192.;i-ci: Pdthfr,Cer SPF

S ms ll Pdth f rndef-P19s3 rg $16 n L sFectf icEtrsn -i

PF-OrCer Blanh-r

zUl l+HU:I .: l.i r,.)i,/C C

- Pclish Pror!csal !rec at , endor 15ri0v0c

CllJat X,-:tc-P5c58C 5PF-Pclrsh|Fg ProF0s6l E, alualion

l-loli0l | 7lJlri01 l5l.lA,0Fcf;-P5 C59C SPF-L9t PolishinE lcntrEct

SPF- Llosting RFP

I 5SEPo.-iSPF - Ccating Propcsal Frep at /enirorl0-P50f 1 0

SPF-CoEtinc ProFosal E. alu6ticn 1 DETCC

SPF-Let Cgatrr g C0ntract 2 1 DEC0C

2;DE CC0 t-lrrtU ISPF-Coating Srt Up

SPF-Falrricate Elar'f:s. Halil sr:e uY_r ! r iuz

21t.laROfSPF-!b-+crh;e-rting

5PF-H omc genFrtv I lea tu reoient

leljA ''c€e PF_PF_Po trs h in g zlJnilc3
SPF- Uncoaled I letralcqy 21FEB0:l

lil.'!r 0lco-05c7 r 0 SPF-Coated l:etrclcay

02JUr.lcl5PF-Delirer to UfiA

LPF-PrecarE Blanli rcecificatoFs FUll sr:P

LPF-Crner BlanLF - Pathtrndrr tull si:e C 1DE rl00

r lJAlj0l l SJAri0:LPF - Pcli-rh Prc0clal prEc at \ EFdcr
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Task List

iiii CO-H50720 SPF-Deliver to UWA

Task No Description

CO-P50560 SPF- Polishing RFP

CO-P50600 SPF- Coating RFP

CO-D50540 Small Pathfinder-Prepare Blank specifications

CO-P50610 SPF - Coating Proposal prep at vendor

CO-P50570 SPF - Polish Proposalprep at vendor

CO-P50620 SPF-Coating Proposal Evaluation

CO-P50580 SPF-Polishing ProposalEvaluation

CO-P50630 SPF-LetCoatingContract

CO-T50640 SPF-Coating Set UP

CO-P50590 SPF-LetPolishingContract

CO-P50550 SPF-OrderBlanks

CO-F50650 SPF-Fabricate Blanks, Half size

CO-Q50660 SPF-AbsorbTesting

CO-Q50670 SPF-HomogeneityMeasurement

CO-F50680 SPF-PF-Polishing

CO-O50690 SPF- Uncoated Metrology

Duration

20

10

10

20

20

10

10

3

20

10

c

100

20

20

120

20

40

20

10

.,,
)

r;l1 
'

firtrdlon

m
t{
l0
,0
,D
la
l0

5

F)
t0

lm
a
ll

l.n
m
{}
n
t0

Irr.{s. trl.lf!

strr aenenr rt @l L'.{l I

etcuaenentta@ i,

trcr*tcorta@ i'

Totd Coit flr.t-r,

rngmya@ r1''.rl'.

inqem! /r'.ltl

iilii "v-vvvvwu 
er | - vlvvqrvv rvl

lilii; cO-T50700 SPF-Coating

iiiii co-o50710 SPF-coated Metrology
t_
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,,,,' i' ir li 1 ,]l

*TfGO Summary (Base Year Estimate)
Advanced LIGO Co3t Eltimate Summeryr

WBS ll((r't

twBSNo

I l(;f).1 rrl

ll('{t-lttl

ll(nrlrrr

I l(;lr.l lrl

I l(il1-lrri

ll(;il1([t

I l(;(| | rtl

I T(;( I .l (ll

I l(;fl lrF)

I l(,tl I lr)

Il(;(rlll

ll(;(rJlr

I l('tl I I I

\(h nn(.J I l(;()

oescriptlon

I rKilil\ \i\lilirrlr{F rl \( !

\ci\ilic l\i'!r1r,!r 1Sl !'

\fr\nfnirr\r i\l \r

l)r.trrhi!;/.,! I r\rf I I'\l I

lrnrrl I rfl lc\ i l( tl

( r'r.lhti\\( dnrnLq\rrr\r( ll( |

\r\ilir^ ( lFti( \ I \t l\i

lrIrliructcr \ensinr! ,tnri (inrlrr\l il\( )

l)rnrr \!tl. l)iit\. \d$nrl A \rtnr'ni\,'^ ( lrl i

\rronrif, I olrlf\nrLnr l\l I'r

I l(i() l)rtr \ilxh\r\ \\\1f[1 rl l) \\l

l,r{:rlr:ilrn rl\\l

I'n'rcct \1rnr!Lorcrl I l'\l I

Dhecl Labor Conlnct Labor

Total Total

HouE (gl tlou|s (3)

..Jr. tr)r 411

J4.s.) Ll ll.l\6

I I 1.-l:r :. tl |.l/'\

1l ir(l I <41.1 li

I 
^. 

rAS _1r).1) 
I 
q

.,r.x()N nllt A1^

(r.1.-l:l i slri N6{l

'\. ur! i,il r F. \s I

11 S1r : lf.r lll

lfl ro{1 t" . i r{,') +1r1 l#r 9r)1 <lr'

<r.(rr. . roJ.lit

ri'. lrq l{t.s\i rli

..,(lt' t.hfil.As-r

..n6(r_lti I

Thval

Ccl

{$)

I ir lrvr

j' rr.l Iv I

il. lrYl

talarial
Total

(r'

-r I r1 tn (tt ,rra ')l li,i I lt^.filtl

@ Labor

I Contract Labor

tr Equipment

trTrawl

a Supplies

I Subcontracts

I Indirect Costs

D ContingencY

I Escalation
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LIGO Total Cost Profile
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LIGO Bottom Up and Top Down Staffing Model

FTE Analysis
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Level 1

Level 2

LIGO.2.01 Laboral Caltech Site Operations

L|GO.2.04 MIT Site

Level 3

L|GO.2.01 Labor

+ LIGO.?.0!.6.t.1 FAC

+ L1GO.2.01.6.1.2 SEI

+ LIGo.2.0t.6.1.3 SUS

+ Llco.2.o!.6.1.4 PsL



Level 4

lll frtr
Iirh

ItrtrJl I n'r.h
l' Ini

I rrL I rr.nr

8{.ln 
I lfnr rdr Pr{..r sl

Frr Pr,.F,:t .nnrnl,{+

L|Go.2.01LaboratoryCa|techSiteoperations--i
I

L1OO.2.01.6. I a0 llct.l Intcrle?otrPtcf U portd.
l l l ! l r r r r . r l

i1'

1tGO.2.01.6.1.1 FAC
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Level 5
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Performance Measu rement

LIGO-G030251-01 -M



'ii 
' "'ili 'l' Planning for Performance

Measurement

o At what level do You cost
load the schedule?

actual cost.
)> Cost Book Activity Sheet is

where we load the estimate.

we measure Progress that
determines the earned value.

o Performance Evaluation is
executed at the rolluP level
for the WBS.

>) BCWS - baseline plan

>) BCWP - performance
>) ACWP - actual costs
>) Schedule Variance
>) Cost Variance

WBS Level

Cost Book
Activity
Sheet
Level

Schedule
Task Level

I
I

E
I

I
I

I
I

{

{

{
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Activity Buclgeted
Cost Coilp

\'rBs: COC Phthlinder

EST: Pathfihdor SPF

EST: Pathfinder LPF

Bl6nk specifications
-Order BlrnkE

pfcp at vendor
Evaluf,tion

Contract

prep a1 vendor
Evhlu6tion

!Pt.Fabricate Blanks. Halfl size

E SPt-Absorb Testing

B SPF-HomogCneity lleabtlrenrdnt
n-!ar SPF-PF.PolishinO

O $Pf- Uncoated [detroldgy

Ef SPF-Coatlng

tr SPt-Coatecl Metrolbgy

! SPF-Deliver lo U!'tA

specifications Full size
Ptthfinder full size

r LPF- POlishing RFF

t LPF - Poli$h Propossl prep 8i vEndor

! LPF-Let Poli$hing CDntract

I LPF- Coalihg nFP

I LPF - Coatinq Proposal prep at verlclor

I LPF-Let Ooating Contract

I UPF-Coatinq set uP

LPf-Fabricate Bldhks, Fdll size

I LPF-Absbrb TeSting

I l-PF-Horhogen+ity l,lelsurerlient
I LPF-PoliBhing

I LPF- Uncof,ted Metrology

-LPt-cdatihgI LPt-Coated l"letrology

a Deliver LPF ETM to LASTI

I Snrall Pathfincler

I

I SPF- Polishing RF

I SPF - Polish

I SPF-Polishing

I SPF-Let

I spF- codling RFP

I SPF - Coating

I SPF-Coatinq

I SPF-L6t Coating

I SPF-Coating

I LPF'Prdpare

t LPF-Ortler

L|GO.4.06 Core Optics Components (COC

ST: Pathlinder SPF | 6 0cr|]0!c0-Flc€l1i
STr Pathiincef LPF

rffall pithfrnCer-pre0are 6lanii s0ecrficaticns

SPF - PolisF Procosal prep 6t 'erdor
SPF-Polish!ng Prososai E,'alriatron

.Let Pollshrng Dortracl 0,11A t101A 17JAll0ll

SpF - Ccstr"E p.CCo:ar ore0 €t . enC0r

SPF-CoatFg Proposal E ? Elral€n

SPF-Let Coatrn! L:ontracl

l1t,!',02

2tJ ! il01

SPF. Un ccated I tef rolcgy

SPF-C€li!er tc UYr'A l9lJt'i'01

Elarfi specificatnns Full sr:e

PF.Ordef Blanlis - pathfinCer full size

| 7DEC0lPF - Poksh Procotil 0reo al .'3rcor

-Let Polrshing Contract

LPF - Coaling Propc-ial prep at rendor r7cEC0l
I 2JA liodLPF-Let Coating qcntr8clc 0-P:08 1 0

LPF-Coating 5"t Up

LPF-Fabricate Blanlis Full sa:ec c-F5c830

LPF-Absorb Teitang

LPF-Homcgene[v l'eaturEment
1:i,!A\ 0t

LPF- Uncoatsd i.: llilrr0l

'er LPF ETil to LASTI
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Activity
t0

LlcO.4.06 Core

Activity
Description

Budgetecl
Cost Comp

nts coc

Cosl 6t
Completion

Planned value
cost (BCWS)

- I _17. 173.2:920.893 4 I 2.162.299.54

COCFsTfr'.dFf.i':: f,i:M ,@*
| 80cTo0AEST: Pathfinder SPFcQ-F406d 1 a

-r37.18t.76673.r-77.Al| .d.66. 107.27ST: Pathfinder LPF

SPF- Polishing RFP

SPF - Polish Prooosal prep al vendor

tTJAri0lASPF-Let Polishing C0ntract

SPF- Coating RFP

Coating Proposal prep 8t vendor

2'r0E c00 n

2.UA.il01 A

-Fabricf,te Blanks. Halfl si:e

S PF-Homo genelt.v l'!easuremenl

l6l,lA'i'03SPF-Corte'j lJetrology

19t,ilai'03

LpF-Prepare Blanli sgecificaliots Full size

0 r DEc00!DF-0roer thrfis - Pathfinder full si:e
0:DE C0 l

- Polish Proposal prep at !endor r 7DEC0 _r

-Let Pohshing Contract

LPF - Costing Proposal prep at vendor

1lJAl.t0,tLPF-Coaling Set Up

LPF-Fabricate Elanks. Full si:e

PF-Homo geneitv l'tessrrement

131,!A\.0dPF- Uncoated lJetrology

ellrer LPF ETI'I lo LASTI

Sched Vdr -ost V6riance
- BCWS
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Activity
Description

t Flasoufc6:sa"d ! f;, -=
q'*0,*.. 1:Il

I SmSll Pathfinder-PrePare Blank

I SPF

I SPf- Polishing RFP

I SPF - Polish Proposal PreP at

l| SPF-POlishing Propobal Evaluation

I SPF-Let Polibhing Contract

I SPt. Codting RFP

I sPt - codting Pmposal FreP at

I SPF-Codting Proposal Evdluatlon

t SPF-Lel Cof,ling Conttact

- SPF-Coatinq Set Up

EST: Pathfincler SPF

SPF-Fabricate Blrnks, H6ltl sizd

E SPF-Absorb Testing

Et sPFlHomogeneity l,'leasurement

@@@ SPF-PF-PoliShing

E SPF- Uncdated Metrology
|q "a SPF-Coating

F CoF a^.+dd ria+r^l^^r,

Y'BS: COC P

EST: Pathfin

:i

IJCO.a.OG Core Optics Components (COC

Smsll Pathfinder-Prepare Blonk specitications

SPF - Polish Propcsal prep at vendor

02JAl10 1 n

0:J4ll0 I A 1 7JAilo 1 A

- Coating Proposal prep at Yendor

c I 0Ec00A

-Let Coatrng Conlr6ct

SPF-Fabricate Blanks. HalR si:e

SPF-Absorb Testinq

ffi | :nl:ttppnr llalravnt ll t.^
rl I I
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LIGO
Progress Data Collection

Printavera updare: {Concentric iP3)): COCM - Nlessage (Plain Text)

lh!.rt Fgrmdt loots gclons [eip-

k3 l0 EE e- I f P il ostion! Jlj f .

O:.E nesa!! ha5'ot bcc'sel1

Ir.,*a e,a.,o, Primavera Pogt Office - cocM

Atttd " I ] 4 cLacil PR Below is e list of your dctivitias.

Please pro',Ide progre' Please r4date these activities to incficate theil $tdtus though:

;:oe

o Primavera Project
Planner Post Office.
>) A built in feature wtthin

the application creates
a mail attachment that
contains the activities
to be updated.

Excel spreadsheets
can be easily
imported.

Eil! Edit Yirw

--l5end lEl *

Ii:::

_!::.:
Subl.ct: IJl

05/01 i2002
F-0l

I

!!n::l I

_t'' 1

Pdnt... I

- -_-,1

Sincerely
Thonras L Frey CCC

tart lrltrb conl

FIr A --- E
r EMfEm{
2 : Lr 0'1000!

3 6 Lr.Drl0001

I 7 Lt.Drt000;

5 a Ll-Drl00ot

I n ! Lr-ocoool
7 11 Lr 0tt001',

I 12 Lt-n0001i

I 9 1l LllJ00C1
10 15 U.C000JI
11 16 | t.l[0f15

ll you stated an activity. check the box in the Statcd? coltmn, enter thc start date'
md ents c value in lhe Parcmt Complelc column.

lf gou finishad an activity. check the box in the Finished? column and cnter a finish date.

The Dcrcent complale autmatically shows 100.

o

i 12 1/ Ll-100!l/ HAlf, ham 1

, 13 18 Ll 1001116 H4,l han2
li 19 Ll 100019 HA!/'hanr3
15 21 11 F00020 HAiJ.fab durnt sc,sso,s'actualor5
16 21 I1.F00021 HAtr1. fab sropty
17 22 ll.HlDD22 HAir- Celi.er
rB 23 Ll-10[023 HA(r insla I dunlFri s.r:sors act(ialors rrslallsd

19 2i Ll T00C25 8Sa aiiang€ he p liorl obser'dory
| 2A 26 1r.T00026 65C boao'r tgs rool 0bse..61or/

' 21 27 Ll.l00l27 8SC- sel !p Jigs .lork oul frsl he lroblems
22 28 Lll!0128 8SC bs.
23 3l Ll-100C30 HAil STACI(. rl.gilrE d iiJs ard fads
2J 31 Ll-10!1031 HAf,l STACI(. rnstell

25 32 Ll 100032 LIGO I iAl'l stack acc€pled

t Ze lt Ll.nrl0|]3l HEL satuale need stale ol d€srgn

27 35 Ll 1,100C35 HEl handofof JesiS\ fronr Slanford

28 35 il 0110035 HEL qslefl desrgrl

29 37 tl Ol00l7 HE - ina desi3n

-10 33 Ll PN0038 HE. idNnll'fabic?tors
31 3911PC0039 HE Pllceconhcts

, 22 rl Ll f000i I Hf- iabrcd'on
L 13 Jl Lt Htjot]Jl HE sh,pt's

.i r,' lsireetrli"r::z / e' +i'.t /

25.S€p-00
2 Ocl 00
I O.l.00

15.Sep.00

la-Sep'00
2i.sep-oo
16-OcL00

22lta( 11

30-Apr01
6-Jur.0J
8.Ocf01

l6-O.r00
1N 0€ctr)0
11 Jan D2

1gJur l0
1i S€[ ll
t3Jul 0l
16Jur 01

2n Aug-01
27 Auq 01

10 Oifl]1
29llor01""t.

29-0cfLr0
6 llor 00

15-Jun-01

22.S€p.00
22.Sep-00
1l Ocf00
10 llor-00

15 !Ja'r 0l
15-'Ja!'01
15'J!o 01

l0 oct 01

2:.oct !0
10.Dec.l0
11 Jan 02

26.A!g-01

1i.J!n.02
1J.J!n.02
1l.Jun.02
1I Jun 02

1C0

1C0

1C0

100

100

1t0
1t0
1t0
r00
1C0

100

100

1 rl0

1 tlo

1C0

rc0
rn0
1n0

100

1t0
90
70.-;r

Activity lD Descriphon Stailed? Start Date Finished? Finish Date
Percent

Comlate

Fd*rdcrf icouc Blurk coc I 0/1 8/2000 g n/?1 /7nnn 1m(

:0.r5{sflt fahicrlc Bl#qriHildzr )1 /09/2002 tr 57.t

:o.F$n&) iPffFfttf*ins tr LI
ftfis}?2o divc, buWA tr u
nl+61860 g i1to2t20l2 l1 /08/2002 'ItDl

FH! it+- ldrflllo HFl, g 1 0/1 8/2000 1 1 /1 4/2000 IqJ.{

:0.P5ffiflt M 'r 
1 /1 5/2000 E 12t14t2098 tw.

:o+s880 jpf+#iro Ptmocd Evdnlin M 1 2i r 5/2000 EI )1 t02t2Dg1 ]tltl
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Caltech LIGO ll

REPORTDATEOGJULOO RUNNO. 108

15:5'l
Eamed Value Report - Cost Surnmary by Acct

PRIMAVERA PROJECT PLANNER

Eamed Vahte Report - Cost Sumrnary hy Acct.

ln.stallalion

START DATE O1IIEC9S FII'I OATE 23OECO2

OATA OATE 3OOECOO PAGE NO. 1

COST
ACCOUNT

07-413't-04
07-4133-04
t)7-4134-04
()7-4135-04
07-4136-04
ir7_4 J l7-04

CUMULATIV
ACWP

75000
235250
2341175

0
392000

0

CUMULATIV
BCWP

90000
2381 25
234375

tl
4 I 6250

t)

CUMULATIV
BCWS

9000t!
385938
435385

(t

464423
LI

cosT
VARIANCE

SCHEDULE
VARIANCE

BUDGETED
cosT

PCT
coM COST AT CAC

COMPLETIO VARIANCE

100
37
3gl

0
69

{)

1 5000
tat ]

t.l

tl

24250
ii

i.)

-147812
-20101fi

0
-48173

0

90000
637500
600000
225044
600000
1 12500

75000 1500c!
735150 -97650
837000 -237000
225000 {l
850000 -25000(l
1 12500 fr

75745 2265000

da

14

L:l

I:J

1.2

t.2

1.1

1.1

r0

1.0

0.!l

09

0.8

08

t').7

i)7

D.6

Trend Analysis LIGO ll Model

tr$ (ig '1.0 1.0 1.1 11 1.2 1.2

cPl
LIGO Laboratory

Ahead of Schedrrle and Over Bltdqet

lrrtlll
Ahead of Schedtrle and Lln<ler Btrdqet

tlrttll

I
Bef ind S, rheflu le anc ()v-.r BrKlcl et BehinC *sche, r.rl,. nd Ur roet rr.Jget
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Major Milestones

Milestone Date at End of Quarter Per Galendar
Year

NSF Early Funding for Core Optics Available 5 Apr 2044

NSF Funding for Advanced LIGO Gonstruction Available 4 Apr 2005

Installation begins at Livingston 8 Mar 2007

lnstallation begins at Hanford 15 Nov 2047

Commissioning begins at Livingston 15 Jun 2009

Commissioning begins at Hanford 30 Sep 2009

Livi ngston Operational 6 Jan 201A

Hanford Operational 22 Sep z01A
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+ Ll@.4.01 Faclllty Modillcatlons (FACI

+ L|GO.4.02 Selanric llolttlon (SE|)

+ Ll@.t[.03 Suspension (gUS]

+ UCiO.4.lX Pt€stabllhed Lacer (PSLI

+ L|GO.4.05 Input OSe (O)

+ 1JGO.4.06 Core Optlce Gomponentg (GOC)

+ UGO.4.07 Auxlllary Odlcc (AOS)

+ LIC{,.4.08 Interierornetsr Seming end Contlol (lSC)

+ L|GO.4.09 Data Acq., Dlag., N€ttrork & Supervisory Control

+ u@.4.10 support Equipnrent (sup) 
:rl fr.,krl

+ LlGO.4.lz LIGO l}rtr Analyrir $cm (LDAS)

+ Ll@.4.13 Inctalhtlon (lNS)

+ L|GO.4.'14 Proiec{ ilanag€manf pM)
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Support of PPARC Proposal
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HGO Real World Example - PPARC
Proposal Support
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LIGO PPARC Proposal Example

Using the schedule, we
coded the tasks that
represent the
collaborator's scope.

Using the cost book
Access database, we cos
loaded the schedule and
generated cost profiles.

LtGO-G030251-01-M LIGO Laboratory
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PPARC Proposal Example

o Using the cost loaded E;;
schedule, we
exported the cost
profile data to a
spread sheet in base
year dollars.

Using MS Excel, we
generated a cost
profile by GB Fiscal
Years and applied an
escalation rate.
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Partners and Management
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Partners and Management

o Principal fiduciary management will come from the LIGO
Laboratory

o Advanced LIGO will be implemented with full LSC
participation

o Capital partners (UK GEO, German GEO, ACIGA) will have
a role in the project management

" Possible Institutional Board

" Details to be worked out as commitments defined
, Discussions between LlGo Lab and UK GEO/PPARC regarding nature and

level of formal agreement

o Basic project management methods will follow the LIGO
model
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Summary

Experienced LIGO Lab team has planned and estimated
Advanced LIGO
LIGO Lab and LSC have formed a strong partnership

Design and development process is already underway in a "project"
setting
Most of the elements of a formal project are in place

Costs are estimated in detail
Schedule planning is thorough and will support definition of the final
negotiated project

Performance measurement infrastructure is in place

International partnerships are already being exercised
project Management Plan can be made definitive when financial
commitments are comPlete
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Advanced LIGO In Context

o LIGO construction is complete

" NSF investment in LIGO now totals about $400 million

" Construction cost $292 million

" LIGO facilities represent - 213 of the construction investment and are intended
to support successive detectors

lnitial LIGO detectors are operating and have carried out
early scientific running
" Initial LIGO should accomplish its sensitive observation goal by late 2006

Advanced LIGO development is defining the detailed design
and retiring risks

for probable gravitational wave detection can
201 0

o

o The experienced LIGO team will be ready to install Advanced
LIGO in 2007

o Observations
commence in
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