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PROJECT SUMMARY
This proposal requests support for a three-month extension of an ongoing research and
development program towards the establishment of a Laser Interferometer Gravitational
Wave Observatory (LIGO). The proposed effort is a joint undertaking of the California
Institute of Technology and the Massachusetts Institute of Technology. We propose to
continue the development of gravity wave prototype receivers and their support facilities, to

perform analytical work in support of the activities, and to largely complete the conceptual
design of a full scale LIGO.




I. INTRODUCTION

This proposal requests supplemental funding and an extension of the grant period for
a joint Caltech/MIT program of research and development towards the establishment of a
Laser Interferometer Gravitational Wave Observatory (LIGO).

The work so far has been supported under separate NSF grants to two science groups
at Caltech and MIT:

Award: PHY-8504136

Amount of Award: $3,986,319

Award Period: July 1, 1985-February 29, 1988

Title of Project: “Investigations in Experimental Gravity and Gravitational
Radiation”

Principal Investigator: Ronald W. P. Drever, Caltech

Award: PHY-8504836

Amount of Award: $3,389,600

Award Period: June 1, 1985-February 29, 1988

Title of Project: “Interferometric Broadband Gravitational Antenna”
Principal Investigator: Rainer Weiss, MIT

Grant funds were applied to research and development activities in gravity-wave re-
ceivers, the principal focus of the program, and to preparatory work towards the estab-
lishment of the LIGO facilities, (large scale vacuum systems and their enclosures, support
structures, and observatory sites). This work has been described in detail in a recent pro-
posal to NSF: Caltech/MIT Project for a Laser Interferometer Gravitational Observatory
(submittal date: December 1987, NSF Proposal ID No. PHY-8803557, proposed start of
grant period: 1 June 1988).

The funds requested under this proposal are intended to bridge the gap between the
existing Caltech and MIT grants and the future support requested in the December 1987
proposal. ' .

In accord with the recent reorganization of the LIGO project, the Principal Investi-
gator and Project Director for the grant extension will be R. Vogt, with R. Drever and
R. Weiss serving as Co-investigators. Support of the MIT Science Group activities will be
provided under a subcontract from Caltech to MIT under the proposed grant extension.
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II. PROPOSED WORK

The planned research and development effort during the proposed grant extension
period is a continuation of the work performed under the prior grant, and will lead to
the activities slated for the post-June 1988 grant period discussed in the December 1987
proposal. The proposed work will be a joint effort of the Caltech and MIT science groups
and the LIGO engineering team. The work falls broadly into the following areas:

A. Enhancements of the capabilities and the strain sensitivity of the 40-meter Fabry-
Perot interferometer prototype, located on the Caltech campus.
Design, construction, and operation of a new 5-meter Fabry-Perot interferometer pro-
totype, located on the MIT campus.
Development and testing of advanced LIGO technology with particular emphasis on
components important to operational, full scale LIGO receivers.
Analytic work on scaling properties of LIGO receiver designs.
Data analysis of prototype interferometer trial observing runs.
Planning for and conceptual design of LIGO facilities (sites, buildings, vacuum system,
etc.). :
Specific efforts in these areas are:

&

HEY o

1) 40-meter Fabry-Perot prototype activities

(a) Narrow-band optical filtering of input laser light.

Investigations of limiting noise sources in the 40-meter interferometer system suggest
that high-frequency laser noise, at frequencies outside the gravity wave range of frequen-
cies, can introduce noise by non-linear processes in the photodiode/electronic system. An
in-line cavity designed originally for geometric filtering of the beam, suppresses frequency
components of the laser light more than 250 KHz from the mean frequency, improving
sensitivity and providing support for the hypothesis. We plan to narrow the optical band-
width of the mode cleaning cavity to 80 KHz in the next step by use of a new design
with improved seismic isolation and high mechanical quality factor, giving a lower-noise
frequency reference. The new cavity will also transmit higher laser power than the original
one. Planned experiments include first tests with the filter cavity in a separate vacuum
tank coupled by optical fiber to the main interferometer, then elimination of the coupling
fiber and closer integration of the filter cavity to the main interferometer, where it will
form part of the beam directing system.

=====(b)-Improvements of the laser light source system. ~

To reduce photon shot noise limitations on sensitivity concurrently with reduction of
other noise sources, an improved laser stabilizing system is being developed. The current
system uses an electro-optic phase modulator within the laser cavity as a fast control
element. This internal Pockels cell restricts the available laser power, for it suffers radiation
damage at high power. This limitation will be overcome in a new stabilizing system in
which the internal Pockels cell is replaced by a piezo-driven laser cavity mirror designed for
the highest practical frequency response (first resonance about 200 KHz), supplemented
by an external Pockels cell used as a secondary optical phase correcting element of limited
range but fast response. This new system will initially use the improved mode cleaner/filter
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cavity as a prime frequency reference, with some high-frequency correction from the main
interferometer; subsequently a second stage of phase stabilization is planned to improve
performance further.

(¢) Mechanical improvements.

A suspected source of low-frequency noise in the present interferometer is mechanical
noise in beamsplitters and auxiliary optics outside the main Fabry- Perot cavities. We plan
to rebuild this system by replacing the mechanically complex structure of components on a
common support with separately suspended and servo-controlled optical components, de-
signed for operation in beam-recombining modes as well as in the current individual-cavity
arrangement. This development will follow the optical filtering and laser improvements,
and may not be completed during the proposed grant period. _

To facilitate research on the more complex optical systems now planned, work is
proceeding to replace by a six-foot diameter chamber the 18-inch diameter tank and its
extensions. Construction and development of the improved and enlarged test-mass support
and isolation system associated with the new chamber will continue during the grant
period.

(d) Further development and refinement of automatic alignment systems.

The first practical application of the prototype automatic cavity wavefront phase
matching system will be to keep the alignment of the input laser beam optimized to the
optical axis of the filter cavity. This will provide improved alignment and throughput, as
well as giving active isolation of the interferometer from mechanical drifts and vibration
of the laser without the power limitations and losses of the fiber coupler currently used. A
computer-controlled backup system, which maintains alignment if the cavity drops out of
resonance temporarily, will be incorporated.

(e) Development of an active system for tmproving isolation from low frequency sessmic
disturbances. '

An auxiliary interferometer monitors relative motions of the test mass suspension
points at the ends of each interferometer arm, providing feedback signals to lock the points
together. Operation of this system on one arm is currently being tested, and further
development and extension to both arms is planned. This should improve rejection of
large disturbances, reducing dynamic range problems in the main servo systems, as well
as extending interferometer operation to lower frequencies.

2) 5-meter Fabry-Perot prototype activities

(a) Completion of the 5-meter facility.

The internal structure consisting of the support posts, bellows, isolators, and vacuum
compatible optical tables should be in place by February 1988. We have experienced
delays in obtaining electrical and optical feedthroughs. These will most likely be installed
in March. In March we will be installing optical ports in the main flanges as well as safety
support posts and individual chain hoists on the tanks. A clean air backfill system will be
installed in April. The facility should be complete by the beginning of April.




(b) Preparatory work sn developing the optics for a recombined beam Fabry-Perot pro-
totype.

We will assemble the modulation optics and reference cavity and order the mirrors
for the 5-meter prototype interferometer. The specific design of the recombined Fabry-
Perot system is not firm at present and will be developed in coordination with work being
carried out on the 40-meter system; the equipment required is not specific to a particular
recombination scheme. The initial operation of the prototype as a complete system with
suspended masses is anticipated in the middle of 1989.

(¢) Design of a common instrumentation system for both the 40- and 5-meter prototype
facilities.

The LIGO project will standardize the computer and computer/instrumentation in-
terface systems for prototype monitoring and data collection. The design of the system
is being driven by the 5-meter construction activities and will evolve during this period
leading to equipment purchases during the subsequent three-year grant.

(d) Development of suspension systems. ,

A test version of the guard mass /mirror suspension system using magnetic and electro-
static controllers and quadrant diode/LED position sensors will be placed in the suspension
test tank during this period. The tests are being made to determine the isolation factor
and the stability of the normal mode damping. The suspension, once tested, will be repli-
cated for the nine independently suspended masses in the 5-meter system. During this
period we will begin placing orders for the long-lead items in the suspension, in particular
vacuum compatible motors and translation stages.

Work will continue on measuring the isolation and damping of the magnetic suspension
system as an initial stage of vibration isolation for the guard mass /mirror suspensions. The
system is now floating reliably. The decision on whether to use the magnetic suspension
or passive damped springs will be made during this period.

Work will continue on a large dynamic range, high sensitivity position transducer
based on fiber-optic interferometry. A solid state distributed feedback laser has been
ordered under prior grant funds. This is expected to arrive in February or March. The
laser should be less noisy than the present system and more importantly, since it oscillates
in a single mode, should permit a larger dynamic range for the transducer. We expect that
the decision on whether or not to standardize and replicate this transducer will be made
during the grant period.

3) Development of light sources for interferometric detectors

Work will continue on the development of an all solid-state Nd:YAG oscillator amplifier
combination based on a monolithic ring laser coupled to a small end pumped slab amplifier.
The rapid development of laser diode pump sources has made it economically feasible to
build a 1 to 10 watt system now. The gain of the Nd:YAG grows by a factor of 5 if operated
at liquid nitrogen temperature and the expectation is that diode pumps, provided they are
sufficiently doped so as not to suffer carrier freezeout, will be 4 to 5 times more efficient
at low temperature. (Sample diodes are being tested currently.)
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4) Analytic work to establish the scaling properties of receiver designs for the
LIGO

An analytic program has been started to determine:
The effect of scattering on the performance of a long baseline Fabry-Perot.
The alignment sensitivity and wavefront distortion due to mirror transmission and
heating in a long baseline Fabry-Perot.
¢. The servo system design and stability in a long baseline Fabry-Perot.
The calculations and modelling were begun in the prior grant period and will continue
through this period.

o

5) Data analysis

The first three-fold coincidence observing runs with interferometric receivers located
at Caltech, Glasgow, and MIT were successfully done in February and March 1987, shortly
after the appearance of Supernova 1987A. Although one expects any possible signals to fall
below detection thresholds, the data will be analyzed as part of Ph.D. dissertations, and
experience will be gained in the development of algorithms and data analysis techniques.
The experience will influence the design of the interferometer facilities.

6) Planning and design of LIGO facilities

The engineering team will be further strengthened during the proposed grant period
by the judicious addition of key staff. A focus of the engineering activities, with active
support from the science groups, will be the completion of the conceptual design of the
full-scale LIGO facilities, including work with a vacuum prototype in support of the design
of the vacuum system. Site selection, surveys, and geotechnical work will be continued,
as required for the Preliminary Engineering Design proposed for the follow-on grant. A
favorable computing environment in support of both science and engineering activities will
be installed. Preparations for procurement of the Preliminary Engineering Design will be
made.




BUDGET (GPM 233)

(SEE INSTRUCTIONS ON SUMMARY APPENDIX IV
REVERSE BEFORE
COMPLETING) PROPOSAL BUDGET FOR NSF USE ONLY
ORGANIZATION - PROPOSAL NO. DURATION (MONTHS!)
California Institute of Technology Proposed Granted
PRINCIPAL INVESTIGATOR/PROJECT DIRECTOR = AWARD NO.
.R. Vogt —
A. SENIOR PERSONNEL: PI/PD, Co-PI's, Faculty and Other Senior Associstes PERSSNIREE. | nealf RS oy |cran No S NSF
{List each separataiy with title; A.6. show number in brackets) CAL. ACA*UMR PROPOSER (IF DIFFERENT)
‘. PT and PD R. E. Vogt Professor of Physics $ $
2. Co-1I R.W.P. Drever Professor of Physics
3. Co-1 R. Weiss Professor of Physics, MIT (all [MIT|costs shown on linel G5)
a. .
5. { ) OTHERS(LIST INDIVIDUALLY ON BUDGET EXPLANATION PAGE)
6. {3 ) TOTAL SENIOR PERSONNEL (1-5) 47,500
8. OTHER PERSONNEL (SHOW NUMBERS IN BRACKETS) - '
1. ( 6 ) POST DOCTORAL ASSOCIATES 18 50,300
2. (9 ) OTHER PROFESSIONALS (TECHNICIAN, PROGRAMMER, ETC.) 36 164,200
3. (4 ) GRADUATE STUDENTS ' 7,400
4. { ) UNDERGRADUATE STUDENTS
5. { 3 ) SECRETARIAL-CLERICAL 19,800
6. () OTHER !
TOTAL SALARIES AND WAGES (A+B) . 289,200
C. FRINGE BENEFITS (IF CHARGED AS DIRECT cosTS) @ 29.5% of salaries 85,314
TOTAL SALARIES, WAGES AND FRINGE BENEFITS (A+B+C) 374,514
D. PERMANENT EQUIPMENT (LIST ITEM AND DOLLAR AMOUNT FOR EACH ITEM EXCEEDING $1,000:) 3
2 Engineering Workstations 32,000
Residual Gas Analyzer 20,000
Turbo Pump for 40-Meter Facility 19,000
Mirrors and Pockels Cells 20,000
Small Optical Components 7,000
TOTAL PERMANENT EQUIPMENT i 98,000
E. TRAVEL 1. DOMESTIC (INCL. CANADA AND U.S. POSSESSIONS) 30,000 ‘
2. FOREIGN -
12 man-trips to MIT
3 man-trips to NSF
F. PARTICIPANT SUPPORT COSTS
1. STIPENDS $
2. TRAVEL 3
3. SUBSISTENCE f
4, OTHER . 1
TOTAL PARTICIPANT COSTS -
G. OTHER DIRECT COSTS 1
1. MATERIALS AND SUPPLIES 37,400 1
2. PUBLICATION COSTS/PAGE CHARGES ] -
A= 03-—'C~Q‘N’5ULTAN1“S'E‘HV*§EQ I i e e e NS v e mma i s e S SRR, i " ” T .i;" A BN - N - i
4. COMPUTER (ADPE) SERVICES - nd
5. SUBCONTRACTS MIT Subcontract 326,688 ;
6. OTHER JPL Work Order 62,500
TOTAL OTHER DIRECT COSTS ) 426,588 }
H. TOTAL DIRECT COSTS (A THROUGH G) 929,102
I. INDIRECT cosTs (speciFy) 58% of T.D.C. excluding equipment, JPL work
order, and subcontracted amounts beyond first $25,000.
TOTAL INDIRECT COSTS 270,810
J. TOTAL DIRECT AND INDIRECT COSTS (H + 1) 1,199,912
K. RESIDUAL FUNDS (IF FOR FURTHER SUPPORT OF CURRENT PROJECTS SEEGPM 252 AND 253)
L. AMOUNT OF THISAEQUEST (J) OR (J MINUS K) - $1,199,912
Pi/PD TYPED NAME IGNATURE"* DATE FOR NSF USE ONLY
R. Vogt M)J-/? / \,é" ‘/\“\/g\& INDIRECT COST RATE VERIFICATION
INST. REP. TYPED NAME & SIGNATURE® DATE Oate Check Date of Rate Sheet |initials - DGC
Program L
NSF Farm 1030 (1-87) Supersedes All Previous Editions *SIGNATURES REQUIRED ONLY FOR REVISED 19 1
|



Budget explanation page 1

General note - period cavered:

Funds requested herein are intended to cover cost of the
Director ‘s Office and the Engineering Group for the & month
period 12/1/87 through 5/31/88, and costs of the Caltech
and MIT science groups for the I month period 3/1/88
through 5/31/88. Distribution of the requested funds is
detailed in the tables following this page.

Line AZ - Praof. R. Weiss, MIT

ALl MIT costs, including salary for professorial faculty, are
shown on line GS.

Line A4 - Total Senior Fersonne!

In accordance with Caltech policy, individual faculty man—
months and salary data are furnished under separate cover
to the NSF.
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Budget esxplanation page 2

LIGO SCIENCE, MANAGEMENT AND ENGINEERING

Manloading (no.)
Frofessorial Faculty (1)

Frofessional/Tech. Staff (&)
Secretarial/Clerical (1)

Salaries:
Frofessorial Faculty
Frofessional /Tech. Staff
Secretarial /Clerical
Total salaries
Staff Benefits
Supplies and expenses:
Materials and services
Graphic Arts
Telephone and Fostage
Equipment maintenance/rental
Total supplies and expenses
Damestic Travel

Equipment

JFL Enginesring Support

TOTAL DIRECT COST S

Overhead

TAOTAL ESTIMATED COST

12/1/87-
0/31/88

man—
mos.

-
<

N

COSTS (%K)
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[] L] [

5 ] 2880

Lol
J
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8
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179.3

/8.6




Budget explanation page 3

CALTECH

Manloading (no.)
Frofessorial Faculty (1)
Scientific Staff (&) :
Frofessional /Tech. Staff (3)

Secretarial /Clerical (2}
Grraduate Res. Ass‘'t. (4)

Salaries:
Frofessorial Faculty
Scientific Staff
Professional /Tech. Staff
Secrestarial /Clerical
Graduate Res. Ass‘t.

Total salaries

sStaff BRenefits

Supplies and expenses:
Materials and services
Graphics Arts
Telephone and Fostage

Total supplies and expenses

Domestic Travel

Equipment

TR DERERT BRaT

Overhead

TOTAL ESTIMATED COST

SCIENCE GROUP

z/1/88~
5/31/88

man—
MOS.

i8

[ SN s

COSTS (FK)

= k) (N
NhOs N
$ 0 i N

106.9




Budget explanation page 4 Supporting detail,
MIT Subcontract 3/1/88-
S5/31/88
Manloading (no.? man—
mos.
FProfessorial Faculty (1)
Scientific Staff () 13.5
Frofessianal /Tech. Staff (2) 6.8
Secretarial/CIEricalb(i) 1.5
Graduate Res. fiss‘t. {(5) ) 15.08
Other (CSR Admin. Support) :
COSTS (FK)
Salaries:
FProfessorial Faculty So00
Scientific Staf+f 40702
Frofessional /Tech. Staf+f 20000
Secretarial /Clerical 2900
Graduate Res. Ass‘t, 14420
Other (CSR Admin. Support) 70082
Total salaries : 72000
Staff Benefits (39.1% of salaries) 33972
Supplies and expenses:
Materials and services 13500
Telephone and Fostage 2109
Allocated expense 3500
Total supplies and expenses 19100
Domestic Travel - 4 m—-trips to Caltech 5000
Equipment:
Engineering workstation with disc B 16006
3 meter facility - hoists, air backfill, etc. 14000
S meter optics - mirrors 26000
.= meter optics - pockels cells . . e , 172000
Nd: YAG development - oscillator, amplifier 1620Q
Total equipment 849224
TOTAL DIRECT COST ‘ 239@72
Overhead (56.5% of TDC less equipment) 87616

TOTAL ESTIMATED COST 326688

Line GBS




Budgst explanation pageﬂg
Line G& — Other:
1.

JPL support work order -

Assumes 2 F.T.E.s @ $12SK/man—-vyr
for the period 3/1/88-5/%1/88 (4

62500

{(includes JFL burdens)
m—mos. total)




