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TECHNICAL ABSTRACT (LIMIT TO 22 PICA OR 18 BLITE ?YPIWROTT‘N LINES)

The experimental development of laser interferometer techniques for detection of
gravitational radiation, together with new concepts for enhancing sensitivity, has reached
a stage where interferometer systems with arm lengths of order 4 km should be capable
| of detection and measurement of expected gravitational wave signals from various
| astronomical sources. Observation of this radiation would provide new tests of general
relativity theory and also lead to an important new tool in physics and astronomy,
capable of giving information on collapse processes, black holes, and other astrophysical
phenomena unobtainable in any other way. This joint project of the California Institute
of Technology and the Massachusetts Institute of Technology will carry out feasibility |
studies and an engineering design of a Laser Interferometer Gravity-Wave Observatory (LIGO)
for such observations. The LIGO will include large vacuum systems at two separated sites,

flexible to accommodate a joint Caltech-MIT gravitational wave detection system and a
variety of other detectors The construction of the LIGO will be the subject of a later
proposal. ‘ ' :
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1. INTRODUCTION

1.1 Brief description of what is being proposed

Laser interferometer gravity wave receivers have been under development
in a number of laboratories since 1971.! Now, after 14 years of prototype
development and experimentation, the time has come to proceed with the final
detailed engineering design of a Laser-Interferometer Gravity-Wave Observatory
("LIGO") to house full-scale receivers with sensitivities in the range of antici-
pated astrophysical gravity wave signals. The timeliness of such tacility develop-
ment is driven by the present sensitivity of the laboratory prototypes, their
rapid rate of improvement, and the extensive past and present studies of the
feasibility, design, and cost of a LIGO.

This proposal requests funds to carry out the final engineering design of the
LIGO. The proposal also requests funds for the development and testing of
several key components required for the LIGO, and of several key commercial
components of the full-scale gravity-wave detectors to be instalied in the LIGO.

The aim of the proposed work is to bring the LIGO design and cost estimates
into a sufficiently advanced state that the LIGO can be evaluated by the NSF for
construction. : ’

1.2 Brief Description of the Design and Intended Use of the LIGO

The LIGO will consist of two L-shaped vacuum systems, with arm lengths of
order 4 kilometers, and associated buildings and supporting apparatus, at two
widely separated sites (Fig. 1.1). Two sites are needed to discriminate local
noise which may simulate gravity waves; arm lengths of order 4 kilometers are
needed to achieve sensitivities adequate for a high probability of gravity wave

detection.

The LIGO will be designed, constructed, and operated jointly by Caltech and
MIT. Caltech and MIT will also jointly design and construct a first gravity wave
detector to be installed in the LIGO. This detector will consist of a pair of gravity
wave receiver systems, one at each site, with cross-correlated outputs; the
receiver system at each site will consist of freely suspended, "inertial" test
masses at the ends, intermediate points, and corner of the evacuated L, and a
laser-interferometer system for monitoring the relative positions of these test
“masses. This two-site detector will be used jointly by Caltech and MIT in
. searches for gravity waves from astrophysical sources.

The design, construction, and operation of the LIGO, and of its first joint
gravity-wave detector, will be carried out under the terms of a Memorandum of
Understanding between Caltech and MIT, which is presented in Appendix J of this
proposal.

The LIGO as initially constructed will permit simultaneous operation of one
detector and development of another so that gravity-wave searches need not be
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halted in order to carry out detector improvements.

The LIGO will be designed so that additional instrumentation chambers can
be added at a later date to support several detectors operating simultaneously
in the same L-shaped vacuum tubes. We anticipate that it will support a number
of successive generations of detectors over a period of perhaps 20 years, detec-
tors constructed and operated jointly or independently by scientists from Cal-
tech and MIT, and also from other institutions. To some extent the LIGO will be
like a high-energy particle accelerator, and the gravity wave detectors in it will
be like high-energy experiments at an accelerator. : :

This proposal's final design and component-testing studies will take one
year. While those studies are underway, the Caltech and MIT research groups
will continue to develop and improve the prototype gravity-wave receivers on
which they have been working for many years; that receiver development is sup-
ported by separate grants from NSF to Caltech and MIT. A joint Caltech-MIT pro-
posal for the construction of the LIGO and of the first joint receivers to be
installed in it will be submitted to NSF in August 1986. The present plans call for
beginning construction of the LIGO in November 1987 and completing it at both
sites in 1989. The first joint Caltech-MIT detector would then be in operation in
1990.

1.3 The Organization of this Proposal

The body of this proposal (Secs. 2 through 5) focuses on issues central to
the specific work being proposed: Section 2 presents our present conceptual
design of the LIGO; Section 3 describes the proposed development and testing of
components for the LIGO and its full-scale receivers; Section 4 describes the
proposed detailed engineering design study for the LIGO: and Section 5 presents
the budget for this proposal.

The work proposed here is only one component of the Caltech/MIT gravity-
wave research program. Other aspects of that program — some of them central
to its ultimate success — are described in appendices. The appendix material
includes the following:

*A description of gravitational wave sources that might be seen with detec-
tors in the LIGO, and a detailed comparison of the sources' expected
strengths with the detectors’ projected sensitivities (Appendix A). o

*Brief descriptions of some concepts for advanced receiver technology
(Appendix B), of prototype receiver research that is being carried out at
Caltech and MIT (Appendix C) and elsewhere in the world (Appendix D); and
a list of receiver-research milestones which have been presented to the
National Science Board for their use in evaluating past and future progress
at Caltech and MIT (Appendix I).
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*Descriptions of the extensive past and present feasibility, design, and cost
studies for the LIGO (Appendix E).

*The present, tentative version of the tunctional requirements for the LIGO
(Appendix F); these, when completed, will be the input for the proposed
detailed engineering design. 7

*A summary of milestones that will occur during the LIGO development effort
(Appendix G). :

*A description of our present vision of the "implementation” of the detailed
engineering design (i.e., construction of the LIGO), which will be the subject
of our next joint proposal to NSF; and details of the current cost estimates
for the implementation (Appendix H). ' »

*The Caltech/MIT memorandum of understanding under which this project is
carried out (Appendix J). : '

Before turning to the details of the LIGO's conceptual design (Sec. 2) and of
the proposed work (Secs. 3, 4. 5), we shall describe briefly the payofts for phy-
sics and astronomy that would result from gravitational-wave detection (Sec.
1.4), and the gravity-wave detectors that might operate in the LIGO and their
prospects for successtul detection (Sec. 1.5). T

1.4 The Expected Payoffs trom Gravitational-Wave Detection

1.4.1 Payoffs for Astronomy

Until the 1930s, optical-frequency electromagnetic waves were man's only
tool for studying the distant universe. The electromagnetic view of the universe
was revolutionized by the advent of radio astronomy; and further but less spec-
tacular revolutions were triggered by the opening of the infrared, X-ray, and

gamma-ray windows.

The radio-wave revolution was so spectacular because the information car-
ried by radio waves is so different from that carried by light. As different as
radio and optical information may be, however, they do not differ as much as the
information carried by gravitational waves and by electromagnetic waves.

Gravitational waves are emitted by, and carry detailed information about,
coherent bulk motions of matter (e.g., collapsing stellar cores) or coherent
vibrations of spacetime curvature (e.g., black holes).. By contrast, astronomical
“electromagtietic’ waves are “Usually incoherent superpositions of emission from
individual atoms, molecules, and charged particles. Gravitational waves are
emitted most strongly in regions of spacetime where gravity is relativistic and
where the velocities of bulk motion are near the speed of light. By contrast,
electromagnetic waves come almost entirely from weak-gravity, low-velocity
regions, since strong-gravity regions tend to be obscured by surrounding
matter. Gravitational waves pass through surrounding matter with impunity, by
contrast with electromagnetic waves which are easily absorbed and scattered,
and even by contrast with neutrinos which, although they easily penetrate
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normal matter, presumably scatter many times while leaving the core of a
supernova.

These differences make it likely that gravitational wave astronomy will
bring a revoluticn in-our view of the universe comparable to that which came
from radio waves — though it is conceivable that we are now so sophisticated and
complete in our understanding of the universe, compared to astronomers of the
1930s and 1940s, that the revolution will be less spectacular.

- It seems quite unlikely that we are really so sophisticated. One sees this
clearly by noting the present, sorry state of estimates of the gravity waves bath-
ing the earth (Appendix A): for each type of source that has been studied, with
the single exception of binary neutron-star coalescences, either

(i) the strength of the source’s waves for a given distance from earth is uncer-
tain by several orders of magnitude; or

(ii) the rate of occurrence of that type of source, and thus the distance to the
nearest one, is uncertain by several orders of magmt.ude or

(iii) the very existence of the source is uncertain.

Although this uncertainty makes us unhappy when we try to make plans for
gravitational-wave searches, it will almost certainly reward us with great
surprises when the searches succeed: the detected waves will give us revolution-
ary information about the universe that we are unlikely ever to obtain in any
other way.

1.4.2. Payoffs for Fundamental Physics

Detailed studies of cosmic gravitational waves are likely to yield experimen-
tal tests of fundamental laws of physics which cannot be probed in any other
way.

The first discovery of gravitational waves would verify directly the predic-
tions of general relativity, and other relativistic theories of gravity, that such
waves should exist. (There has already been an indirect verification -- in the
form of inspiral of the binary pulsar due to gravitational-radiation-reaction.?)

By comparing the arrival times of the first bursts of light and gravitational

ssWaves-from a-distant supernova, one could-verify general relativity's prediction
that electromagnetic and gravitational waves propagate with the same speed -
i.e., that they couple to the static gravity (spacetime curvature) of our Galaxy
and other galaxies in the same way. For a supernova in the Virgo cluster (15
Mpc distant), first detected optically one day after the light curve starts to rise,
the electromagnetic and gravitational speeds could be checked to be the same
to within a fractional accuracy (1 light day) /(15 Mpe) = 5 x 1071,

By measuring the polarization properties of the gravitational waves, one
could verify general relativity's prediction that the waves are transverse and
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traceless — and thus are the classiéal consequences of spin-two gravitons.

By comparing the detailed wave forms of observed gravitational wave bursts
with those predicted for the coalescence of black-hole binaries (which will be
computed by numerical relativity in the next few years,?) one could verify that
certain bursts are indeed produced by black-hole coalescences ~ and, as a
consequence, verify unequivocally the existence of black holes and general
relativity's predictions of their behavior in highly dynamical circumstances.
Such verifications would constitute by tar the strongest test ever of Einstein's
laws of gravity.

1.5 Gravity-Wave Detectors in the LIGO and their Prospects for Successful

1.5.1 Simple First Detectors
Description of Laser-Interferometer Gravity-Wave Detectors.

A gravitational wave is a propagating distortion in the metric of spacetime.
If a beam of light makes a round-trip path between two free masses, the time it
takes for the light to return to the first mass depends on the integral of the
metric over its path, and thus contains a term which is proportional to the gravi-
tational wave amplitude over its path. An interferometric gravitational wave
receiver exploits this effect. Schematically (Figure 1.2a), such a receiver in its
simplest form consists of three (nearly) tree masses arranged in an L-shape.
Light from a laser shines on a beamsplitting mirror on the central mass, which
directs half of the light toward each of the two end masses. Mirrors on the end
masses return the light to the central mass. The polarization properties of grav-
itational waves are such that for most propagation directions the changes in the
round-trip travel time for light along the two orthogonal paths have opposite
signs. One simple detection meéthod is to superimpose the two returning beams,
forming a Michelson interferometer (Figure 1.2a). Differences in the travel
times in the two arms show up as shifts in the relative phase of the two beams,
and thus as shifts in the fringe at the output of the interferometer. If the gravi-
tational wave has dimensionless amplitude k (equal to the component of the
metric perturbation along one arm), then the fractional difference in the round
trip time between the two arms is approximately equal to .

Because the travel time difference depends on an integral over the time

—sr.sWhich the light spends in the arms, the effect grows-linearly as the round trip

time increases, urntil the round trip time becomes comparable to the period of
the gravitational wave. Thus, unless the arms are already so long that one round
trip time is of order the wave period, there is a benefit to increasing the total
storage time of the light by folding the path of the light, allowing many round
~ trips before making the phase comparison between the light in the two arms.
One method for doing this is to make each arm of the interferometer in the form
of an optical delay line of the type developed by Herriott (Figure 1.2a). Light is
injected through a hole in one mirror and makes a number of passes between
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the two spherical mirrors before exiting trom the same hole and interfering with
light from the other arm. Receivers based on this scheme are sometimes called
"Michelson" and sometimes "delay line". Another method is to make each arm
of the interferometer a Fabry-Perot resonant optical cavity (Figure 1.2b). Light
Is injected through a partially transmitting mirror. If the length of the cavity is
matched to the wavelength of the light, then the phase matching between the
light which has made one round trip, two round trips, and more results in the
storage of the light in the cavity for many round trips. Receivers based on this
scheme are called "Fabry-Perot".

Even though the measurement is being made with light which has a
wavelength of around 0.5 microns, it is possible (indeed vital) to compare the
phase of the light in the two arms to a precision many orders of magnitude finer
than one fringe. The fundamental limit to the precision of an interferometric
measurement comes from the Poisson noise ("shot noise”) in the intensity of the
light at the output. Thus the precision can be made finer by increasing the
llumination, until the power is so great that Poisson fluctuations in the light
pressure on the end mirrors cause comparable noise. The resulting limiting
precision is called the "quantum limit".

There are of course other sources of noise which experimenters must
render negligible. Most of these have the form of stochastic forces which limit
the extent to which the masses in the interferometer can be considered free.
The most serious of these noises, seismic vibrations and thermal (Brownian)
motion, are substantially weaker at high frequencies than at low frequencies.
Thus an actual gravitational wave receiver can be expected to show the ideal
shot noise limited performance above some frequency (~500 Hz in the LIGO's
first simple receivers), with poorer performance at lower frequencies.

A laser interferometer gravity wave detector will typically consist of two or
more receivers (like those of Figure 1.2) and associated electronics at widely
separated sites, together with the data processing system which correlates their

- outputs and searches for gravity wave signals. In this proposal we shall use the
terms "receiver” and "antenna’ interchangeably to mean one L-shaped inter-
ferometer system (Figure 1.2) at one site; and we shall use the terms "detector”
and "detector system" to refer to the combination of receivers and data proces-
sors that are used in a gravity wave search or observation.

Sensitivities of Simpie First Detectors in the LIGO. Receivers of the delay-
s «line.and Fabry-Perot types described above have been under development at MIT
-since 1971, at Caltech since the late 1970's, and at other laboratories
throughout this period. Some technical details of that receiver development
program are described in Appendices C and D. The Caltech and MIT gravity wave
groups have furnished NSF with a list of "Milestones" which they expect to
achieve between now and the target date for final approval of LIGO construction
(June 1987); see Appendix G. The milestones are designed to guarantee that,
even if no turther progress were made on receiver technology between the time
of approval of construction and the completion of construction, receivers could
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be mounted in the facilities with sensitivities roughly as shown by the upper
_solid curves of Figs. 1.3 - 1.5. Some technical specifications of such "Simple

First Detectors" are spelled out in Sec. A.1 of Appendix A.

Prospects for Successful Detection. Section A.2 of Appendix A contains a
detailed discussion of astrophysical sources of gravitational waves that could be
detected with these simple first detectors. The strengths of the waves from
some examples of such sources are plotted along with the detector sensitivities
in Figures 1.3 —1.5, Comparing the source strengths to the sensitivities one can
conclude that the "simple first detectors” in the LIGO have a significant possibil-
ity of successtul detection; see Appendix A for details. -

1.5.2 More Advanced Detectors

- An important aspect in this px:oject is the clear potential for major improve-
ments in sensitivities beyond those of the “"first simple detectors”. Several
methods for further improving sensitivity have been proposed - some using new
concepts stimulated by the iow optical losses demonstrated in our optical cavity
experiments.

In the simple types of delay-line Michelson or Fabry-Perot interferometer
systems outlined above the photon shot noise limits to sensitivity may be
improved in two ways: by increasing the light storage time in the arms - until it
approaches the period of the gravity wave signals; and by increasing the power
in the light beams - until the quantum limit for the test masses is reached. Pro-
totype experiments have already shown that optimizing the light storage time is
entirely practicable for the gravity-wave periods of interest in ground-based
experiments. In the Caltech Fabry-Perot prototype, storage times of 1 mil-
lisecond have already been obtained, which should scale to 0.1 seconds in a large
system. and alithough large mirrors are required for long storage times in
delay-line Michelson interferometers, storage times which should scale to
several milliseconds have been reached. It is thus safe to assume that optimum
storage times can be achieved. Reaching the optimum light power set by the
quantum limit - or even to approach practical limits set by other stochastic
noise sources - is more difficult, Suitably stable, continuous-wave, lasers capa-
ble of giving the required power (many kilowatts) at an appropriate wavelength
are not yet available, and if banks of the type of argon laser currently used are
employed the power consumption will become significant. Improved lasers are
currently being developed, but at present we.feel it prudent to-envisage laser

~ powers of ot more than 100 watts for our planned experiments.

Fortunately, two methods for improving s'ens_itivityv with'out'increase in laser
power have been devised.* The first of these consists of a technique for recy-

. cling light through the whole interferometer many times, to increase the

eflective light power in the system.

Light Recycling Interferometer. Using phase modulation, it is convenient
to operate high-powered interferomgters with path lengths adjusted to give a
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dark fringe in the output from the beamsplitter. In this situation most of the
light may leave the system through the other side of the beamsplitter, and it is
proposed to redirect this light back into the interferometer to add coherently to
the input beamn. This effectively encloses the whole interferometer in an optical
cavity which is in resonance with the laser light, as depicted - in principle only -
in Fig. 1.6a. In the case of a delay-line Michelson interferometer two additional
mirrors are used, with a photodiode D2 used to monitor rejected light and con-
trol the laser wavelength to minimize the rejected light intensity. In the case of
a Fabry-Perot interferometer, the light storage time within the interferometer
arms would be determined by choice of transmission of the cavity input mirrors.
The light rejected by the cavities leaves the combining beamsplitter in the
direction of the laser; and may be recycled by an additional mirror of suitable
reflectivity, again with a monitoring diode D4 used to control the laser
wavelength (or the optical path differtnces in the system) to maintain the reso-
nance conditions. (For discussion of some practical aspects of such interferom-
eters see Appendix B). , :

Recycling improves the performance of an interferometer by increasing the
effective power available, without changing its frequency response. Another
method for improving sensitivity still further for periodic or narrowband signals,
by arranging a form of resonance between the light signal and the gravity wave,
has also been devised.*

Light Resomating Interferometer. In this scheme the optical phase signal
induced by the gravity wave is made to pass back and forth between the two
arms of the interferometer in synchronism with the wave so that the amplitude
of the signal builds up over the whole time that light may be stored within the
system. Methods proposed for achieving this in delay-line and Fabry-Perot
interferometers are indicated in outline in Fig. 1.6b. (More practical systems
are described in Appendix B).

In the case of a delay line system, the delay time within each arm of the
interferometer is made equal to half of the gravity-wave period, and light is
arranged to pass from one arm to the other as shown, via coupling mirrors of
high. but suitably chosen, reflectivity. Phase differences between light circulat-
- ing in opposite directions build up over the light storage time.

In the case of a Fabry-Perot system. the optical cavities in the two arms are

-=:coupled- together via-the-transmission -of -their-input mirrors and by an addi-
tional mirror of high. suitably chosen, reflectivity. This system can be thought of
as operating in a way similar to that of the delay-line system; or alternatively it
may be considered that the lower of the two resonances of the coupled-cavity
system is arranged to match the frequency of the laser light, and the upper
resonance is made to match the upper sideband of the signal induced by the
gravity wave, so that again there is an enhancement of the signal by the resc-

nance.

In both of these resonating systems, the signal builds up coherently over
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the overall light storage time, so an enhancement in sensitivity proportional to
the storage time, and in general larger than that given by the wide-band recy-
cling system, is achievable over a bandwidth equal to the inverse of the overall
storage time centered at any chosen frequency.

' Active Antiseismic Isolation. In the "first simple detectors’ envisioned
above, it was assumed that seismic noise is negligible above about 500 Hz.
Recent tests of the passive antiseismic isolation in one of our prototype
receivers (Appendix C.2) suggest that adequate isolation for these first simple
detectors has been achieved already. However, because gravity wave sources
are thought to be stronger at lower frequencies, it will be very important in
more advanced detectors to push the antiseismic isolation to as low a frequency
as possible. At lower frequencies it is more difficult to obtain adequate isolation
by passive means, since the ground noise increases and the attenuation of sim-
ple, passive mass-spring isolators decreases. Fortunately, isolation can be
improved by arranging a servo system to cause the suspension point of each test
mass to track the motion of the mass below it. This type of active isolation sys-
tem has been extensively developed at Glasgow, primarily for the horizontal
degrees of freedomn most relevant for gravitational wave antennas,® and more
recently at Pisa. An equivalent arrangement for vertical motions has been very
successfully used at JILA for isolation of gravimeters,® and a vertical system
motivated by 1962 work of R. Dicke has been tested at MIT, where general ana-
lyses of some of these systems have been carried out. The existence of tilt com-
ponents in the seismic noise complicates horizontal isclation schemes but a
technique has been introduced at Glasgow in which tilt effects are eliminated by
sensing motions relative to a reference body of large moment of inertia freely
suspended at its center of gravity.

The improvement in isolation achieved by these techniques is limited in
practice by mechanical resonance in the structures, and multistage isolation
systems may be required for experiments at very low frequencies. Another type
of active isolation that is convenient for LIGO receivers uses an auxiliary laser-
interferometer system to monitor the distances between test-mass suspension
points; see Appendix B for details. In principle such systems should be capable
of giving good isolation at frequencies down to a few times the pendulum fre-
quency of the test mass suspensions, but they will require much development to
achieve this, and may become fairly complex.

" “Sensitivities of More Advanced Detectors in the LIGO. The “light recyeling”,

"light resonating”, and antiseismic isolation techniques just outlined show prom-
ise of greatly enhancing the performance of gravitational wave detectors over
that of the "first simple detectors” of the last section. We anticipate perfecting
these techniques in the proposed facilities; and that effort may well lead to
"more advanced detectors' with sensitivities something like those shown in the
bottom solid curves of Figures 1.3 — 1.5. For some technical specifications of
such detectors see Sec. A.3 of Appendix A.
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Prospects for Successful Detection with Hore Advanced Detectors. Section
A.4 of Appendix A discusses a variety of plausible gravity-wave sources, and one
high-confidence source, which could be detected with the more advanced detec-
tors. From that discussion it is evident that there is a very high probability of
gravity-wave detection at the advanced-detector sensitivities.

Thus, if success does not come with the first simple detectors, we can be
reasonably sure that continued efforts at improving the detector sensitivities in
the LIGO will bring success at some point between the upper and lower solid
curves of Figures 1.3 —1.5. :
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" 2 The Conceptual Design of the LIGO

The key feﬁtures of the conceptual design of the LIGO are presented in this
section of the proposal '

The design ié based on the studies described in Appendix E and the func-
tional requirements listed in Appendix F.

2.1. Essential features of the LIGO

The levels of gravity-wave sensitivity needed for the detection of gravita-
tional waves, according to the estimates in Appendix A, cannot be achieved in
vacuum systems as short as those now being used at Caitech and MIT. In fact, a
high probability of unequivocal detection with the proposed Caltech/MIT LIGO
requires the following essential features:

1. Two widely separated sites,

2. Arm lengths of order 4 kilometers at each site,

3. Vacuum pipe diameter of order 48 inches,

4. The capability of a vacuum level of 107® torr to accommodate the

highest-sensitivity searches, '

5. The capability of carrying out two simultaneous investigations (a graw-

ity wave search and receiver improvement) at each site initially, and
three or more later,

6. The capability to accommodate receivers of different arm length.

Justifications for these requirements are as follows:

1. At the minimum, two facilities separated by at least 1000 km are required
for an unequivocal detection of gravitational radiation bursts.

Two widely-separated sites are essential for the elimination of the inevit-
able non-Gaussian, local noise which masquerades as gravitational-wave
bursts. The noise is eliminated by cross-correlating receiver outputs {rom
the two sites. Furthermore, when bursts have been discovered, two sites at
least are necessary to give information about the directions of the sources.

‘2. Arm lengths of order 4 kilometers at each site are essential to achieving the

sensitivities required for a near-certainty of successtul detection. Although
--the “probability -of success is significant at- the levei. of .the "first - simple .
detectors” of Figs. 1.3 - 1.5, a very-high-probability of success requires a
sensitivity near that of the dotted line in Figure 1.3; see discussion at the
end of Appendix A. Clearly, even with 4 kilometer arms there is little mar-
" gin of safety. With arms of shorter length L the noise levels scale as L™~! for
seismic noise and for other stochastic forces acting on the end masses, as
L™ for the standard quantum limit (SQL), as L™%* for index-of-refraction
fluctuations due to residual gas in the vacuum system, as L™ for photon
shot noise when recycling is used on burst sources, and as L' for photon
shot noise when resonating is used on periodic sources. W¥ith arms much
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shorter than 4 kilometers one no longer can have strong confidence of suc-
cess.

More generally, the longer the arms, the less stringent will be the demands
on the receivers in order to achieve a given level of sensitivity; and thus,

“whatever may be the sensitivity required for success (probably, and hope-

fully, less than that described above), success will come more easily and
sooner with longer arms. Clearly one would want the arms to be as long as
possible but there are obvious constraints of cost. A rough rule that has
been applied is that the length of the arms should be large enough so that
further improvement of the sensitivity by a significant factor requires cost
increments by a substantial factor. This implies that the costs dependent
on the length should not be dominated by costs independent of the length

A vacuum pipe diameter of order 48 inches is required: 1) to accommodate

- simultaneously the laser beams of several compact-beam rsceiver systems,

2) to permit the use of long-wavelength lasers, with their larger beam diam-
eters, as they are much more efficient than shorter-wavelength lasers; and
3) to accommodate delay-line antennas, if they are the receivers of choice.

A vacuum level of 107° torr is required to achieve, in the face of index-of-
refraction fluctuations, sensitivities near the upper solid curves of Figures
1.3- 1.6 ("first simple detectors"); and 10~ torr is required near the lower
solid curves ("more advanced detectors”). The facilities will be designed to
achieve 10~® torr at the outset, in part due to our expectation that receiver
sensitivity will advance rapidly. In addition, the acceptance tests for the
facility should prove that this pressure can be attained.

The capability of carrying out two simultaneous investigations at each site
initially is very important. This will permit the development of improved
receivers as one investigation, while the first Joint Caltech/MIT gravity wave
search is underway as the other (highest priority) investigation. The impor-
tance of this parallel mode of operation arises from the fact that, although
some of the technology of improved receivers can be tested in other labora-
tories, the time-consuming integrated tests and debugging, especially of
the optics, can be carried out only in the full scale vacuum system of the
LIGO. This parallel mode of operation will permit at least one detection sys-

_tem to be on the air, searching for waves at all times.

-The»necq;sity for such a capability is made cléar by twenty years of ’experi-
ence of research groups using single bar detectors for gravitational waves

- and also by the experience of groups working with single laser-

interferometer prototypes: these groups have always been caught in the
dilemma of whether to search, or to make technical improvements in the
apparatus which would improve the sensitivity of the search. The natural
direction, having only one apparatus, is to improve continually. As a conse-
quence, to date there have not been many long-term, continuous searches
carried out. It would be ‘exceedingly unfortunate if, after spending the

_Iu‘ge amounts of money required for the LIGO and achieving at the outset

sensitivities where there is significant hope of seeing something, the
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experimenters were still caught in this dilemma.

The LIGO should be easily upgradable to support a third independent inves-
tigation when funding and manpower permit, and to support additional
simultaneous.investigations later. It gravitational waves are not detected at
the sensitivities of the first joint experiments, then three independent
investigations would significantly speed up the subsequent advanced-
detectors’ search for gravity waves by permitting simultaneous, time-
consuming searches with receivers optimized for different kinds of sources.
Additional simultaneous investigations later will permit gravitational astren-
omy to become a research fleld like other branches of astrophysics with
many independent and interesting research programs involving experi-
menters from a number of institutions.

8. The LIGO should be able to accommodate interferometers of two different
arm lengths. The fact that gravity-wave signais in interferometers are pro-
portional to armlength can be used as a partial discriminant between graw
ity waves and local disturbances at one antenna site, thereby reducing the

spurious coincidence rate to a low enough value that two-site correlations

can clearly identify gravitational-wave bursts. Two receiver beams sharing
the same vacuum will also be. very useful in diagnostic studies of the local
noise sources, and are one way of measuring the noise due to fluctuations in
the gas column density. : )

The LIGO should be constructed as much as possible using established
engineering practices familiar to contractors to minimize the risk and the
chance of cost overruns. The LIGO facilities should not themselves become a
new experiment. :

The above essential features are incorporated in the following conceptual
design of the LIGO: '

2.2 Geometric layout of the vacuum system

The LIGO vacuum facilities at each site are in the shape of an "L" with each
leg of the "L" being a 48 inch diameter vacuum tube of 4 kilometer length as
shown in the frontispiece of the proposal (Fig. 1.1). The mirrors and test masses
of the receivers are placed in vacuum chambers ("instrumentation chambers")

~iyith-gceess - to light beams traveling in the antenna arms. One version of the

configuration of chambers in the central stations (at the intersection of the
arms) is shown in Fig. 2.1a; an alternative version is shown in Fig. 1.1. A central
14-foot diameter chamber is placed directly at the intersection of the arms in
_both versions. This is the prime location for receivers of any type. The first
joint Caltech/MIT receiver will be installed there. The remaining chambers in
both versions are designed to give the facility the capability to carry out
development of new receiver designs in such a manner as not to significantly
interfere with searches being carried out in the central chamber. A decision on

the best way to arrange for this capability will be made before the b,eginp.‘mg of

the final engineering design.
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Figure 2.1b is a configuration of the central station in later stages of the
development of the gravitational wave observatory. The initial building design
and chamber configuration (Fig. 2.1a) are intended to anticipate and facilitate
the addition of three instrumentation chambers to achieve this later
configuration. -This LIGO upgrade would enable further multiplexing of the arms
to accommodate specialized and independent searches for and observations of
gravitational waves. The particular configuration envisaged in Fig. 2.1b would
position higher frequency gravitational receivers using small test masses in the
front chambers and low frequency receivers, which will tend to have larger
masses, in the rear chambers.

The central station, with its four instrumentation chambers initially, is the
most complex part of the LIGO, as it is the location of the lasers, injection and
exit optics and major part of the control and sense electronics for the inter-
ferometers.

Another station ("midstation”) with one instrumentation chamber is placed
halfway between the central station and the end station of each leg of the L. The
two midstation chambers will house masses and mirrors forming the end points
of the shorter (probably haif length) interferometers. The midstation will be pri-
marily passive, containing little optics or electronics. The instrumentation sta-
tions at the ends of the legs ("endstations”) are also primarily passive.

2.3 Key features of the vacuum system

The vacuum system is the most costly part of the LIGO facility, and apart
from the receivers it is that component of the facility requiring the most caretul
planning and design. Appendix E.3.2 describes the vacuum system in consider-
able detail. The function of the vacuum system is twofoid: 1) to reduce index
fluctuations in the light paths along the arms and 2) to reduce the stochastic
forces on the test masses and mirrors in the instrumentation chambers.

The vacuum system proposed for further study is made entirely of stainless
steel tubing and bellows. The system is designed to be baked out at 150° C to

pumps.

«......The instrumentation ..chambers: are-cylindrical-stainless “steel vessels
~ designed to allow easy access to the receiver components. The main vacuum
tubes are isolated from the chambers by gate valves to permit work on the
receivers without having to bring the entire system to atmospheric pressure.
Furthermore, the chambers associated with the capability for receiver develop-
ment are valved to allow ready access without significantly disturbing the exper-
iment in the central chamber.
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2.4 Sites and Architecture

The specific design of the LIGO is dependent on the characteristics of the
two sites where the LIGO will be built. We have chosen Edwards Air Force Base in
Paimdale, California and the Blueberry Barrens of Columbia/Cherryfield, Maine
as the prime sites. The facilities will be constructed primarily above ground at
the California site and buried in Maine. The specific reasons for these choices
are discussed in Appendix E.3.1. '

General considerations that apply to the design of the facilities at either
site are:

1) The design must allow for the ability to find and repair vacuum leaks
after construction. .

2) Although seismic isolation of the tubing along the antenna arms is not
required, the tubes should not be driven by the wind as this may cause noise due
to the time-dependent scattering or diffraction at the tubing walls and internal
baffles. .

3) Thermal stability of the tubing is desirable in order to avoid: daily
fluctuations in the outgassing, mechanical thermal distortions of the tubing, the
possibility of temperature-driven outgassing bursts, and the acoustic and
mechanical noise that might be transmitted to the instrumentation stations due
to the possible stick/slip at sliding tube supports.

4) The vacuum system must be protected from vandalism, a problem even
at continuously patrolled remote sites.

The conceptual design specifies a cover for the long evacuated tubes. Cover
designs are discussed in Appendix E.3.2.

The buildings housing the instrumentation stations are planned to be prefa-
bricated structures placed on concrete foundations. The chambers are placed
on vibration isolation pads which in turn are anchored either to bedrock or to
sufficiently buried casements so as to reduce the effect of differential expansion
 of the antenna arms due to surface temperature gradients.

Efforts will be made to not raise acoustic and vibrational noise in the instru-

tientation stations moére-than-a few-dB-above-the-naturally occurring back-
ground at the sites in the 10 to 10,000 Hz band. The instrumentation stations
are not intended to be general laboratory or operations buildings; those facili-
ties will be provided by trailers or existing buildings at the sites.

2.5 Power, cooling, and facility instrumentation

Power is readily available at both sites. Present estimates indicate an aver-
age demand of 2 MW at each site for lighting, pumps, lasers, and instrumenta-
tion. The lasers require closed cycle cooling systems configured to dissipate 0.3
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MW maximum; the laser cooling is capable of expansion to 0.3 MW by addition of
cooling towers. ’

The facilities are to be designed so that the receivers can be readily inter-
faced to them and so that housekeeping and environmental information can be
easily folded into the receiver output data streams for correlation and veto
analysis. The two facilities are also to include data links to the home institutions
and to each other. '

The estimated cost of implementing the present conceptual design (i.e.
constructing the LIGO) is given in Appendix H. o :
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3 PROPOSED DEVELOPMENT AND TESTING OF COMPONENTS FOR THE LIGO

In the previous two sections of this Proposal we have given an outline of the
reasons for preparing to construct a laser interferometer gravitational wave
observatory (LIGO), and the general layout and design we have arrived at for
such a LIGO. In this section and the next we will describe the work on the
development and testing of components and on the detailed engineering design
for the LIGO, for which we are now requesting funds.

There are two important areas in which a significant amount of component
development or testing is required: components for the receivers to go into the
facility and components to be used in building the large vacuum systems. ‘Most
of the components to be tested will come from industry, although some will
come from laboratory work at Caltech or MIT. We plan that the testing be car-
ried out at the laboratories of JPL, Caltech, MIT, and selected industries, start-
ing concurrently with the detailed engineering design effort so that by the end of
the design phase we can be confident about the practical feasibility and cost of
the whole facility.

8.1. Components for Receivers for the LIGO.

Development of special interferometers, test masses, and suspensions for
interferometric gravitational wave detectors has been proceeding for several
years at Caltech and MIT (see Appendix C), and will continue - for this provides
the underlying technical basis for the whole project. The big step-up in scale
from the laboratory prototypes to the proposed LIGO does, however, require
construction and testing of certain key components buiit to a larger scale or
operating at significantly higher power levels than in the laboratory prototypes.
The major special components involved here are the large high-performance
mirrors required for reflecting the light back and forth along the 4 km arms of
the LIGO; and laser light sources giving higher power output and higher
efficiency than those used so far in the laboratory work. ,

3.1.1 Mirrors and Test Facilities

Mirrors are a critical component for the receivers. The mirrors used now in
the prototype receivers would be adequate for the LIGO's first generation delay
 line receivers and even for the most advanced Fabry-Perot configurations
envisaged, except for their size. The enlargement of the mirrors is not a trivial
scale change since coating uniformity, surface roughness, surface figure, the
internal mechanical losses and resonant frequencies, and the thermal proper-
ties of the mirrors all have different functional dependences on the area. They
also throw different challenges to the optics industry.

We propose to fund a development program in industry which has as its
main focus to specify, acquire and test mirrors appropriate for at least the first
generation receivers. These are likely also to be adequate for advanced Fabry-
Perot designs. A secondary goal will be to begin the planning for mirrors to be
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used in second generation delay-line receiver designs.

a) thry-ﬁbnt Mirrors and Facilities to Test Tham.

The availability of mirrors having very low optical losses is of great impor-
tance for the high performance interferometers planned, as alreedy discussed
earlier in this proposal. The development of special high-reflectivity mirrors for
use in laser gyroscopes has produced mirrors having losses of less than 1 part in

- 20,000 - and possibly even better than this - and these shouid make particularly
effective the techniques for enhancing sensitivity by recycling the light or use of
resonant optical systems (see Section 1.5.2 and Appendix B). Currently, how-
ever, the laser gyroscope application has only required mirrors of diameter

about 2 cm, and the mirrors used in the tests with the Caltech 40 meter system

were specially made with a diameter of 4 cm. For a 4 km system with Fabry-
Perot or other compact optics, the required diameter for diffraction losses of
less than 10 parts per million is 15 cm (allowing some unused area near the edge
of the mirror). We have been told by the manufacturers of the mirrors tested so
far that they think they can make mirrors this size using existing equipment
and techniques, and envisage no serious problems in doing this. However, it will
be important to have some mirrors made of this size during the feasibility phase
to check the losses in practice and to test for coating uniformity and errors in
mirror figure which may affect mode matching in simple interferometers, and
possibly degrade overall efficiency in recycling systems. -

It will also be important to study operation with high laser powers and
-correspondingly large stored energy in a Fabry-Perot system, to test for ther-
mal distortions and radiation damage effects. (It is known that the coatings we
are using have good resistance to radiation damage, but the power levels which
may be involved here can be very high).

For these purposes we plan to place contracts for development of the pol-
ishing and coating techniques for mirrors of this size, and for manufacture of
trial mirrors for testing. The tests we plan to make on these mirrors will be
made with the 40 meter interferometer system at Caltech, for this is the only
installation with a long enough baseline and with the laser stabilizing, suspen-
- 8ion, and mirror orientation control systems required. In order to make opera-
tion of full-gize mirrors and other components in this 40 meter baseline simulate
as closely as possible operation over the 4 km baseline of the LIGO we would
choose radii of curvature of some of the test mirrors and lenses so that the

““diameter of the Gaussian beam over the 40 meters matches approximately the
diameter in a 4 km system. This same installation will aiso be used for tests of
other special large scale optical components required for the LIGO, such as low-

~ loss beamsplitters for recycling systems, and special phase modulators. Some

upgrading of vacuum tanks, vacuum pressure, and available laser power in this
installation will be required for these tests. This will enable us also to make real-
istic tests of full-size seismic isolation and suspension systems for the LIGO - for
which this installation is uniquely suited due to the isolated and completely
separate foundations which support the chambers containing the test masses,
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and t.ha compensated bellows system which mechanically isolates the chambers
from the long beam pipes (see Appendix C.2 and Fig. C.2.2).

b) Dalay line _mrrws

Mirrors for a first generation receiver using delay line optics would have
diameters ranging between 50 to 80 cm. The mirror focal length would be of the
order of the 4 km arm length. In a 4 km system the mirror sagitta for a 50 cm.
diameter mirror would be about 10 microns; the mirror is virtually flat. The
small sagitta does not pose a problem to mirror manufacturers, but the toler-
ances on figure and slope error may prove troublesome. The focal length of the
mirrors must be maintained equal to better than 0.1% to allow the optical paths
in the two interferometer arms to be adjusted to equality. Large wave-length
surface ripples on the mirror should not cause slope errors exceeding a few

‘microradians. Finally, the local surface roughness should not exceed 1/30 of a

wave-length over the dimensions of the Gaussian spot diameters.

The thermal and mechanical properties of the mirrer are also critical. The
resonant frequencies of the major internal modes should lie above the gravity
wave frequency and have a high Q. This condition may yet prove the most trou-
blesome since it eliminates some of the more popular materials such as ceramic
glasses as contenders for the mirrors. The thermal distortions and time con-
stants of the mirrors especially with the high power laser beams being con-
sidered must be studied. Both active and passive mirrors are being considered.

Several mirror manufacturers (Itek/Litton, Perkin Elmer, SSG) have indi-
cated an interest in working with us first to help specify the design of these mir-
rors and then to make several samples for test. Testing will have to be done
interferometrically and will be carried out by the gravity research groups in the
vacuumn systems at MIT and Caltech. Mirror coating vendors (OCLI) do not see
great difficulty in applying standard muitidielectric .99 reflectivity coatings on
the large mirrors.

3.1.2. High Power Laser Contracts

Laser sources for the receivers to be installed in the large baseline anten-
nas have to meet a set of stringent requirements to meet the projected sensi-

B tlvity goa.ls tor either cavity or delay line systems. The requirements are:

ARt AR R

‘mode; over 100

Huh power output ina smgle ‘transverse and longlt
watts would be desirabie.

2. The intrinsic amplitude and frequency noise of the laser carrier should be
as small as possible even though servo systems are used to reduce both of
these modulations.

3. The laser efficiency (the conversion of input power to light power) should be
as high as possible. This requirement clearly has an effect on operations
costs and could become a limiting factor on the number of interferometers
that can be operated simultaneously in the facilities, both as it affects the
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facility power budget and the laser cooling systems.

4. The laser must be reliable and able to run for long periods (months) without
expensive service or replacement of parts.

The laser system used in the prototype receivers is the argon-ion laser
which, in single commercially available units, is able to produce up to 5 watts in
2 single mode in the green. Techniques are being deveioped by the Orsay and
. Glasgow gravity wave groups to increase the power of individual argon lasers by

- avoiding use of lossy intracavity optical components such as Pockels cell modu-
lators and single-mode etalons, and adding the output power of several lasers
together coherently. For laboratory tests of optics and other receiver com-
penents at higher power and Sensitivity, these schemes are the best short term

solution. We propose to use a modest version of this arrangement, with 3 lasers, -

to provide the minimum laser power required for some of the tests of mirrors
and other components described above. This will also give us experience with

this currently practicable system which will be valuabie for comparisons with

other potentially more efficient laser systems which we propose to develop for
use in the LIGO. It will also be a useful backup in case these other systems turn
out to have high operating costs or other problems.

Recent advances in laser technology have made certain types of Nd:YAG
* laser a promising alternative for development for use in the LIGO, in place of
argon ion lasers. We propose to initiate a cooperative program between laser
manufacturers and the research groups at both MIT and Caltech to develop
Nd:YAG lasers suitabie for gravitational wave research

The Nd:YAG laser system has not been used for precision laser applications
but it is enormously more efficient than the Argon laser; efficiencies in CW
operation of 2% have been reported in multimode systems delivering 400 watts
and higher. These lasers have undergone rapid development in the past few
years with the application of slab geometries and zig-zag beam paths in the gain
-medium. Although most of the development has been for high power in military
and industrial applications, there is some research going on, in particular at
Stanford University under Professor R. Byer, to develop single mode frequency
- stabilized Nd:YAG systems for space applications. The system being tried at
Stanford incorporates the Nd:YAG gain medium in a ring resonator geometry to
avoid spatial hole burning and mode competition.

_-.,,w.ThB,:.&Q;IAG;f;MQz:iproducos.—.»1;.:06:.micx!on- radiation-which-could be-used for

gravity-wave experiments; however green light, which can be generated by fre-
quency doubling, is preferred due to the smaller mirror sizes and vacuum space
required, and the better photon shot noise limit to sensitivity obtainable for a
given beam power. We have contacted several Nd:YAG laser developers including
General Electric, at both Schenectady and Binghampton, the major developer of
the high power Nd:YAG system. Research staf! and management at GE indicated
that some of the requirements the gravitational radiation project imposes on
the lasers would match company goals and they have encouraged us to propose
2 collaborative program. '
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Preliminary and unofficial discussions resulted in the following proposal.
The gravitational research groups, using industry provided laser heads, would
develop mode locked and single-mode continuous wave versions of the slab zig-
zag laser. The light from a mode locked system or from a single mode CW laser
could be applied to a delay line Michelson interterometer directly and, with addi-
tional frequency stabilization. to a Fabry-Perot interferometer. The frequency
doubling techniques required to obtain visible light would most likely be
different for the mode locked and the CW lasers. The mode locked lasers pro-
duce short intense pulses with which efficient frequency doubling can be accom-
plished external to the laser cavity. An intracavity doubler would be more
efficient for the CW lager.

An important step, carried out primarily by the research dmups. would be

‘the development of a frequency stabilized low power CW oscillator, P<10 W, to

determine the amount of power that survives in a single longitudinal mode and
the difficulty of frequency stabilizing the Nd:YAG. The amount of power in a sin-
gle mode depends on whether the Nd ion line is homogeneously or inhomogene-
ously broadened in the YAG host lattice. If this program is successful, the
development of the high power (>100W) amplifiers and the high power frequency
doublers could be carried out in industry. This part of the research intersects

~ directly with industrial interests. The development of the laser heads them-

selves, especially the engineering required to produce diffraction limited (single
radial mode) beams, is. a longstanding research activity in industry in other
parts of the Nd:YAG laser development program. Our present intention is to
carry the preliminary research out with funds from the research grants to the
groups and to develop the laser amplifiers and frequency doublers in industry
with funds provided by the acceptance of this proposal.

3.2. Vacuum Subsystem Evaluations

The vacuum subsystem for the facilities is the critical element of the facil-
ity design. More than half of the capital costs for the LIGO is in the vacuum sub-
system. Many large vacuum systems have been constructed and vacuum tech-
nology is not considered a high risk aspect. of the facilities engineering, as is
indicated by the A.D. Little and JPL studies described in Appendix E. There are,
nevertheless, substantial extrapolations being made which have not been tested
simultaneously in the heritage derived from vacuum systems used in particle

it Sogae gl érators:- plasma“physics “experiments ‘and - space-simulators:--For this rea-

son, we feel it is prudent to undertake a program of vacuum component tests.
This will enable us to better understand the trade-offs between capital cost,
operations cost, risk and reliability of the vacuum subsystem. It will facilitate a

validation of the design before the commitment of large sums for the construc-

tion of the LIGO. As a result, we will be able to write tightly-specified fixed-price
contracts for the vacuum system, and contractors will be able to bid on them

. with confidence that the technology exists to meet the specifications. Thus.we

expect this testing and design validation eﬂcrt to be an important cost saver for
the project.
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3.2.1. Vacuum Subsystem Components Testing

During the next half year the vacuum engineer in the project office (Sec.

4.2.2 below) will develop a plan for testing components of the vacuum subsys-

tem. The plan will include a cost risk tradeoff analysis which should determine

- the range of component tests required. The tests will be carried out at JPL and

in industry. The following subsections of the proposal are an indication of the

issues which must be addressed either by direct test or by (believable)
confirmation from vendors.

- 3.2.2 Vacuum Tubing

- Although the technology of tubing manufacture is well established, there
are important technical/economic questions which deserve attention before
committing to a specific tubing design. The issue is not one of whether tubing
can be manufactured that will meet our vacuum specifications, this is well within
standard practice, but rather how much risk we can take in saving costs and
still be assured that the system will pump down to the required vacuum. The
strategy adopted in the cost estimates of Appendix H is to weld, certify, pre-
clean and rudimentary leak test each piece of tubing before installation into the
system. If one could relax the procedure by taking some intelligent risks, it
could result in substantial cost savings for the entire project. The evaluation of
the risk does not invoive only the tubing design but also the strategy adopted for
dealing with leaks after the facility has been assembled. The A.D. Little vacuum
system study of Appendix E.l.1 recommended aluminum tubing rolled from
sheet and weided. The design incorporated periodic stiffening rings to avoid
buckling and tube collapse under atmospheric pressure load. Part of the deci-
- sion to recommend aluminum was derived from the success of new techniques
to perform automatic heliarc welding both in plants and in the field. Subsequent
studies favor stainless steel and there is at present no compelling argument to

reject either material. A major issue which is beginning to emerge is the ease -

with which to manufacture tubing from metal ingot and be assured of minimum
porosity in the base metal itself. Stainless steel, although slightly more expen-
sive than aluminum, may be more trouble free in this regard. Whether it is to be
rolied and welded or extruded in one piece is an important question which
aflects overall costs in a complicated way. Tubing that is rolled and welded is
substantially cheaper to manufacture than extruded tubing, but it is also more
likely to have leaks and therefore be more expensive to test and seal. Another
consideration comes from the cost savings that may be possible if the tubing
féd out in the feld. The obvious advantages of reduction in
shipping costs and control of cleanliness may be offset by poorer welding relia-
bility or difficulties in rolling the sheet stock into tubing. Another engineering
factor is the ability to preciean or clean the tubing after assembly to reduce the
outgassing rate without having to resort to high temperature (T > 200 C) baking
- after installation. Techniques for cleaning tubing have been studied in particle
accelerator laboratories, but never on the scale required for the LIGO. A related
, iésue is the benefit derived from low temperature bakeout, (T < 150C). The
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conceptual design calls for a low temperature bakeout as one way of achieving
the outgassing flux of 10~'2 torr liters/sec cm?®. It may be possible to precook
stainless steel to achieve these fluxes if it is kept clean during assembly. The
best strategy for attaining these outgassing fluxes will be studied and tested.
For these reasons, as well as to be able to write proper specifications for fixed
cost contracts, we plan to carry out an engineering research program with tub-
ing manufacturers to verity cleaning procedures, test weids and weld inspection
techniques.. We will also test the porosity at the very low leveis required of
several tubing manufacturing techniques.

3.23. Beliows, Valves, and Pumps

a) Metal Bellows .

~ Metal bellows are essential components in the vacuum facilities to allow for

' thermal expansion, atmospheric pressure compensation and seismic isolation at
the instrumentation chambers. Small metal bellows made of brass, stainless

steel, and various cupro-nickel alloys are standard laboratory items. The large

bellows needed for the LIGO facilities are less common, and more experience is
needed to understand their properties. The decision on the tubing material is
also related to the choice of material of the bellows. If aluminum is chosen as
the tubing material there may be a significant cost advantage in using aluminum
bellows to avoid transition pieces between the bellows and the tubing. Aluminum
bellows have only recently become available and must be carefully svaiuated.
Another consideration is the potential need for flanges in the bellows attach-
ment. The ability to reliably weld bellows directly to the tubing may offer some
risks, but also offers a substantial reduction in costs and could result in greater
reliability of the vacuum system. The question that has to be addressed is the
difficulty of successfully welding a thin bellows to a thicker tube. The project
~will purchase bellows of several designs and material and evaluate them and the

methods of attachment.

b) Gate Valves

- The gate valves, as has been indicated above, are troublesome components
in the vacuum system design The standard gate vaives using vacuum grease
_and elastomer seals will work well at pressures above 1079 torr. The gravita-

““tional antenna project requires several properties in valves that are not nor-

mally encountered in other facilities. The pressure in the instrumentation
chambers could be as low as 10~® torr and the pressure in the long arms
between 10~° torr to 1078 torr. The valves will therefore require low vapor pres-
sure sealing surfaces and bellows couplings for the actuators. The valves will be
operated frequently in the early part of the project as there doubtless will be
substantial need to frequently enter the instrumentation chambers. Throughout
the work, especially during operation of multiple interferometers, it will be
important to keep some experiments running while others are being installed or
checked out. The long term reliability of the valves is a critical question for
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operational reasons alone.

- The project intends to evaluate gate valves from several manufacturers.
The valves will be mechanically and thermally cycled to test their ability to with-
stand atmospheric pressure on one side and high vacuum on the other.

c) FHigh-Vacuum Pumps

The A.D. Little and JPL vacuum system studies (Appendix E) specified ion-
chemisorption pumps as the baseline for the LIGO facilities. The prime reasons
for this choice are their reliability and freedom from maintenance and the fact
that they are mechanically quiet. The jon pumps, especially if started at pres-
sures above 10~ torr, have a reputation of causing gas bursts which may be of
sufficient size to cause noise in gravitational-wave searches. Several manufac-
turers indicate that with specific cathode designs the gas bursts do not occur.
The power spectrum of the pressure fluctuations due to these pumps must be
measured to establish whether they can be used in the facilities.

The pumping strategy adopted for the conceptual design is a hybrid of ion
and cryosorption pumps. The cryosorption pumps have higher pumping speeds
than the jon pumps and will be used to bring the system to safe pressure so that
the ion pumps can be started. The cryopumps could become the only pumps
should the ion pumps prove troublesome. However, the cryopumps have closed
cycle refrigerators associated with them that bring into question the vibration
- induced by the pumps as well as their long term reliability. The project will pur-
chase several ion pumps which will tested in the model vacuum system. Cryo
pumps will be purchased for use both at JPL for components tests and as start-
ing pumps in the vacuum systems at Caltech and MIT.

3.2.4. Prototype Vacuum System

After initial testing and selection of components by the vacuum engineer in
the project office in coordination with engineering assistance of JPL (see Secs.
3.2.1. above and 4.2 below), a small scale vacuum system of the same design and
using components identical with those specified for the LIGO facilities will be
assembled at MIT. This test system would be constructed of samples of the com-
ponents to be used on the large antenna: sections of the tubing, bellows, a gate
valve, and the candidate high vacuum pumps. The system would have 3 instru-
mentation chambers of smaller size than those to be used in the LIGO facilities
...but of the same design, so that the model system can be used as a test bed for

some of the LIGO receiver components in later phases of the program. The test
system would detect flaws in the design and would be made sufficiently flexible
to allow substitution of components should there be difficulties with the initial
choice or should ancillary tests indicate that cost savings could be made by try-
ing other procedures or by the use of other components. The questions that a
test system will help to answer include:
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1. The uitimate system operating pressure.

2. The molecular constituents of the residual gas. The atomic and molecular
polarizability of the gas at the laser frequencies is important in determining
the magnitude of the index fluctuations that will affect the gravitational-
wave measurements and that ultimately will set the vacuum specification.
The expectation is that hydrogen will be the major constituent of a leak free
clean system. The effect of column density fluctuations of hydrogen on the
optical phase is almost an order of magnitude smaller than for nitrogen or
oxygen. ~

3. The short period pressure fluctuations in the vacuum. The power spectrum
of gas pressure fluctuations is rarely measured in vacuum chambers but is
important in the gravity-wave experiments. The temporal behavior of the
outgassing as a function of temperature sets requirements on the tempera-
ture excursions of the vacuum system; furthermore one of the critical
parameters in the choice of the high-vacuum pumps is that they not gen-
erate gas bursts and not exhibit rapid fluctuations in pumping speed.

4. The quiescent outgassing rate of the tubing as a function of temperature
and the change in this rate as a function of low temperature baking or pre-
cleaning procedures. The vacuum system design will make initial assump-
tions on the outgassing rate which determines the number of pumps
required to establish the ultimate design pressure. This calculation is the
most uncertain of the many required to design the system, and there could
be real economic benefits in reducing the uncertainty by measurements.

5. The porosity characteristics of the specific tubing design. The manufacture

 of the tubing and its material have a strong economic impact on the
vacuum system cost (Appendix H). The test vacuum system will be used to
characterize the performance of the candidate tubing design.

8. The leak rate and outgassing characteristics of the gate valves. The gate
valves that separate the long tubes from the instrumentation chambers are
both critical and possibly questionable components of the vacuum system
design. Large valves are notoriously troublesome especially as the ultimate
pressure demanded gets below 10”7 torr. They furthermore are expensive.
The test vacuum system will be used to make a functional test of the chosen

gate valve.
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4. THE DETAILED ENGINEERING DESIGN

4.1 int.mdnctlon and Overview

- . In this section we describe the detailed engineering design effort for the
LIGO facilities, for which this proposal seeks funds. The aim is to establish the
design in sufficient detail to arrive at optimized costs and schedules so that the
proposed design may be evaluated for construction. The conceptual design of
Sec.2 and its corresponding tunctional requirements (Appendix F), after further
iteration, will be the basis for the detailed engineering design effort. This effort

ing design effort will be detailed drawings, schedules, costs and a plan for the
construction of the LIGO. Closely related to this design effort is the testing and
evaluation of critical components of the vacuum and receiver subsystems
described in Section 3. These evaluations are vital to validate the design of the
LIGO.

We begin this section of the proposal with a description of the organization
and management of the design effort. This is followed by a description of the
tasks that will be accomplished, indicating the roles that are played by the vari-
Ous groups in the organization. This section deals primarily with the design
Phase of the development of the LIGO. Appendix H describes briefly how the
transition would be made when the LIGO is approved for construction.

4.2 Organization and Management

4.2.1 Scientific Management

- The joint Caltech/MIT Program to detect gravitational radiation was ini-
tiated in the winter of 1983. A formal Memorandum of Understanding (MOU) for
this program was drafted in 1984 and appears in Appendix J of this proposal.
The responsibility for the scientific direction of the Project rests with the Gravw-
ity Wave Steering Committee consisting of R. Drever, principal investigator from
Caltech, R. Weiss, principal investigator from MIT, and K, Thorne, Committee

= Chairman whoi§ not a membar of either experimental group. The Steering

Committee has the responsibility to determine the project strategy and to
establish a plan for the implementation of the LIGO functional requirements
(Appendix F). The implementation of these requirements is the responsibility of
the Project Manager, F. Schutz, who is also a non-voting member of the Steering
Committee. One member of the Committee has been designated to work with
- the Project Manager on a day to day basis, serving as liaison between the Com-
mittee and the Project Office on issues related to facilities design and construc-
tion. Another member has been designated to have the responsibility to
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develop, coordinate, and propose plans for: experimental strategies and tech-
niques, and conceptual designs of joint receiver elements.

The Committee meets at regular intervals, typically once a month, and is
convened by telephone more frequently. The Project manager reports to the
Committee monthly.

An important function of the steering committee is the coordination of the
Research Groups' joint project activities. -

The cdnceptud design effort of the past nine months has been carried out
by the scientists in both groups under the guidance of the Steering Committee
and the Project Manager with engineering support from JPL.

An Advisory Committee composed of members selected by the Caltech and
MIT administrations will be constituted to provide oversight of the overall pro-
gram. This committee will meet at least annually to review the state of the pro-
gram. The members of this committee have not yet been formally chosen; how-
ever, a de facto committee consisting of G. Pettengill, Director of the MIT Center
for Space Research, and E. Stone, Chairman of the Division of Physics,
Mathematics and Astronomy at Caltech have been providing this oversight func-
tion for the past nine months.

4.22 Project Management

The LIGO Project Office is in residence at Caltech under the direction of the
Project Manager. The project office will be responsible for planning, managing.
and coordinating the entire engineering design effort. In addition, it will have
several specific functions; see below. The project office will be the focus for
channelling scientific guidance from the research groups to the design effort.
To carry this function out effectively, a small core of engineering personnel with
experience in dealing with industry and understanding of scientific requirements
will be hired in the near future. This is being done in a careful and responsible
manner since the entire project has not yet been approved. However, it is essen-
tial if we are to make credible plans and ultimately implement responsibly a
project of the cost and scale of the proposed LIGO. ‘

Among other functions performed by the project office will be the further

«jtepation-of‘the’conceptual design prior to the engineering design; the manage-
ment and oversight of the industrial contracts being let for the development and
testing of receiver components to establish feasibility; and the planning and

‘evaluation of the vacuum system components tests.

Prior to and during the engineering design the project office will be respon-

sible for the system engineering; this is an analytic function to establish that the

“various subsystems being designed will actually perform together and not
compromise or inhibit the performance of the receivers in the facilities. :
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Through its role of managing the industrial development and testing of
receiver and vacuum components (Sec. 3), the project office will gain experience
with some of the critical technologies in the receiver developments being made
in the present prototypes. We anticipate that when the design of the first joint
receivers has been completed, the Project Office will oversee and manage their
construction. In the present plan, certain portions of the receiver construction
work will be responsibilities of individual members of the MIT and Caltech
Research Groups. The interfaces between the receivers and the facilities will be
determined by the Project Office acting in conjunction with the Research
Groups. :

The Project Office staff will include a system engineer, a mechanical
engineer, a vacuum/optics engineer, and a financial manager. The day-to-day
interactions between the Project Office and the JPL support team will be con-
ducted by this staff. The ﬂna.ncm.mmger is responsible for tracking and con-
trolling the resources allocated to the Project. Additional staff will be added if

required to ensure that the Project meets its obligations to NSF, Caltech and

MIT.

The various elements of the organization (Team) for the engineering design
are shown in Fig. 4.2-1

This Team is headed by the Project Manager, who reports to the Steering
Committee. The Team is composed of three groups: :

1. asupport activity, provided by JPL under a Caltech work order:

2. a system technical and financial management group operating as part of
the Project Office; and

3. a group from each institution to provide scientific support to the Project
Office.

A Standing Project Review Board will be established during the Conceptual
Design Phase of the Project to advise the Project Manager of problems detected
during the review process. To the maximum extent possible the Board will be
drawn from technical and management personnel having experience in the tech-
nologies involved in the design. It will also include a representative appointed by
Caltech and one appointed by MIT. The Board will attend all formal project
reviews. It is the Board's function to comment to the Project Manager, the
Steering Committee and the Caltech and MIT Administrations on the conduct of

—__.W;_mg;.mject-. mpnmcmerfopm_aoudistopmde an ove"ight Ofthe .

conduct of the Project, both technically and managerially. A specific Board
charge, outlining the scope of the review, will be prepared for each review.

Five formal reviews will be conducted between now and the completion of
the engineering design. Three of these reviews will examine in detail the techni-
cal approaches used to develop cost estimates for the LIGO system construction.
The other two reviews will be conducted on the Reéquest for Proposal (RFP)
issued for the detailed engineering design.
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A Vacuum Subsystem Advisory Group is being established by the Project

- Manager to provide advice on approaches to the vacuum subsystem design. This
group is composed of specialists drawn from both government and industry. It
is their function to serve as a resource base for the vacuum subsystem develop-

ment. :

4.2.3 JPL Management and Engineering Support Group

During the conceptual design effort (Sec. 2 and Appendix E.3) the Project
Office has been Supported by members of the staff of the Jet Propulsion Labora-
tory (JPL). This Support is drawn from the JPL organization responsible for the

struction and operation of remotely located technical facilities.

Their responsibilities during the Engineering Design Phase will be to assist
in the development of the RFP, evaluation of the proposals received, oversight of
the detailed engineering design contractor selected, design analysis for the Pro-
ject Office, and vacuum subsystem component tests and evaluation.

4.3 Tasks between Now and the Beginning of the Detailed Engineering Design
Effort

The period between now (August 1985), and initiation of the engineering
design (proposed to be November 1988), will be used to accomplish the tasiks
listed below with funds allocated by the NSF through the current Caltech and
MIT Research Grants and with additional funds provided by the two Institutions
directly.

- 1. A commitment to the two sites selected will be made after completion of
additional investigations of their geophysical, geological, and environmental pro-
perties. We are currently in the process of negotiating a security agreement
with the Air Force Systems Command for the use of the site at Edwards AFFTC.
At the site in Maine, the land is privately owned. Several contacts with the lan-
downers, the lessee's of their land, local authorities, and the State of Maine indi-
cate that they are receptive to the construction of the other half of the LIGO in
Maine. We are currently pursuing these contacts to establish definitive agree-
- ments on the acquisition of this property. The funds for this acquisition will be

“:provided-by-theInstitutions and not the NSF.

2. A Grévitational Wave Project Implémentation Plan will be prepared and

issued by the Project Office to delineate the approach to meeting the LIGO Func-
tional Requirements. This document is a composite summary of the functions
that the facilities must provide to enable us to perform gravitational wave inves-
tigations. The Project Implementation Plan will also establish policy and
requirements including quality assurance and reliability, configuration manage-
ment, materials and component parts application and usage, reviews,
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documentation, security and safety. However, the most important aspect of the
‘Implementation Plan is that it defines the technical and management approach
that will be taken to the design and ultimately (if approved in response to a
future proposal) the construction of the facilities.

3. As a part of (2) above, a management approach will be developed to mon-
itor, control and assess the performance of the contractor(s), JPL and the Pro-
ject. This will be accomplished by the following:

a. development of composite functional block diagrams of the facility at each
site followed by development of subtier functional block diagrams of each
subsystem,

b. preparation of a Work Breakdown Structure (WBS) that lists in hierarchical
manner all facility elements having cost implications. The third iteration of
the WBS, which for simplicity is only carried to the third level is shown in
Figure 4.3-1. A more detailed segment of the WBS, that has elements at the
sixth level, is shown in Figure 4.3-2. This latter figure is included to illus-
trate the detail being used in developing the design and cost data.

c. preparation of functional descriptions of each of the elements of the WBS
will be done to ensure that all activities or tasks that require resources are
understood and described;

d. generation of schedules describing the duration and activity of each WBS
element to ensure that the constraints of individual activities are con-
sidered. A two page schedule for the period between the submission of this
proposal to the end of the proposed engineering design is shown in Fig. 4.3-3

“and is discussed in some detail in Appendix G. The figure-shows as well the
transition to construction of the facilities, which is not the subject of this
proposal and must await a decision by the NSF after the completion of the
engineering design. It nevertheless may be useful for the reader as an illus-
tration showing the relationships and continuity of the various tasks.

e. preparation of time phased cost data essential to our ability to understand
the condition of the effort at any point in time. One of the important
responsibilities of the Project Office is to assess progress against plan; the
time phased cost data are a vital part of this assessment.

The importance of the preparation of this set of related documents, the func-
tional block diagrams; work breakdown structure; functional descriptions:

- -Schedules; and time.phased cost estimates, must be stressed. These documents

comprise a Baseline Plan against which progress can be monitored and assessed.
The Plan will be updated periodically to reflect any substantive modifications.
Schedules will be detmled for six months intervals and updated each three

" months.

" 4. The cost and trade-off studies underway will be continued through the
completion of the detailed engineering design. The formulation of the Func-
tional Requirements and the generation of the conceptual system design have
highlighted issues with alternate engineering solutions that differ in cost and
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FIGURE 4.3-2
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tractor may run into an unanticipated problem, and rather than take a loss on
the effort, may elect to default on his obligations. In the former case we will pay
for the contractor's uncertainty, and in the latter case we will also pay because

- the delay of any one element will lmpinge on the schedule of other elements. In

addition, it is important that we understand these elements as deeply as the

- botential contractor would since we must be able to evaluate the ultimate pro-

have not yet been optimized in an operational sense, which must consider the
techniques for assembly of the vacuum subsystem, alignment of the system, or
leak detection and repair strategy.

We intend to continue studies of this sort throughout the next year. During the
engineering design effort new issues will, no doubt, be raised that will require

that we continue our trade-offs.

8. The RFP for the Detailed Engineering Design, will be generated and
issued prior to funding availability, but after the NSF has reviewed and approved
this proposal. This will enable us to maintain the momentum generated during
the conceptual design effort. ‘
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4.4 Detailed Engineering Design Activities

441 Activities of the Detailed Engineering Design Contractor

With the above as a starting point. the final detailed engineering design can
be carried out in a coherent manner. The industrial contractor will be asked at
the outset to analyze the engineering approach we have taken in preparing a
conceptual design to satisty the Functional Requirements. From the start and
throughout the conduct of the detailed engineering design contract, members of
the JPL support group, who have developed experience in various elements of
the conceptual design, will be resident at the contractor to act both as monitors
of the contractor's progress and as int.erpretérs of the Functional Requirements.
The contractor will be asked to suggest alternate solutions where cost savings
can be affected or where incompatibﬂities are determined to exist. These
suggestions will be cornpared against the Functional Requirements to determine
their influence. If the Functional Requirements are impacted, the Steering Com-
mittee will evaluate the change to ensure that they can be accommodated

- without compromising the proposed investigations.

Shortly after the award of the contract a conceptual or system design
review will be held by the Project to ensure that the contractor understands the
intent of the contract. Since decisions must be made quickly, the Project
Manager will rely on the technical resources of the Project Office, the JPL sup-
port group, and the Research Groups (through the Steering Committee), to
determine if the contractor’s approach will satisfy the Functional Requirements.

This process will resuit in the final conceptual design. The contractor will
then be directed to carry out the detailed design of this approach. The results
of this activity will be detailed drawings of all elements of the vacuum and facil-
ity subsystems.

A second review, called a 60 percent or preliminary design review, will be
held to analyze the detailed designs of the subsystems prior to a commitment
by the Project to those designs. Project approval must be given prior to the

. contractor proceeding with the preparation of final detailed drawings. drawing

I

— rrétits Have been addressed by the design.

trees, parts lists, vendor quotes, etc. In this review the elements of the design
will be compared with the Functional Requirements to ensure that all require-

A third review, called the 80 percent or final review, will be used to examine

the material defining the detailed design and agsociated costs. This review is to
be conducted prior to completion of the contract so that the contractor can
make adjustments to the final data package if required by the results of the final
review. The final product is 2 get of detailed drawings of the system and 2 plan
for the construction of the tacilities which includes assembly work flow
schedules and detailed estimates of the costs. ‘

The Project will conduct these reviews with the support of JPL. The fact
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that the detailed engineering design is done in industry necessitates that rapid
communication be established to make decisions. The use of resident personnel
at the contractor's facility, combined with bi-weekly informal meetings with the
contractor, will ensure that decisions are expedited. JPL will contrast, on a con-
tinuing basis, the contractor's design against the Functional Requirements.
After each of the reviews, the contractor will be given specific authorization to
proceed to the next step of his activities. A

4.4.2 Vacuum Component Testing Activities

The results of the vacuum component testing and evaluation (Sec. 3) will be
given to the potential design contractor as a part of the RFP data packages and
during the course of the design. This ;m.formation is expected to be awvailable in
the following order: . ' .

1. vacuum pipe weld techniques, including alignment requirements, pipe
preparation for welding, weld schedules, and quality assurance of vacuum
pipe welds;

2 vacuum pipe cleaning (internal) techniques;

suitability of various types of bellows;

4. validation of the approach that we are taking to the bakeout of the vacuum
pipe system; and

5. large gate valve suitability and anticipated operational lifetime.

@

If we uncover problems during our vacuum component testing, we will
modify the results of the detailed engineering design as necessary to accommo-
date them when the tests have been completed. In any case, these data will be
carefully analyzed before being issued by the Project Office and the Research
Groups at Caltech and MIT to ensure that they are valid.

4.4.3 Project Office Activities

In addition to supervising the contractor, the Project Office, with the sup-
port of JPL, will be involved in a set of specific tasks that are important to the

design.

A major task is the system integration which establishes in part the inter-

face between thg scientific use of the tacﬂitigs and thg engiqeermg.

The interface between the receivers and the facility-provided services must
be designed and costed. This includes such items as cabling, connectors,
vacuum feedthroughs, mains filtering, mounting locations and the like, which
are part of the physical attributes of a laboratory. These will be documented in
manuals to allow the scientific groups to design the receivers to a set of esta-
blished interfaces. A major part of the systems engineering will deal with the
design and costing of a data acquisition and facility control system. This system
monitors the health of the facility and provides data on the apparatus environ-
ment such as seismic noise, temperature, and vacuum level. This data will
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become part of the received output data streams for veto and correlation in the
scientific data analysis.

_ Another systems engineering function is the design and costing of the com-
munication links within the sites, between sites, and between the sites and the

home institutions.

The Project Office, as part of its management function, will continuously
update the work breakdown structure as new information becomes available
through the detailed engineering design This will allow us to keep abreast of
cost drivers and to anticipate and correct possibie difficulties in the design.

Finally, the Project Office will arrange for an independent cost estimate to
be carried out between the end of the final engineering design and the decision
on the construction. This is a prudent step requested by the Institute adminis-

trations and desired by the NSF.

4.4.4 JPL Activities

JPL will be responsible for supervising the detailed engineering design and
coordinating all contractor activities; for providing support to the Project; and
for conducting an evaluation of the vacuum subsystem weld techniques, weild
inspection, pipe interior cleaning, and vacuum bakeout _approaches.

4.4.5 Project Milestones

The Project milestones associated with the above activities are shown in
Figure 4.3-3 and are discussed in Appendix G.
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5. BUDGET ESTIMATES FOR THE DETAILED ENGINEERING DESIGN PHASE

5.1 Introduction

The detailed engineering design phase of the program consists of three
interrelated activities: the component development and testing activities dis-
cussed in Section 3, the detailed engineering design of the system by an indus-
trial contractor, and the planning and management effort necessary to carry
out these activities and plan for construction of the LIGO.

5.2 Budget for the Component Development and Testing

The component dévelopment and testing activities discussed in Section 3
will be funded to a maximum of $1,330,000 by the Project Office. The antici-
pated funding for each of these activities is:

1. Vacuum components testing and evaluation will be performed by the JPL
support team under the direction of the Vacuum Engineer. It is anticipated that
some of the testing will be accomplished at a contractor's facility and some will
be done at a JPL facility. The results of these tests will be used in the detailed
design of the vacuum subsystem and at MIT in the assemnbly of the model
vacuum test systemn. The estirnated budget for this activity is $300,000, of
which almost $200,000 is for the acquisition of pipe, bellows, valves, pumps, etc.
The components used in these tests will subsequently be used in the model sys-
tem at MIT and in the expansion of the Caltech vacuum system.

2. Development of the model vacuum system for the tuli-scale facilities will
be performed by MIT. The estimated cost of this activity is $222,000, primarily
for larger vacuum chambers.

3. As outlined in Section 3, the Caltech group will perform a set of tests of
optical and other components in their expanded vacuum system. The cost of
this is estimated to be $258,000, primarily for larger vacuum chambers and
additional argon-ion lasers to form a high-power laser bank.

4. The balance of the component costs, primarily for development of
receiver subsystem components, will be contracted by the Project Office to
industrial concerns having the specialized capabilities to perform the research
and development activities discussed in Section 3. These expenditures are
= estxlmated&tavbe i o e S S TR BEEE T 1D R Rk FEEREIR A -

a. Mirror development for the Michelson and Fabry-Perot o
Interferometers . ‘ $300,000.
b. Laser development for the receivers - $250,000.
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5.3 Budget for the Detailed Engineering Design

The detailed engineering design will be performed by an industrial concern
that has the requisite background and experience both with large vacuum sys-
tems and with the design and construction of facilities required to accommodate
them. A formal Request for Proposal (RFP) will be issued and the responses
evaluated to select a contractor or a contractor team to perform the detailed
engineering design. The Project Office will, through Caltech, award a fixed-price
contract for this design. The conceptual design and functional requirements for
the facilities, as developed by the Caltech and MIT Groups, will be specified in
the RFP. These conceptual design and Functional requirements will be modified
by the Groups in the period preceding selection of a contractor so that the most
up-to-date material will be available to the potential contractors.

The estimated cost for the detailed engineering design contract is
$2,000,000. This estimate is based on the prior experience of the JPL support
team and unofficial, but authoritative discussions with potential contractors for

" the facilities. Direct oversight of the industrial contractors will be accomplished
by JPL working as the contract manager for the Project Office. Scientific over-
sight and guidance from the research groups will be channelled through the Pro-
ject Office to JPL and the contractor. ,

The Project Office will also contract with a consulting firm to produce an
independent assessment of the construction cost estimates made by the
engineering design contractor. As indicated on the schedule of Figure 4.3-3, this
independent assessment will be formally reviewed by the Project Standing

Review Board.

5.4 Budget for Project Office and JPL Support Team

The estimated budget for the planning, supervision, evaluation and testing
activities during the Engineering Design Phase is 81,670,000. These tunds include
the completion of the environmental reports on the sites, further analysis of the
vacuum system design parameters, preparation of the RFP, evaluation of the
potential - contractor's proposals, supervision of the selected contractor's
efforts, analyses of trade-off studies, award of a contract for the independent
_cost estimate, travel and miscellaneous expenses, and the direct benefits and

.-indirect-costs of the personnel and procurements contemplated. in our proposal.

6.5 Engineering Design Budget Summary

The engineering design budget summary is shown in Table 5.5-1. A break-
down on NSF form 1030 (4-83), coupled with an explanation of the entries, is

located at the end of this section.




TABLE 5.5-1

ENGINEERING DESIGN PHASE PROPOSED BUDGET

SUBSYSTEM COMPONENT TESTING ACTIVITIES

VACUUM COMPONENT TESTING BY JPL
MODEL VACUUM DEVELOPMENT BY MIT
OPTICAL COMPONENT TESTING BY CALTECH
RECEIVER MIRROR DEVELOPMENTS

FABRY-PEROT APPROACH
MICHELSON APPROACH
'RECEIVER LASER DEVELOPMENT

DETAILED ENGINEERING DESIGN CONTRACT
INDEPENDENT COST ESTIMATE CONTRACT

PROJECT OFFICE AND JPL SUPPORT TEAM

PROJECT OFFICE

SALARIES AND BENEFITS
TRAVEL

OTHER DIRECT COSTS
INDIRECT COSTS

JPL SUPPORT TEAM

BURDENED LABOR
CONTRACT SUPPORT

INDIRECT COSTS ON CONTRACTS

PROPOSED COST OF DETAILED ENGINEERING DESIGN

-37-

$1,330,000

222,000

$150,000
$150,000
$250,000

$2,000,000
" $100,000

$1,4680,000

$681,999

$382, 184
$40,820
$13,737

$234,749

$808,501

$406,250
$3186,751

$81,000
$5,000,000
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Attachment 1

Backup Information for Form 1030 (4-83)

E Domestic Travel

Los Angeles to Boston/Bangor

12 one-man trips, 5 five-man trips

Mid-Continent

5 six-man trips

Foreign Travel

Los Angeles to Glasgow/Munich

1 two-man, 1 three-man trips

G Other Direct Costs

1
3
5

Miscellaneous materials, computer upgrade hardware and software
Consultants of Vacuum Advisory Beard

Subcontracts
e e de de Je e e e de e e ¢ e e 3t e e s e e e e e e e e s e e e e e e e s e e e s vk e e v Fe e e e e e e e e g e o e e e

The Detailed Engineering Design Contract estimate is based on JPL

experience and informal discussions with a number of potential contractors..

These funds will be used by MIT to support the project in the development
of the Model Vacuum System. The primary purchase will be three 6' diameter
vacuum chambers at approximately $74,000 each.

We intend to contract with an industrial concern for the development of a
high effeciency, high power ND:YAG laser and frequency doubler system so

that we can achieve the required receiver operating power without having

to make a heavy capital investment in the laser cooling system or be
subject to electrical operating costs.

We will be issuing two contracts for the development of mirrors. One of
these will be for Fabry-Perot optics and the second will be for the large
Michelson mirrors. Both studies will be done by an industry/university
collaboration. The estimates are based on preliminary discussions with

several concerns.
A contract will be awarded to a consulting firm to generate an independent

estimate of the LIGO construction costs.

6 OTHER
hhkhhhkhhhhhhhhkkhhhhhkhkhhhkhhkikhhkhhkkhkhkhkhkhhhkhhhhhhhhkhkhkkhkrkikk

*

A work order will be issued to the Jet Propulsion Laboratory to.provide
engineering support to the joint Caltech/MIT project office during the
detailed engineering phase of the project. Attachment 1 is a breakdown of
the estimated cost of these services.

.. JPL-will undertake the vacuum-component testing outlined- in the proposal....

This includes the materials and services contained in Attachment 2, After
the testing is completed most of the material will be used in the Model

Vacuum System at MIT or in the prototype system at Caltech.

e
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Attachment 2

JPL Work Order-Project Office Support

1. Estimated cost of direct labor, benefits, and costs for 4 full time  $406,250
staff members with management.

2. Publication support ) $ 3,000
3. Travel® : $ 84,000
4. Contract labor support** , ' $313,751

*JPL will have at least 3 people in residence at the detailed engineering design
contractor's facility. A mid-continent location has been assumed for purposes

of estimating travel. The major component of the funds will be used for :
maintaining the personnel in residence at the contractors, however it is estimated
_that there will be at least three trips of six people each to the design reviews
and 2 or 3 people will attend the bi-weekly meetings during the eight months' of
contract. The intensive work schedule during this period necessitates constant
interaction with the detailed engineering contractor.

**JPL will supply an average of three contract engineers, designers and draftsmen
full time during the one year duration of the engineering design to assist in
preparing documents, drawings, etc. for the interface/subsystem design.
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Attachment 3

~ JPL Work Order-Vacuum Component Testing and Evaluation

1. Estimated cost of direct labor, benefits, and $103,634
costs for 6 staff members working part and full time
for five months, includes management support

2. Miscellaneous small procurements and local travel $ 7,546 ' ‘

3. Procurements of materials, includes indirect costs $188,820

*Ten 8' sections of 304L stainless steel pipe 48''
diameter, estimated at $37,500. -

*4 sets of stainless steel bellows of two different
manufacturers for a total of $26,750. :
*1 VAT 48'' diameter gate valve at §76,525,

*Mne 300 liter/sec roughing pump at $9,700.

*One 1000 liter/sec ion pump at $12,000. 1
*One 10,000 liter/sec cryo pump at $12,400.

*Miscellaneous fittings, hardware, etc. costing $13,445,

Total $300,000

EEEtey
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APPENDIX A :
ASTROPHYSICAL SOURCES OF GRAVITATIONAL WAVES
COMPARED WITH DETECTOR SENSITIVITIES

In Sec. 1.5 we describe two kinds of gravitational-wave detectors that might
operate in the LIGO: “Simple first detectors” and "more advanced detectors." In

A1 Sensitivities of Smple Types of First Detectars in the LIGO

The Caitech and MIT gravity wave groups have furnished NSF with a list of

-

"Milestones" which they expect to achieve between now and the target date for
final approval of the LIGO facilities construction (June 1987); see AppendixI. The

systems) with the following characteristics:
Pon = (laser power) x (photo detector efficiency) = 10 Watts ,

taore = (light storage time in intefterometer) = Zx tref;uency) '

b = (number of bounces of light) = 30 x (1 kHz/ frequency),

given by the following formulae,” which correspond to the’ right-hand straight
Segments of the upper curves in Figs. 1.3-1.5;

. %
= | , Spectral density ™ _ 7 [ axc , -17 cm
X(s)= [of dli)splacement noise] =3 [szﬂpo ~7x 10 % | Tk

L
R e S L for periodic waves with
h= L3 X/ )x1x10 [lkHz J 7 = (averaging time)=107 sec |,

&4 , .
= 2VIX() -23 for stochastic waves with

where
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L = (armlength) = 4 km, X= (wavelength of light) / 27 = 0.1 um ,
J = (frequency of gravitational waves).

At frequencies below 1000 Hz the sensitivities shown in Figs. 1.3 - 1.5 are worse
‘than these shot-noise limits because of seismic noise.

A.2. Sources that Could be Detected with these First Simple Detectors

Over the past fifteen years there have been extensive theoretical studies of
the gravitational waves to be expected from astrophysical systems. These stu-
dies, based on the best information available from electromagnetic observations
of the universe (radio, millimeter, infrared, optical, ultraviolet, X-ray, gamma-
ray), have been surnmarized in the proceedings of a number of workshops and
summer schools,® and in review articles.®* The discussion of gravitational-wave
sources in this appendix is drawn from those reviews and from the original
literature. '

The sensitivities of current gravity wave detectors are good enough that
they could detect astrophysical sources without violating any of our cherished
beliefs about the universe around us,!! though detection is quite unlikely. The
improved sensitivities of the LIGO's "first simple detectors”, as described above,
are in the range where the prospects of success are reasonable (a few tens of
per cent), but not high. Examples of the sources that could be detected with
these first simple detectors are the following: -

Supernovae. Type II supernovae are believed, with a high level of
confidence, to be created by the gravitational collapse of the cores of massive,
highly evolved stars; and type I supernovae may, though this is controversial,
result from stellar collapse of white dwarfs that have accreted considerable
mass from very close companions. In addition to these two types of optically
observed supernovae, there may well be stellar collapses that produce little opt-
ical display ("optically silent supernovae").

- The strengths of the gravitational waves from supernovae can be character-
ized by the fraction of a solar rest mass of energy carried off by the waves (the
“efliciency” AE/ Moc?):

h =5 x 10-% AE/ Hoc? ! 15Mpe || 1 kHz 4

7 = fregpener 2B

It the stellar core remains nearly spherical during collapse, its efliciency will be
exceedingly small; but if the core is rotating rapidly enough that centrifugal
forces flatten it and produce triaxiallity before the collapse reaches nuclear
density, the efficiency may be as large as 1073 (reference 12). If type I supernc-
vae do involve collapse, they probably rotate rapidiy and have the ~1073
-efficiency. Most type II supernovae might rotate slowly and have efficiencies
many orders of magnitude smaller than 1073; but it is possible that many rotate
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rapidly.

As shown in Fig. 1.3, the frgt simple" detectors could detect a supernova in
our own galaxy with an amplitude signal-to-noise ratio of 5 (that required for a
one-sigma detection of a very rare event), if the supernova has an efficiency of
0.5x10°9 or larger; and it could detect a supernova in the Andromeda galaxy
(700 kpe trom Earth), if the efficiency is 1x107%. The rate of type Il supernovae
out to Andromeda is about one every 10 or 20 years; that of type 1 is about the
same; and the rate of gilent supernovae could be as high as the highest rates
estimated for pulsar births, one each four years. As the detector sensitivity
pushes the observed region of space trom Andromeda on outward by another
tactor 20, the event rate will go up proportional to the amplitude sensitivity: and

_thereafter it will go up as the cube of the amplitude sensitivity (the difference

being due to the clumping of galaxies).

_ The upshot of these pumbers is that the first simple detectors are in a
range where supernovae of high efficiency (~10"’) might be seen once every few
years, and where modest further improvements of sensitivity will push the event

rate up significantly.

Coalescence of compact binaries (neutron stars and black holes). Since a

large fraction of all stars are in close binary gystems, the dead remnants of stel-

lar evolution may contain a significant number of binary systems whose com-
ponents are neutron stars or black holes and are close enough together to be

. driven into coalescence by gravitational radiation reaction in a time less than

" the age of the universe. The binary pulsar is an example of sucha system..

As the two bodies in a compact binary spiral together, they emit periodic
gravitational waves with a frequency that sweeps upward toward a maximum,

f maz =~ 1 kHzZ for neutron stars .

S omax = 10kHz for holes with the larger one having mass Mz,
My Mo

Since the details of this frequency sweep are well known from the theory of
binary stars,!3 the experimenter can search for such sweeps in his data, thereby
increasing his amplitude signal-to-noise ratio by the square root of the number

nof cycles of the waves over which he observes. Since the number of cycles

spent near trequency f is

12 5 M[ ¢t !”’
n = - — ,
T dfsdt 96w u (T GcMf

- MMz _ [reduced - _[total
H=H, + M, '[ mass ] M=H+ M= ass]'

and the amplitude at that frequency. rms averaged over all detector orienta-
tions and binary orientations, is

2/3
.8 Gu nGM j = (di
h= 5 5 [—CH , r = (distance to source) .
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the effective signal strength is

[ 2 GuMM | c® ve
ARV B oh [;r—GMf, |

Because of their broad-band frequency sensitivities, lager interferometer detec-
tors will be able to study the details of the frequency sweep of the waves, and
the details of the final splash waves and ringdown waves produced in the coales-
cence. For some predictions of the characteristics of these waves see reference
14.

As shown in Fig. 1.3 the inspiral-and-coalescence signal would be detectable
by the first simple detectors, with an amplitude signal-to-noise ratio of 5, if the
binary were made of two 1.4 solar-mass neutron stars at twice the distance of
Andromeda, or two 10 solar-mass black Holes at seven times the distance of
Andromeda. The birth rate of such binaries today probably does not exceed one
each thousand years out to such distances. On the other hand, galaxies such as
our own are surrounded by massive dark halos that might be made of remnants
of an ancient population of stars ("Population III") which formed, burned, and
died while galaxies were first forming.!8 It is qQuite possible, though not highly
likely, that one per cent or more of the mass of these halos wound up in com-
pact binaries that spiral together in times of order the age of the universe; in
this case, the event rate for coalescences would be of order one per year or

more, 13

As for supernovae, so also for coalescing binaries, as the detectors improve
beyond the first simple one, the event rate will go up initially linear with ampli-
tude sensitivity; then cubically.

Pulsars. A pulsar (rotating neutron star) emits periodic gravitational radia-
tion as a result of its deviations from axial symmetry. The strongest waves are
likely to come off at twice the rotation frequency, though waves can also be pro-
duced at the rotation frequency plus and minus the precession frequency.!® At
twice the rotation frequency the amplitude of the sinusoidal waves. depends on
the pulsar's ellipticity & (more precisely, the ratio ¢ of the nonaxisymmetric
part of its moment of inertia to the axisymmetric part):

2
h ~ 10719 %rl://ll_:fpzc))_ J = (gravitational wave frequency).

Data collected with the first simple detectors for other purposes (e.g.
supernova searches) can also be Fourier analyzed to search for pulsar signals.
As indicated in Fig. 1.4, by integrating for 100 days one could detect a pulsar
with rotation period 2 msec (gravity-wave frequency 1 kHz) and ellipticity 2x10-¢
at the distance of the galactic center. Little is known as yet about the number
of such rapidly rotating neutron stars in our galaxy. However, if one per cent of
all neutron stars were born rotating this rapidly or faster and with surface mag-
netic fleld strengths of 3x10'! Gauss or less and with ellipticities of 2x10~% or
larger, then there would be one or more such detectable pulsars in our galaxy

i
I I
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today.

Stochastic background. Because all plausible sources of stochastic back-
ground are cosmological, it is convenient to characterize the background at a
given frequency f by the total gravity-wave energy density in a bandwidth
Af =f divided by the energy density required to close the universe. In terms of
this ratio, denoted Q(zw. the square root of the spectral density of the wave ampii-
tude, A(f ). is given by '

h(f) =~ (6x107%/ VHzZ)(1Hz/ £ )V Ot .

This root spectral density, multiplied by the square root of the frequency to
make it dimensionless, is plotted as a series of dashed curves in Figure 1.5 for a
wide range of frequencies and for Qzy equal to 1, 1074, and 10™10.

Figure 1.5 shows that a stochastic background with Qg 2 10™* in the
several-hundred-Hertz range would be detectable by the first simple detectors
with 100 days of integration. This is a rather interesting wave strength:

Stochastic background from Population [I] stars. Population IIl stars, if
they existed (see above), may have produced in their death throes gravitational
waves that superimpose today to form a stochastic background. Bond and
Carr!® and others have deduced from current observations and theory that Qg
for such a background cannot exceed ~ 1073; but values as large as ~ 10™* are
plausible and would be detectable.

Stochastic background from inflation, strings, phase transitions, and other
phenomena in the very early universe. The density fluctuations from which
galaxies formed are known to have had a magnitude dp/p ~ 107* to 107% A
number of proposals have been made in recent years as to how these density
fluctuations might have originated; e.g. quantum mechanical fluctuations
amplified by inflation, cosmic strings, and phase transitions. These processes
typically produce, along with galaxy seeds, a "Zel'dovich spectrum" of gravita-
tional radiation — i.e. a spectrum with {};w independent of frequency in the fre-
quency bands of interest for gravity wave detectors; and the amplitudes of the
waves correspond to Qzy ~ (607 0)galaxy seeds ~ 107* to 1079, Thus, the first simple
detectors will just enter the interesting region; and subsequent improvements in
sensitivity will push down through that region with (py = (amplitude sensitivity)Z.
(We note in passing that in the next few years pulsar timing measurements will
---also-push down -through:- this interesting region; but-at-much lower frequencies
f <€ 1077sec.)

A.3. Sensitivities of Hore Advanced Detectors

The "light recycling,” "light resonating”, and antiseismic isolation tech-
niques outlined in Sec. 1.5.2 show promise of greatly enhancing the performance
of gravitational wave detectors over that of the "first simple detectors”
described above. We anticipate perfecting these techniques in the proposed
facilities; and that effort may well lead to "more advanced detectors" with
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characteristics something like the following:'?
Pqn = (laser power) x (photodetector sensitivity) = 100 Watts ,
R = (mirror rfe'ﬁect':ivity): 0.9999 ,
light recycling used for burst searches,
light resonating used tof periodic and stochastic searches,
seismic noise negligible above 10 Hz but debilitating below 10 Hz.

For such apparatus the rms noise levels as functions of frequency are given by
the lower solid curves of Figures 1.3, 1.4, and 1.5 (labeled “possible later experi-
ments”). The shot noise limits of these figures were computed from the follow-
ing tormulae!?

%

AX(1=-R)[® -22

JBE)L.] ~ 1.8x10 [Tﬁ;] for bursts,
]

—R)?
h = %{M ~ 1.4x1072® for periodic waves,

ham

<y |
1% ve , %
: - |RReS 2(1-R)? g8 .
Vir(f)="m nPo [ [%c ? ~ I.BXIO [1_le-1-2-] for st.ochasqc waves ,
where : .

nPy = 100Watts, R =0.9998, ?=10"sec, L =4km, X =0.1um.

The segments of the sensitivity curves labeled "SQL" are ‘determined by the
“standard quantum limit” for a free-mass detector — which sets in when the
stored laser power becomes so great that light-pressure fluctuations compete
with photon shot noise:!®

% ¥
2n | . 24} L KHZ
7 7 ~1.8%10 [—f—] for bursts,
Bl

1_[(2h] 1 —20| L kHz | L.
h o L [Mf o) ~ 1.2x10 {_f_ for periodic waves,

#

‘ 1
h oy ——
Ll

for stochastic waves,

where
M = (mirror mass) = 10%g . 7 =10"sec, L =4km.

For periodic and stochastic waves the standard quantum limit can be circum-
vented by splitting each mirror-carrying mass into two parts with a suitable
spring between them.!? However, it is not yet clear how practical this is, so the
"later” sensitivities of Figures 1.4 and 1.5 are shown both with and without the
standard quantum limit. For burst waves nobody has yet devised a scheme for
circumventing the standard quantum limit in laser interferometer detectors
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(though a potentially viable scheme does exist for bar detectors).2?

A4 Sources that Could be Detected with The Mare Advanced Detectors

As the detector sensitivities in the proposed facilities gradually improve,
they will move downward from the upper solid curves of Figures 1.3 - 1.5 to the
lower solid curves. It is almost certain that at some point during those improve-
ments - possibly right at the beginning, and conceivably toward the end -- grav-
ity waves will be detected and will begin to be used both for tests of tundamental
physics and as probes of the universe (Sec. 1.4). As an indication of the very
high probability of success, we shall compare the sensitivities of the "more
advanced detector .designs" (lower solid curves) with current estimates of
source strengths:

-

Supernovae. With the needed amplitude signal to noise ratio of 5, the more
advanced designs could detect supernovae with efficiencies 10~° in our Galaxy,
and 1073 in the Virgo cluster of galaxies. This is adequate to be quite promising,
but in view of the low event rate in our galaxy and the many orders of magnitude
uncertainty in supernova wave strengths, it is far from adequate to guarantee
success.

Coalescence of Neutron-Star Binaries. Here we have a near-certain guaran-
tee of success: Clark, van den Heuvel, and Sutantyo?! have deduced, from obser-
vations in our own galaxy, that to see three coalescences of neutron-star
binaries per year, one must look out to a distance of 100X}§° Mpc (90%
confidence). Figure 1.3 indicates that with the more advanced detectors, the
resulting waves could be detected with an amplitude signal-to-noise ratio of 5
(the minimum needed to pull such a rare event out of Gaussian noise) out to a
distance of 1.5 Gpc, i.e. half way to the edge of the observable universe. Thus,
the advanced detectors would be 15 times more sensitive than needed, accord-
ing to Clark, van den Heuvel, and Sutantyo, for an event rate of 3 per year; and
their predicted event rate would be one per hour.?

Coalescence of Black-Hole Binaries. The more advanced detectors could
see black-hole coalescences throughout the universe so long as the more mas-
_Sive of the two holes did not exceed 1000My/ (1+Z), where Z is the holes' cosmo-
logical redshift. Unfortunately, so little is known about the number of black
holes and black-hole binaries in the universe that the event rate could be any-
where -between zero and many per day. Current fashion would suggest an

interestingly high rate.

Pulsars. F'lgure 1.4 shows that the "advanced" detectors could detect the
Crab and Vela pulsars if their ellipticity is 3x10~7 or larger, and the 1.6 msec
pulsar (PSR1937+21) if its ellipticity is 21x107® It is quite possible that these
ellipticities lie in these ranges; for example, the observed slowdowns if due to
gravitational-radiation-reaction correspond to ellipticity ~10-3 for Crab and
Vela, and 5x107° for PSR1937+21. However, it is also possible that the elliptici-
 ties are below the observabie range
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Spinup of a neutron ster. It is fashionable to believe that the 1.8 mil-
lisecond pulsar acquired its fast rotation by spinup due to accretion in a binary
system. Such spinup is subject to the "Friedman-Schutz instability", Z wherein,
when the star reaches a critical rotation rate of order that observed for the 1.6
millisecond puisar, the bulk of the accretion energy stops spinning up the star
and starts pouring out as gravitational radiation. The radiation is produced by
density waves which circulate around the neutron star's outer layers at a
different speed from the star's rotation, and which thus radiate at a different,
lower frequency. (This is a special case of a general class of gravitational-
radiation-reaction instabilities discovered by Chandrasekhar®, which was one of
the bases for Chandrasekhar's Nobel Prize.) Wagoner® has shown that the fre-
quency of the resulting gravitational radiation will be a tew hundred Hertz, and
that its amplitude (which is proportional to the square root of the accretion-
produced x-ray flux F;) will be

300 Hz [ Fy *
J J|107%rg/cm®sec)

As shown in Fig. 1.4 the "advanced” detectors could detect such a source if its
X-ray flux were 23x1071% erg cm™ sec™! (Sco X-1 is 600 times brighter than this;
many others are 10 times brighter). The number of such sources is unknown. it
could well be large, and it could be zero. .

A= SXIO‘”[

Stochastic Background. Figure 1.5 shows that the "advanced detectors”
could detect a stochastic background in the 10 to 100 Hz band with cosmological
density parameter (g 2107!). When one recalis that the cosmologically
interesting region begins at 10™*, one sees that even if nothing is seen, it will be
possible to totally rule out a number of plausible hypotheses for the seeds of
galaxy formation and scenarios for Population IIl stars. Moreover, it is worth
recalling that the cross section for gravitational waves to interact with matter is
so small that waves created in the big bang at the "Planck time" of 107 seconds
are likely to have propagated unimpeded from then until now. Thus, such waves

are a potential direct observational link (the only such direct link) to the era .

when the initial conditions of the universe were set; and if no more that 107! of
the universe's energy went into such waves with present-day frequencies 10 to
100 Hz (perfectly plausible), the waves could be detected and studied by the

advanced receivers.

Sensitivities Required for High Probability of Detection.

Ot all the above sources, the one in which we can have greatest confidence
is the coalescence of neutron-star binaries. To have 90% confidence of seeing 3
or more such events per year, one must look out to 200 Mpc distance;?! and to

have 90% confldence of seeing the wave burst in the presence of detector noise, .

one rmust have an amplitude signal to noise ratio of 10. These requirements
correspond to the sensitivity of the dotted line near the bottem of Fig. 1.3.
Moreover, at this sensitivity it seems quite likely that some of the other sources
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described above will be detected. Thus, we regard this as a benchmark sensi-
tivity level at which the probability of detecting gravity waves is very high.
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Appendix B.

NEW CONCEPTS IN INTERFEROMETRIC GRAVITATIONAL WAVE DETECTION TECH-
NIQUES C

B.1. Introduction.

The gravitational wave detection facilities whose design is proposed here
represent a considerable step up in scale from present instruments, and the
corresponding step up in sensitivity is, we believe, sufficient itself to fully justify
the project. We anticipate, however, a much bigger improvement in overall per-
formance than this, for these facilities will enable a number of new concepts to
be exploited which should greatly enhance experiment sensitivity and scientific
productivity. Many of these ideas were initially conceived in early work in Glas-
gow and in more recent work at Caltech where available vacuum systems are too
small in baseline or in beam pipe diameter to make them practical; but they
could in principle bring major benefits in a system of the scale of the proposed
LIGO.

Some of the concepts have already been briefly outlined in earlier sections
of this Proposal: here we will give more details to indicate how these schemes
' may be carried out in practice, and we will introduce some additional concepts.

B.2. New Interferometer Concepts

(a) Enhancement of Sensitivity by "Light Recycling”

The basic idea here has already been outlined in Section 1.5.2. The
optimum storage time for light in the arms of a multireflection interferometer
corresponds approximately to haif the period of the gravity wave, and if the mir-
rors used have low losses, corresponding to a time constant much longer than
this, then most of the light entering the interferometer system leaves it from
the unused side of the beamsplitter. This light may be returned to the system by
an additional mirror, and if the optical paths and the transmission of this murror
are correctly adjusted to maximize the total stored light flux then a useful
improvement in the photon shot noise limit to sensitivity may be obtained
without degrading the bandwidth of the system.* Delay-line Michelson and
e Fabry-Perot-versions of this-arrangement are shown, in principle, in Figure 1.6A
(Section 1.5.2). '

In practice it will be important to minimize optical losses in all components |
within the whole resonant system. We know that losses in small diameter mir- |
rors currently used in the Caltech prototype are sufficiently small. In the proto-
type interferometers we have used a high frequency phase modulation technique
to shift the sensitive phase measurement away from frequencies where intensity
noise from the laser is important, and in one simple arrangement this is done by
pockels cell phase modulators (indicated by P1 and P2 in Figure 1.64). Unfor-
tunately some of these modulators have losses of a few percent, and they may



App. B.2 52

exhibit refractive index changes and other problems at high light intensities. We

- therefore propose to use a different modulation technique in a recycling inter-
ferometer, and one possible arrangement is shown in Figure B.1, for the case of
a Fabry-Perot system. Here the main interferometer is unmedulated, and a
low-intensity auxiliary beam coherent with the input beam is phase modulated
at a suitable radio frequency and caused to interfere with the residual output,
which is also arranged to have very low intensity. With suitable control of optical
phase, amplitude and depth of modulation of the auxiliary beam (using monitor-
ing photodiodes omitted from the diagram for simplicity) this arrangement can
provide the type of low-loss system required. A similar arrangement can also be
used with a recycling delay-line Michelson interferometer.

Figure B.1 also illustrates the use of separate test masses supporting just
the cavity mirrors at the inner ends of the two interferometer arms. This
enables the critical test masses to have a simple compact geometry which
makes it possible to arrange that the lowest internal mechanical resonance in
these masses occurs well above the gravitational wave frequencies of interest,
and has a high quality factor. Effects of internal thermal noise are thus minim-
ized near the gravitational wave frequencies. This technique, suggested from
Caltech and Munich independently, has proved very effective in reducing noise in
prototype interferometers.

(b) Enhancement of Sensitivity for Periodic Signals

A technique for improving the photon shot noise limit to the sensitivity of
an interferometric detector for periodic gravitational waves has been outlined in
Section 1.5.2. In this technique* the optical phase signal is made to interchange
between the two arms of the interferometer in synchronism with the gravita-
tional wave inducing it, so that the signal builds up linearly with time over the
total time that light is stored within the system. Methods for achieving this in
both delay-line Michelson and Fabry-Perot interferometers are illustrated, in
principle, in Figure 1.8B.

As in the other interferometers it is useful to employ a high-frequency
modulation technique to reduce effects of laser intensity noise, and it is desir-
able to keep any modulation Pockels cells out of the main high power beams.
One possible arrangement for in optically resonating Fabry-Perot system is indi-
cated schematically in Figure B.2 and again a similar method can be used in a

- .-delay-line interferometer. -

In analyzing the operation of the Fabry-Perot system, the two optical cavi-
ties may be considered as a coupled system with two resonant modes. The lower
resonance may be chosen to match the frequency of the laser light, and the
upper resonance arranged to match the upper sideband of the signal induced by
the gravitational wave, so that both resonances play a part in enhancing the out-

put signal.

The improvemexit in sensitivity achievable for a periodic signal by optically
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resonant systems is given approximately by the ratio of the total storage time
achieved to the period of the gravitational wave, and can be very large in a long
baseline detector. .For exampile, the amplitude sensitivity for a fixed frequency
signal such as a millisecond pulsar might be enhanced by two orders of magni-
tude, corresponding to a power sensitivity improvement by a factor of 10000.

The photon shot noise limit to sensitivity for gravitational wave flux in a
resonant interferometer of this type varies as the square of the ratio of mirror
losses to arm length, so low loss mirrors are even more important here than for
pulse searches. This type of search also beneflts most rapidly from increases in
interferometer baseline, and if stochastic noise forces acting on the test masses
can be made small enough to be unimportant then the requirements of periodic
gravity wave searches using resonant interferometers are themseives strong
reasons for making the baseline of a gravitational wave interferometer as long as
practicable.

The bandwidth over which resonant enhancement takes place is determined
by the overall light storage time, and in practice is likely to be a few Hertz. Ina
search for a periodic signal of known frequency a suitable coherent integration
would be preformed in the analysis of the data from the interferometer to nar-
row the effective bandwidth and enhance sensitivity further.

(c) An Alternative Interferomater System

The techniques for enhancing interferometer sensitivity described above
were initially conceived under the stimulus of the realization that mirrors of the
type developed for laser gyroscopes could give extremely long light storage
times if applied to long-baseline Fabry-Perot cavities; but, as shown, the ideas
are applicable to Michelson interferometers also. In fact the basic Fabry-Perot
and delay-line Michelson interferometers have many common properties - as
well as individual advantages and disadvantages. Other multireflection systems
are useable, however, and it may be noted that a third type of interferometer,
the frequency-tagged interferometer, was recently suggested independently at
both Caltech and MIT. In this system, the light in each arm of a basic Michelson
interferometer bounces back and forth in each arm of the gravitational wave
detector between a distant mirror which is similar to that used for a Fabry-
Perot cavity, and an inboard reflecting system on one of the central masses
which is itself made up from a frequency-selective system such as a smaller
" Fabry-Perot cavity. The light within the arm is made to shift in frequency on
each pass through the system. so that after entering at a frequency correspond-
ing to one mode of the input Fabry-Perot it becomes trapped until it has made
enough passes for its frequency to match another mode of the input cavity, at
which time it escapes. Thus a system giving a discrete number of reflections is
achieved with mirrors of small diameter. The frequency shifting could be
obtained in several different ways: Doppler shifting by moving one of the mir-
rors has been suggested at Caltech, and use of electro-optic or acousto—optxc
devices within the arms has been suggested at MIT.
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At present it is not clear if this “compact delay-line” type of interferometer
has significant advantages over the systems already being developed. It may
prove useful should light scattering be an unmanageable problem or if
difficulties arise in achieving high power simultaneously with good frequency sta-
bility. This concept is mentioned here in part to indicate that new ideas con-
tinue to arise in this fleld, and we feel it is important that the large-scale
vacuum facilities being proposed be made sufficiently flexible to accommodate a
wide range of optical systems. ,

B.3. Techniques for Improving Discrimination Against Other Phenomena

We now move from new optical techniques capable of giving greatly
improved sensitivity in the interferometers which form the heart of the detec-
tors, to further new methods for significantly improving the detection system as
a whole.

Effective discrimination against all kinds of spurious phenomena is a criti-
cal aspect of any gravitational wave experiment. A prime technique has been,
and remains, the use of two or more detection instruments at widely separated
sites. This is crucial in establishing the existence of gravity wave bursts and
furthermore is required for gaining information on the positions of gravitational
wave sources. The coincidence method can be usefully supplemented by detec-
tion techniques which themseives give discrimination against spurious distur-
bance at each site. Several new methods for improving this aspect of the exper-
iments have been arrived at during the course of the interferometer develop-
ment at Glasgow, Caltech, and MIT, and we will briefly summarize here some
which may improve experiments done using the proposed facilities.

(a) Reduction of Seismic Noise by Differential Honitoring and Coherent Driving
of Test Mass Suspension Points

The test masses for our prototype interferometric gravitational wave detec-

tors have been suspended by sets of three or four thin wires, and for frequencies

-around ! kHz these suspensions alone give large attenuation of seismic noise at
frequencies away from wire resonances. The addition of relatively simple pas-

sive isolation by stacks of alternate layers of rubber and lead within the vacuum

tanks - techniques which have been widely used and found satisfactory with

resonant bar gravitational wave detectors - can give isolation at these frequen-

-cies.which.is adequate for current experiments at least. At.lower.{requencies,
however, the increasing amplitude of seismic noise together with the decreasing

attenuation given by a mass-spring isolator makes simpie passive isolation sys-

tems of this type inadequate, and transmission of seismic noise is likely to limit

the interferometer performance below a few hundred Hertz with existing passive

suspension systems. In addition to the development of active seismic isolation

systems discussed in the main body of the proposal, another method for improv-

ing rejection of seismic noise was proposed in Glasgow in 1976. Here an auxiliary

interterometer is set up between the upper points of attachment of the suspen-

sion wires, and the output of this interferometer is fed back to a piezoelectric
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transducer which drives one of the suspension points, so that the difference in
distance between the suspension points of the masses in each arm remains con-
stant. Thus the suspension points are forced to move in a highly correlated way,
and if the wire lengths and test masses are suitably matched the seismic distur-
bances should cancel out, at least to first order. Indeed, it can be shown that if
the sensitivity of this seismic monitor interferometer is as good as that of the
main interferometer, then seismic noise can in principle be made unimportant
at all frequencies above a few times the frequency of the pendulum mode reso-
nance of the test masses, typically of order | Hz. In practice it would be difficult
to achieve isolation as good as this because of limitations of servo loop gain in a
system with many mechanical resonances and also because of high-order cou-
plings of seismic noise from other degrees of freedom. However, a useful
improvement in low frequency isolation seems more easily obtained by this
method than by other active systems, and in addition the residual error signal
from the monitoring interferometer could be used for some further seismic
noise compensation during subsequent data analysis, as well as providing a
check for unusually large disturbances penetrating the passive isolation.

For modest improvements in isolation the monitoring interferometer can
be a relatively simple one, possibly just a single-pass Michelson using low laser
power, and the small beam diameter required could be accommodated tau'ly
easily in vacuum pipes of the diameter proposed for the LIGO.

(b) Discrimination Against Local Disturbances By Use of Half- and F’uu-tength
Interferomaters

Experience with resonant bar gravitational wave detectors as well as with
prototype laser interferometer detectors has shown that such instruments usu-
ally give significant numbers of spurious output pulses which form a serious
background for gravity wave pulse searches. These may come from many
sources, including release of strain in the test masses, mode hops in the laser,
outbursts of gas from the walls of the vacuum pipes, seismic disturbances, and
(at low frequencies) changing 'gravitational gradients due to moving local
objects. Monitors for many of these phenomena will be used in the LIGO to
reject spurious pulses; but the most powerful single method of discrimination
against such effects will come from the cross correlation of data from the two
widely separated sites. This cross correlation ma.y well mvolve a real time, wide

__bandwidth datalinkt, s o e

If the rate ot spurious pulses is high, cross correlation of data from only two
detectors may be inadequate and there may be a need for increasing the
number of independent detectors. The obvious solution, given an unconstrained
budget, would be to construct independent detecting systems at the same and
at many different sites.  In the absence of many sites, however, one can still
improve the discrimination somewhat, as well as the capability to perform diag-
nostic studies of noise sources, by running a pair of interferometers at each site
arranged to give signals related to one another in a known way. An economical
solution is possible if the interferometers use optics sufficiently compact to
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accommodate two or more separate interferometer beams alongside one
another within the same vacuum system. If one interferometer is made to span
half the length of each arm of the vacuum system, then a comparison of signals
from this half-length interferometer and from the full-length one, which for a
large-amplitude gravity wave should be in the ratio 1:2, can discriminate against
many types of spurious phenomena. In particular, bursts of gas from the
vacuum pipe walls and changes in gravitational gradients from local moving
objects would give strain signals in the two interferometers typically not in this
ratio; and pulses due to mode hops or other transient optical effects would be -
unlikely to be coincident if separate lasers were used. Thus, these types of
phenomena could be rejected, at least for signals large compared with system
noise. Important additional data would be available on candidate gravitational
wave events, for the signature of a gravitational wave burst would have to
include matching waveforms from the full- and half-length interferometers at
each site, with their displacement amplitudes in the ratio of 2:1, and in general
it would be unlikely for disturbances to mimic this.

Half-length interferometers, together with full-length ones, could be useful
in other ways. In particular, they would speed up investigations of noise sources
and facilitate the general debugging of the apparatus by providing some
“ discrimination between various spurious phenomena.

B.4. On the Design and Uses of the LIGO at Later Stages

A key aspect of our present conceptual design of the LIGO is the require-
ment (Sec. 2.1) that it be easily upgradable to support three or more simultane-
ous investigations -- largely by the construction of additional instrumentation
chambers in the vacuum system. In this section we shall describe some of our
tentative thoughts about the design and uses of the LIGO after such upgrades
have been pertormed.

If it turns out that the strengths of the gravitational waves are near the
lower solid curves of figures 1.3 - 1.5 ("advanced detector” curves) rather than
near the upper solid curves ("first simple detector” curves), then the LIGO facili-
ties may still be in a search phase when they reach an upgraded form. In this
section we shall focus attention largely on this possibility — so that the reader
can see that in the most pessimistic of situations there is a great richness of
possibilities inherent in the proposed LIGO.

" (a) Operation of Several Interferomaters within a Single Vacuum System

The evacuated beam pipes for a long-baseline interferometer and the civil
engineering associated with them dominate the cost of the whole system, so it is
desirable to use them as intensively as practicable. The half- and full-length
interferometer system outlined above [Sec. B.3(b)] is a special case of a more
general concept of multiple use of beam pipes which has gradually developed
along with the practical development of Fabry-Perot interferometers with their
compact beams. This opens interesting new possibilities. It could obviously
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provide useful redundancy in simple experiments, but, more importantly, it can
make practical highly efficient simultaneous searches for several different types
of gravitational wave signal. The optimum design of test masses for an inter-
ferometric detector depends on the time scale of the signals being sought. This
is because at low frequencies thermal noise comes mostly from the pendulum
mode of the suspension and is reduced by use of a large mass; while at higher
trequencies thermal noise from internal modes tends to be dominant, and may
be reduced by use of small masses, giving high frequencies for internal reso-
nances and possibilities of fabrication from low-loss material such as monocry-
stal sapphire. Thus higher effective sensitivity may be obtained by operating
simultaneously with a number of relatively specialized test masses instead of
with a single one whose design is more of a compromise. Further, the new inter-
ferometer techniques outlined above in B.2.(a) and (b) give possibilities of large
improvements in sensitivity for both wideband and periodic signals, with the
maximum improvements achieved by matching the optical system to the signal
being sought. Again, greatly improved overall performance may be obtained by
use of a number of different types of receiver elements instead of any single
one. The simultaneous use of a number of different interferometer beams and
test masses within a single vacuum system makes this enhanced performance
achievable at much lower cost and with higher efficiency than it separate
vacuum systems were employed. Schematic diagrams of possible arrangements
are shown in Figures B.3 and B.4. o

It may be useful to comment briefly on the arrangement shown in Figure
B.4 - which is just an illustrative layout. The system shown accommodates three
sizes of test masses, for different frequency ranges, with a full- and a half-length
interferometer for each range. In each interferometer the central mass is split
up into three parts. The prime location is at the intersection of the long beam
pipes. and in this arrangement the support masses for the beamsplitters of two
of the interferometers are located there, with the corresponding test masses
located in the adjacent tanks, forward of the central tank. Two further sets of
tanks are shown here: tanks housing smaller, high-frequency test masses for-
ward of the central tank, and tanks housing larger low-frequency test masses
behind it. Beamsplitter assemblies are housed in a third tank in each set,
located on the diagonal plane of symmetry between the two arms. This type of
layout maximizes the particularly valuable space on the diagonal plane, which is
required for optical elements such as beamsplitters which must be equidistant
- {rom-their-associated test masses. The widths of the pipes on the diagram are

greatly exaggerated to make the beam paths clearer, and although the diagram
may look cluttered, the number of test masses and beams shown could be easily
fitted in with beam pipes 48 inches in diameter, arms 4 km long and light of
wavelength 514 nm, using Fabry-Perot or compact delay-line optics.

In fact there is room, when required, for additional beams associated with
at least two further sets of masses, which could be accommodated by adding a
further set of three tanks in front of the corner assembly, and another set of
three tanks behind it. A tank to give more room for test masses at the end and
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Rgure B.3 Example of a possible type of muitiple interferometer system. Ini-
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more than those shown here, to facilitate periodic searches—might be added
later. (Note diagram is highly schematic and not to scale: light beams would be
closely packed to fit within the single vacuum pipe for each arm.)
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beams for monitoring the suspension points.




App. B3 58

mid stations might be added also. Sucha full utilization of the beam pipes would
probably only be reached at a late stage in the use of the installation, and would
require some sharing of seismic monitoring beams among different sets of test
masses. We certainly are not proposing that a system as elaborate as this be
built early in the development of the LIGO: however, when planning tacilities of
this type it is important to consider the possibilities for future expansion.

(b) Optimization o f System Design for Various Phasss in its Operation

The experimental work we foresee for the LIGO might be regarded as having
two partially overlapping phases: the first phase being the exploratory search
phase leading to the unambiguous detection of gravitational radiation from one,
or more, types of source; and the second being the detailed study and investiga-
tion of the gravitational wave signals and the development of gravity wave
astronomy as a mature subject. Throughout each phase there would be a con-
tinuing development and refinement of interferometer designs to give succes-
sive improvements in sensitivity and performance.

In planning the tacilities we place prime importance on the first phase, the
search phase, and on methods for achieving the discovery of gravitatioml radia-
tion with minimum overall cost. Once the waves are clearly detected we would
expect that there will be little difficulty in justifying what additional funding may
be required for the effective and rapid development of the field, and for the
present we let that second phase look after itself.

Our present expectations about gravitational wave sources and anticipated
detector performance, summarized in Section 1 of this Proposal, indicate that
the probability of discovery of gravity-wave signals is likely to depend strongly
on the sensitivity of the search performed. And it may be noted here that the
achieved sensitivity of an experimental search does not just depend on the sen-
sitivity per unit bandwidth of the detectors themselves: it is & tunction also of
the duration of the experiment, or, more generally of the amount of information
analyzed. Increasing either search duration or number of detectors employed
rmay improve the overall sensitivity or depth of the search. Thus increasing the
number of vacuum tanks and operating interferometers in the facilities may
significantly improve the chances of detecting gravity waves. )

- Arpiving at an optimum balance between all the parameters describing the
tacilities involves many factors, some not accurately khown. And using more
interferometers does increase receiver construction costs somewhat - although
we would expect to minimize interterometer development effort and construc-
‘tion costs by designing an interferometer with many common elements, SO that
with only minor changes it can be used in different types of experiments - see

Figure B.5. Froma preliminary analysis taking all the factors into account, one

of the PI's (RWPD) concludes that for a search phase three sets of operating
interferometers at each facility may be near optimum; and if gravitational waves
are not detected in the initial variant of the LIGO, we would plan to add instru-
" mentation chambers to permit such operations. :




(a)
A proposed configuration for
an optical cavity gravitational
wave detector with differential
optical output.

(b)

A proposed configuration for a
high sensitivity wideband gravity

. wave detector using light
recycling.
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A proposed: configuration for an
optically resomant gravitational
wave detector for very high
sensitivity in a narrow bandwidth.

Figure B.5 Gravitational wave detectors designed for different types
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(c) Note on Overall System Outlined here

Putting together the various new experimental techniques and ideas out-
lined above, along with encouraging results from prototype experiments with
low-loss mirrors, leads to a concept for a complete interferometric gravitational
wave detection system with very interesting features: high sensitivity (bottom
curves of Figures 1.3, 1.4, and 1.5), great flexibility, good discrimination against
spurious phenomena, and potential for high scientific productivity. This concept
for a complete gravitational wave detection system is an attractive long-range

goal for our proposed LIGO facilities.
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APPENDIXC
PROTOTYPE RECEIVER RESEARCH AT MIT AND CALTECH

C.1 'l"he MIT Prototype Receiver
C.1.1 Description

The prototype interferometric antenna at MIT is a Michelson interferometer
with 1.5 meter arms in which the beams are folded to increase the light storage
time. The antenna is operated to hold a single fringe by means of feedback to
opticel and mechanical controllers. The feedback signal is the antenna output.

A schematic of the interferometer is shown in Fig. C.1.1. The interferome-
ter mirrors are attached to masses suspended on pendula with periods of 2
seconds. At frequencies large compared to the pendulum resonance frequencies,
the masses are free in inertial space and isolated from external acoustic and
seismic perturbations. Capacitive displacement sensors for all six degrees of
freedom of each of the three masses are used to drive electrostatic controllers
to critically damp the pendula without adding noise in the gravitational fre-
quency band. The interferometer is operated in a vacuum of 107® torr, main-
tained by ion pumps to reduce gas pressure fluctuation forces on the masses
and index of refraction changes in the optical paths.

On entering the vacuum, the light is split by a 50/50 beam splitter and then
enters the interferometer arms through holes in the mirrors. The light traverses
each arm 56 times and reemerges through the same hole by which it entered.
The multipass geometry, formed by spherical mirrors, is called a Herriot delay
line. The number of beam transits is determined by the mirror radii and their
separation. When properly aligned, the optical path length in the arms is first
order sensitive to mirror displacements along the optic axis and second order
sensitive to all other motions. After leaving the delay line the light passes
through electro-optic phase modulators, (Pockel's cells) one in each arm, and is
then recombined. Both the symmetric and the antisymmetric outputs are meas-
ured on photodetectors.

| To determine the fringe motion a 5.3 MHz phase modulation is impressed on

" “the light beams hy- theielectro-optic 1 modulators When the interferometer isat a
symmetry" ‘poin of~& rmgi {he p,hotgdetector output contains s1gna.ls at even
harmonics of-this frequedcy" 1f the fringe moves from the symmetry point the
photocurrent contains a’ "signal at the fundamental with amplitude proportional
to the fringe motion and phase determined by the operation. These signals after
synchronous detection and filtering are returned to the electro-optic phase
modulators and the ma.ss electrostatic controllers to hold the interferometer on:
a fixed trmge ‘The trmge mt.errogauon scheme serves to move the fringe signals
above the 1/f noise.in the laser amplitude, amplifiers and photodetectors. The
technique of jocking to-a fringe suppresses the effect of gain variations and laser
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amplitude fluctuations. It furthermore enables the interferometer to operate
near the condition for equal optical path length in the two arms which is
required to reduce the noise due to laser frequency fluctuations.

The light source is a 1/2 Watt argon ion laser opei'ating in a single mode at
5145 Angstroms. After leaving the laser the instantaneous line width of the light
is broadened to a Lorentzian line of about 1 GHz width using an electro-optic

‘modulator driven by wide band Gaussian or periodic random noise. The fre-

quency broadening suppresses the interference modulation of the main beam in
the interferometer by scattered light. The scattered light will generally have
taken different times than the main beam to reach the output of the interterom-
eter. Due to the frequency broadening the interference between the scattered
light and the main beam will undergo rapid phase fluctuations which result in an
amplitude noise spectrum that can be made as small as the shot noise in the
scattered intensity. The technique requires that the interferometer be held
near the zero path length difference fringe. The precision of the path length
equality is determined by the amount of scattering. .

The laser light is injected into the interferometer by way of an assembly of
spatial mode matching lenses and a single mode optical fiber. The fiber, a few
meters long, serves to isolate the laser's mechanical noise from the interferom-
eter. More importantly, it reduces the noise from laser beam position and angle
fluctuations that would be converted to phase fluctuations at the output of the
interferometer due to imperfect alignment of the instrument. The residual
amplitude noise produced by the fiber can be removed by an amplitude stabili-
zation servo. At present, however, this does not appear necessary. .

C.1.2 Present State of the Prototype — June 1885

The main goal of our efforts in the past year has been to bring the M.IT.
prototype antenna to the stage where we could make a serious search for gravi-
tational radiation with the apparatus. We successfully operated the interferom-
eter almost every night for a period of ten days and took sufficient data so that
our two graduate students, Dan Dewey, and Jeff Livas will be able to graduate
this fall or winter, once the analysis of the data is complete. The improvements
to the apparatus covered four areas: mechanical improvements, electronics,

_optics, and data systems.

A major effort of the year was to improve the acoustic and seismic isolation of
the interferometer by redesigning the suspension of the mirrors. The original
suspension of each mirror was a 1/4 inch aluminum rod attached to an x-y-z-
theta stage which was mounted directly on top of a three foot tall vacuum tube.
This was found to give inadequate vibration isolation at frequencies below 2 kHz.
A new suspension systemn using a single 0.015 inch tungsten wire to support each
mass was constructed. The new stages included improved transiation mounts
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which incorporated elastomer vibration isolators. This gave an improvement in
_ vibration isolation of 10 to 100 in the range 100 to 1000 Hz. A log-log plot of the
mass motion versus f{requency comparing the originali spectrum with a rod
-suspension and the new wire pendulum is shown in Fig. C.1.3. Direct measure-
ment of the acoustic and seismic isolation of the suspensions appears to indi-
cate that at current sensitivity levels the remaining low frequency noise is not
transmitted to the instrument through the suspensions.

Electronics.

It was necessary to make significant modifications to some of the mass damping
servos since the torsion time constant of the wire pendulum, 80 seconds, was so
different from its pendulation period of 2 seconds, and the dynamic range of the
torsional motion was much larger than had been anticipated in the original
design of the electronics. Although the servos would stay locked for long periods
of time, it was not always easy to achieve lock if the vibration from a large truck
or train set a mass swinging out of controi. The high vibrational noise environ-
ment of the laboratory during the day makes it mandatory to run the apparatus
at night in its present state. When the laboratory comes back into operation in
the fall (at present there is a large scale remodeling being done) the improve-
ment in the servo system and the use of the air mounted table on which the
apparatus is mounted will have high priority. Although neither of these steps
should have an effect on the noise performance they will make the apparatus
easier to live with. ’

The phase modulation of the laser light was changed from white noise to
digital modulation with a pseudo-random sequence. This was done because the
white noise was exciting Pockels cell resonances which in turn generated excess
amplitude noise at rf frequencies. The digital modulation only drives the crystal
at specific frequencies which can be tuned to avoid the resonances.

Optics.

A new Spectra Physics 2020 Argon Ion laser was installed this year to replace our
aging Spectra Physics 165 Argon lon laser. The new laser had to be modified
---gince-it-had poorer -noise performance than the older model at rf.{requencies. It
was slightly better than the old laser at low frequencies. We were abie to make
the laser perform at the shot noise limit above 3 MHz by adding a magnetic fleld
control and by filtering the fllament power supply. We were unable to use the
full power of the laser due due an unforeseen problem; at powers greater than
250 m¥W the phase modulating Pockels cell sustained optical damage and
dispersed the beam. In order to gain clearance for ease of alignment, the beam
inside the crystal has been focused more tightly, than is necessary, resulting in
beam intensities higher than 10° watts/cm?. This will be corrected by making
the beam diameter inside the crystal larger using different focusing lenses.
Other changes were made to the internal optics of the interferometer. A small
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iris was added to the entrance/exit hole of each delay line mirror and the align-
ment was done more carefully. In combination, these two measures reduced the
amount of scattered light in the interferometer significantly. Lossy optical ele-
ments were identified and will be replaced to improve the overall optical
throughput, which is now 12%. Currently, all our experiments are performed
with an etalon in the laser cavity so that the laser only oscillates at a single fre-
quency. The etalon costs about a factor 2 to 3 in the output power of the Argon
laser but is needed to avoid the amplitude noise of mode competition which has
components at RF frequencies. In part to increase the output power of the argon
laser but more importantly to test the concept for use in Nd:YAG systems we
carried out a quick experiment to determine if mode locked laser light could be
used in the prototype. The results appear very encouraging but not yet
definitive. )

We have begun research on high power fiber optics. The EOTEC company has
manufactured a 10 micron diameter single mode fused quartz fiber for us that is
now being tested for its power carrying capability and optical properties.

Data System and Run.

During the past year we built a data taking system useful for a search for gravi-
tational radiation that allowed us to take data at sampling rates up to 100kHz to
magnetic disk and up to 20kHz to disk or magnetic tape. The data were taken
with two A/D's: a slow A/D, multiplexed to sample 84 channels, which was used
to take data from slow servos such as the mass dampers, and a fast A/D which
sampled the output of the interferometer and could be multiplexed to 8
channnels if desired. A fair amount of software development was required to

make all of this work.

Approximately 900 minutes of data were taken over a period of 6 nights ina
search for pulsed and periodic sources of gravitational radiation. The data tak-
ing had to be done at nights and on weekends because of the laboratory’s prox-

imity to a busy city street. The A/D triggers for the data taking were derived -

from a rubidium atomic clock with stability of a part in 10!!. This will ensure
phase stability in a search for periodic sources of radiation. The clock was also
synchronized to WWV to allow us to make a search for pulses in coincidence with
the Stanford bar group, which was also taking data while we were on the air.




C.2 The Caltech Prototype Receiver

Background and Description of the 40-meter Interferometer

The Gravitational Physics group at Caltech started in 1979 when one of the
P.l's of the present proposal took up a post there. The initial experimental
work grew out of earlier work on laser-interferometers for gravitational-wave
detection at the University of Glasgow. Experiments began with the construc-
tion of 10-meter long Fabry-Perot cavities and the development of laser stabili-
zation techniques?® followed by construction of a full prototype laser-
interferometer gravitational-wave detector with arms 40 meters long in a spe-
cially designed building. Most of the Caitech experimental work has been car-
ried out with the latter instrument, which we now describe®?.

The Caltech prototype antenna (Figure C.2.1) consists of two similar 40-
meter long Fabry-Perot cavities arranged in an L. The cavity mirrors are affixed
to 10 kg masses suspended by wires; the masses are free to respond to impulses
fast compared to the one-second pendulum period. Light from an argon-ion
laser of wavelength 514 nm enters the antenna at the corner of the L, where it is
split, forming two optical cavities. An incident gravity-wave changes the length
of the two arms differently, and alters the optical phase difference between the
cavities. The phase difference as monitored by photodetectors is proportional
to the gravity-wave signal. ‘

The corner vacuum chamber houses three separately suspended masses—a
large aluminum disc and two identical compact brass cylinders, horizontally
suspended and capped with planar high-reflectivity mirrors. The disc is centered
in the vacuum chamber and supports a beam-splitter and assorted steering
optics, including beam-splitting polarizers and quarter-wave plates to deflect the
cavity light into photodetectors. Vacuum chambers at the ends of the L each
house one mirror-bearing mass similar to the corner masses. The end mirror
surfaces are ground to a curvature radius of 62-meters and coated for the
highest reflectivity currently available. Piezoelectric transducers between the
mirrors and masses are used to fine tune the cavity length and to calibrate the
gravity-wave detector.

The optical paths between the cavity mirrors are spanned by stainless steel
- pipes of 20 cm diameter evacuated to 2 x 10~ torr. (see Figure C.2.2). Pipe
e o= flanges are joined with metal seals; by adding"pumps the'detector can operate
at much lower pressure if performance becomes limited by eflects of residual
gas.

In operation, phase sensitive servos keep the two cavities in resonance. An
electro-optic cell applies phase modulation at radio frequency to the light before
it enters the cavities. The light reflected directly from the input mirrors has
sidebands due to the modulation, but the sidebands are stripped off the light
which is stored in the narrow bandwidth (200 Hz) cavities. The phases of the
stored and reflected pieces of light incident on the photodetector are compared.
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and the difference signal controls the frequency of the laser and lengths of the
cavities to maintain resonance.

Low-frequency control of the orientation and longitudinal position of the
masses is provided by multi-wire suspensions. Mass orientation is monitored by
40-meter long optical levers which use the cavity mirrors to reflect beams from
low-power He-Ne lasers onto position-sensitive photodiodes. The signals from
these photodiodes are attenuated at frequencies below 30 Hz and fed back to
coil-and-magnet transducers which exert forces near the suspension points.
fixing the angular degrees of treedom of the masses to within a microradian.
Longitudinal motion is measured at all frequencies by separate ground-reterred
devices mounted below each test mass which synchronously detect the shadow
of the test masses in the illumination field of modulated LED's; feedback signals
to maintain optical resonance are applied to piezoelectric stacks which push
and pull on the cluster of suspension wires, controlling the longitudinal position
of the test masses. :

Several stages of seismic isolation are used, beginning with isolated con-
_crete pads anchored to piles extending approximately five meters below floor
" level before contacting the ground. The vacuum chambers containing the
“masses rest on vibration-damped optical tables, and are isolated ‘trom the 40-
. meter pipes by flexible bellows. An additional external layer of isolation is kept
' in reserve: the optical tables rest on commercial air mounts which have been
" tested but found unnecessary at current sensitivity. A four-layer stack of alter-
- nating lead and rubber inside the vacuum isolates against seismic disturbances
‘- above the stack's resonance frequency of approximately 5 Hz.

The 40-meter detector was used in March 1983 for a very speculative search
for gravitational radiation from the millisecond pulsar 27 The detector operated
continuously for two weeks, integrating the signal in frequency bands centered
on the pulsar rotation frequency and its first harmonic. Although no signal was
detected (and none expected at the gensitivity level attained at that time). the
experiment demonstrated the versatility of interferometric antennae to respond
to new types of sources. In the ensuing 2.5 years. the sensitivity of the Caltech
detector has improved by approximately three orders of magnitude.

. Present Performance

G B

The first sensitivity goal of the prototype at Caltech is to achieve shot-noise
limited performance in the region of 1 kHz with high-reflectivity mirrors and
- high laser power. The mirrors now installed (loss per reflection = 4 % 107%) give
a cavity storage time long enough to exhibit maximum sensitivity at all frequen-
cies above 200 Hz. Mirrors with higher reflectivity will not be needed ‘until
advanced optical schemes (such as light recycling) are employed.

Pertormance is indicated in.Figuré ¢.2.3, which shows the frequency spec

trum of the noise output of the Caltech prototype interterometer, calibrated in
m-Hz~° and in strain-Hz™%. Also shown is the theoretical performance. limited
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Figure C.2.3. Noise spectrum of the Caltech prototype antenna, calibrated in
strain (Hz ~%) and displacement (m-Hz™3%). The upper curve is the measured
noise. The portion of the spectrum below 250 Hz was not well calibrated in this
measurement and has been deleted. Many of the peaks below | kHz are multi-
ples of the line frequency and may be due to pickup in the electronics. The
dashed curve shows the calculated shot noise for the light power (2 mW) and
fringe visibility (0.85) of the interferometer at this measurement. The lower
curve indicates the small fraction of noise attributable to seismic disturbance.
The seismic curve was measured by shaking one of the end masses at a series of
fixed frequencies, measuring the coupling to the gravity wave signal, and scaling
to the ambient seismic noise in the Caltech laboratory. The peak near 700 Hz is
probably due to a resonance in the suspension wires.
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only by photon shot noise. The shot noise calculation, based on 1 mW of light
power incident on each photodiode and 507% quantum efliciency, was checked by
an independent calibration of the system response. The observed noise is within
a factor of two of shot noise at frequencies above 800 Hz. Near 1 kHz the dis-
placement sensitivity is 2x 10°"m/VHz, and the strain sensitivity 1is
5x 107/ VAz.

Improvements Underway

In the region of the spectrum limited by shot noise, the sensitivity is
expected to increase with the square root of the laser power. Preliminary trials
with higher power have yielded a reduction of the high-frequency noise below the
level shown in Figure C.2.3. A new laser capable of five watts of single-frequency
output (more than a factor of 100 greater than the power used in the spectrum
of Fig. C.2.3) is scheduled to arrive in the Fall of 1985, and will be installed in the
prototype after modification to accommodate active frequency stabilization.
The efficiency of the optical chain external to the cavities has been improved
recently, and further increases in eflective light power are achievable by
increasing the visibility of the two optical fringes. Fringe visibility can be
increased by installing input mirrors of slightly higher transmission or by opti-
cally combining the two arms. The result of higher laser power and improved
fringe visibility expected in early 1988 will be reduction of the shot-noise com-
ponent of displacement noise to 5 x 107%m/VHz , a factor of two better than
required for the mid-1987 sensitivity milestone tabulated in appendix I. The
corresponding strain sensitivity is 1 x 1072%/ VHz, more sensitive than any
existing gravitational wave detector.

Efforts underway are intended to identify and eliminate the sources of low
frequency noise in excess of shot noise. Below 100 Hz performance is possibly
limited by seismic noise, and between 100 Hz and 1 kHz fluctuation in the
geometry of the laser beam is believed to be an important noise source. Optical
fibers will -soon be installed to reduce geometry fluctuations, in the same
manner as fibers were first used successfully at MIT and Garching. Additionally,
an automatic cavity alignment sensing and control system has just been built.
The system senses the optical phase of the rescnant light across the wavefront,
and extracts signals to control orientation of the masses. Early tests are
encouraging: the alignment is maintained to higher accuracy and with less drift
compared to the 40-meter optical levers. In addition to controlling the masses,

~—-the-signals can also be used to actively steer the laser beam, reducing fluctua-

tions beyond the reduction afforded by the fiber.

Noise sources which are not presently limiting performance, such as
seismic motion at 1| kHz and laser intensity fluctuation, are under continuing
investigation. These hidden noise sources are uncovered by artificially enhanc-
ing them-tor example by shaking the vacuum tanks or by modulating the laser
intensity—to a level strong enough to appear as noise added to the interferome-
ter displacemnent signal. The enhanced muotion is compared to the naturally
occurring motion, indicating the headroom available above the hidden noise
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soﬁrces. The ability to identify noise sources before they limit performance has
proven useful for planning improvements to the Caltech prototype.

Specifically, a test of seismic isolation recently conducted by shaking one of
the optical tables with a large commercial vibration transducer revealed that
noise due to ambient seismic motion at Caltech is at least two orders of magni-
tude lower than other noise sources, as indicated in Fig. C.2.3. These results are
preliminary as of this writing (August, 1885) and are currently being checked.
The seismic shaking test implies that the isolation now in place will suffice until
large reductions are achieved in other noise drivers, especially shot noise. (The
sensitivity of the seismic isolation measurement was limited by a smaill amount
of acoustic feedthrough; and the isolation is likely even better than depicted in

Fg. C.2.3.)

As well as separating unimportant from important noise sources, measure-
ments of this sort aid in predicting the performance of larger detectors. The
seismically-excited motion of the test masses is independent of interferometer
length, and scales as background seismicity. If the present seismic isolation
system were used in a receiver several kilometers long located at one of the
remote sites discussed in Section 2.4, where the ground is typically ten times
quieter, it would be adequate for detection of millisecond-bursts with strain
amplitudes as small as 10~2. In terms of milestones, the data of Fig. C.2.3
demonstrate that the seismically induced noise specification for the end of 1986
has already been surpassed. Improved methods of isolation have been designed
and tested, and the proposed facilities will probably have better isolation than
the present prototypes. Nevertheless, it is significant that the simple passive iso-
lation used in the Caltech prototype is good emough to achieve a sensitivity
above 1 kHz surpassing the prediction for the most advanced detectors dis-
cussed in section 2. and that this extrapolation follows directly from laboratory
measurements. ‘
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APPENDIX D
PROTOTYPE RECEIVER RESEARCH IN EUROPE

'D.1 The Max Planck Institute for Quantum Optics

The 30 meter laser interferometer begun in 1982 at the Max Planck became
operational this year and incorporates all the improvements that the Garching
group has developed in the past ten years. The interferometer,?® a Michelson
delay line, operates with 200 mW of interferometrically modulated power and
uses 110 mirror passes for an effective optical path of 3.3 kmn. The strain spec-
tral sensitivity of this apparatus is shown in figure D.1.1i. One of the innovations
in this interferometer is the separate suspension of each mirror and the beam
splitting mass by wire suspensions to reduce the thermal and acoustic noise
generated by a complex central mass. They have also introduced an optical fiber
to clean up the spatial modes of the laser beam and have coupled the fiber
directly to the beam splitter block to minimize the relative motion of the
injected beam relative to the interferometer. Their current research on the 30
meter system is focused on understanding the rise in the noise below 500 Hz.

The group has compieted a proposal to the Max Planck Society to study the
design of a long baseline antenna which can achieve a strain gensitivity of 1078
rms at 1 kHz. The present conceptualization of this antenna assumes an antenna
arm length of 3 km with 0.75 m diameter tubing at a pressure of 1078 torr. They
are considering an equilateral triangle conflguration beginning with two sides of
the triangle, and in later phases of their program to constructing the third side.
Their concept is to bury the entire apparatus in a 2m high tunnel bermed with 1
meter of earth. ‘

D.2. The University of Glasgow

Experimental work on gravitational-wave detection began at Glasgow
around 1970, with development of wide band resonant bar gravitational-wave
detectors by one of the present P.L's and colleagues. Extensive coincidence
pulse® and cross correlation® searches were made with a pair of detectors,
which recorded one possibly interesting pulse signal in two years of operation.
Efforts then shifted to development of laser-interferometer detectors, initially
with a 1-meter prototype detector3! using multirefiection Michelson interferom-
....eter optics, built with 0.3 ton test masses and the isqlauon'and vacuum system
of an earlier "divided-bar” gravitational-wave detector. Much work on high-Q
suspensions and electrostatic feedback systems was done, and noise studies
revealed the importance of scattering at the multireflection mirrors. The
Fabry-Perot gravitational-wave detector system was devised at this point,3 pri-
marily to avoid the scattering problems of delay lines, and the second Glasgow
interferometer, with 10-meter Fabry-Perot cavities, was built.

The technique of laser stabilization by monitoring the phase of light
reflected from an optical cavity was devised in this work, and developed both at
JILA (Colorado) and with this 10-m interferometer. Design of test masses has
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Figure D.1.1 Amplitude spectral density of strain of the 30 meter prototype at
the Max Planck Institute. ,
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gone through three generations with this apparatus, the current test masses
being simple bronze spheres with inset mirrors supported by 4-wire suspensions
trom tilting, rotating. and transiating control blocks driven by electromagnetic
and piezoelectric transducers. At the central station 2 separately suspended
and servo-controlled structure supports the optics for splitting. recombining.
and_contronmg the main beamns. including Pockels cells, polarizers. position-
sensitive photodiodes. and a separate "mode-clea.nmg“ optical cavity for reduc-
. ing geometrical fluctuations in the laser beam. The position and directiod of the
input laser peam is controlied by auxiliary servo systems using fast and slow

plezo-driven mirrors.

Commercially available mirrors with relatively large losses are currently
used in this interferometer. put until recently the sensitivity acbieved” (Figure
D.2-1) has peen better than that of any other Fabry-?erot systern. and is essen”
tially at the photon shot noise limit for the mirrors and the light power used at
all frequencies petween 500 Hz and 10 kHz. It has currently been overtaken by
the Caltech 40-m interferometer. however, with the installation of mirrors hav
ing losses lower by two orders of magnitude in the latter instrument.

A considerable amount of experimental and theoretical work on active
seismic isolation techniques has peen done at Glasgow (see Section 1.5.2 and
Appendix D). This led to an actively-isolated and servo-stabﬂized test mass at
" the end of one cavity of the 10-m interferometer. with tilt isolation using 2 freely
suspended reference arm. Active seismic isolation has not been applied to the
other test masses in the system. however, although active tfeedback damping is

used for all of the masses.

Recent work at Glasgow includes development of a laser stabilization tech-
nique aimed at giving maximum continuous power from 2 high-power argon
laser. To avoid the losses and damage experienced with electro-optical devices
in the laser cavity a bigh-speed piezo mirror developed by the Orsay group pro-
vides first-order stabilization. with subsequent phase correction by 2 Pockels
cell outside the laser. Results are encouraging:

There is close collaboration petween the Glasgow and the Caltech groups.

and-as-th *G_La.sgoy_mterterometer project began geveral years earlier than the

Caltech one many of the refevant techniques h;ve”be*enﬂgleveloped first there.
By concentrating eflorts on slightly different aspects in tHe two-groups-2 very
peneficial collaboration nas been achieved. and, it is hoped. will continue.

p.3. CNRS / Orsay

A group at CNRS/Orsay in France is developing high-power lasers and asso-
ciated optics appropriate for use in interferometric gravity wave detectors.
They have succeeded in mjection-lock'mg a low-power phase stabilized Argon ion
. laser to an unstabilized laser. producing 1.5 Watts of single-mode light. This
technique can be extended to lock geveral high-power lasers, whose outputs can

pe added coherently pefore exciting an interferormeter. Another route to high
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power under investigation by the Orsay group is the development of stabilized
solid-state lasers. The group is planning the construction of a six-meter proto-
type gravity wave detector, and is currently working to-demonstrate optical

recycling.
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APPENDIXE

COST AND FEASIBILITY STUDIES WHICH HAVE BEEN CONDUCTED FOR THE LIGO
AND FOR ITS CONCEPTUAL DESIGN

The initial study of a full scale laser interferometer gravity-wave detection
system was undertaken by MIT with Stone & Webster, an A & E firm, and A. D. Lit-
tle, the consulting firm. The objective was to establish the feasibility and rough
cost of a full scale, 5-km® long system. For the sake of brevity this is referred to
as the MIT Study in subsequent paragraphs. No specific optical configuration
or experimental strategy was assumed during this study. It was intended to
serve as a resource base for the development of a more detailed study of these
systems. The results have been used by the Caltech/MIT Research Groups to
develop more detailed cost estimates and implementation strategy. This latter
effort was carried out in 1984 and 1985 by a team of engineers from the Ground
Antenna and Facilities Section of the Jet Propulsion Laboratory operating under
the guidance of the joint Caltech and MIT research groups and a Project

Manager.

During the past two years we have been building on the material developed
during the MIT study to further expand the implementation options. Questions
of construction strategy were reexamined, and a detailed study of candidate
sites for antenna construction was completed. To enhance and focus the JPL
study, a set of Functional Requirements (contained in Appendix F) has been
developed to establish a basis for the system design. A conceptual design for
the LIGO facilities was developed that incorporated the functional requirements,
and the characteristics of the facility sites. Finally, based on the specific con-
struction or implementation approaches at the two sites selected, a preliminary
cost estimate was prepared. This estimate, given in Appendix H is being used as
a baseline against which new implementation approaches are measured.

E.1 MIT Study

To understand the factors which would dominate the cost and practical
difficulty of designing and constructing a large scale interferometer system, the

first phase of the study focused on three areas: the vacuum system., investigated .

by a group at Arthur D. Little (ADL): construction and installation of the anten-
...nag-and their ancillary facilities, studied by Stone and Webster Engineering: and

possible sites for the system, identified and studied in a preliminary way by
Stone and Webster. The results of this effort were summarized in "A Study of a
Long Baseline Gravitational Wave Antenna System',3* copies of which are avail-
able from MIT on request. :

*The sites had not been chosen at the time of this study. A reduction of the length to 4 km
was subsequently forced by the properties of the Cherryfield site.
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E 11 ADL's Study of the Vacuum System

‘The ADL group was asked to design a vacuum system which would operate at
a pressure of 10~® torr and which could be upgraded later to a pressure of 107®
torr. The costs which they derived were a function of the vacuum pipe diameter
and length. '

Aluminum and stainless steel are the two materials suitable for the vacuum
pipe. Aluminum appeared to have the edge because of lower cost, although it
was recognized that there is a smaller experience base in aluminum vacuum
systems. A particular trouble was that at that time there were no suitable alumi-
num bellows and that alurninum-te-stainiess transitions would have to be used
wherever bellows were required.

An important result of the ADL Study is that the pipe diameter is not a
major cost driver when viewed in the context of total facility costs. as long as
industry standard sizes are specified. For example, an increase in pipe diameter
from 24" to 48" results in an approximate overall cost increase of only 15 per-
cent. :

. A pumping strategy consisting of mechanical roughing and ion-getter
pumps was selected as the approach used in developing the required vacuum.
The ion pumps are highly reliable, have minimal maintenance requirements, and
. do not cause mechanical vibrations that could affect the measurements being
.made. The roughing pumps selected are designed to reach pressures of 1074 torr
.. before the ion pumps are energized.

Instrumentation vacuum chambers, in which the test masses would be
installed, were also designed. These chambers are stainless steel cylinders that
can be baked at high temperatures to drive out retained gaseous contaminants
to allow the system operating pressures to ultimately reach 10~® torr. They
were designed to afford complete access to the test masses as well as allow
quick access for minor adjustments. The largest chambers contemplated in this
study had a diameter of 14'. The instrumentation chambers are isolated from

the main vacuum pipes by gate vaives.

£.1.2 The Stone and Webster Study of Construction Strategies

Several concepts for the 'const”r‘iiétiaﬁ"im'olving*bot—hfvaeuum»..pipe diameter..
and length., were studied. Since the sites were not specified, only "generic”
costs could be derived. The cost model that was developed included elements
that were proportional to antenna length and elements that were independent of
length, such as buildings, power, and laser cooling. ' :

Several installation options were studied. The least expensive and highest
risk idea was to place the insulated vacuum pipe on supports above grade. At a
somewhat higher cost, the vacuum pipe could be protected from the elements
by enclosing it in & partially or completely buried culvert. The most expensive
approach studied involved the implementation of the systems in a mine (such as
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a salt mine, which is dry and conmstructed in a grid-like "room and piilar"
arrangement). The consideration of this latter approach was dropped when the
potential cost became apparent, although this implementation would offer a
benign environment to the type of instrumentation proposed for the LIGO.

E.1.3 The Stone and Webster Site Survey

The purpose of this preliminary site survey was not to pick the actual loca-
tions for an antenna installation, byt rather to identify the criteria for Suitable
sites and to produce a list of places with those attributes, Because of its prelim-
lnary nature, no site visits were included in the study. For surface sites, the
desirable criteria included: flat topography, low number of roads and houses,
accessibility to labor, transportation, power and water, remoteness from anthro-

 pogenic sources of vibration and noise, and low probability of large seismic °

events.

The list of possible sites concentrated on developed facilities owned by
governmental agencies, such as national laboratories and military bases, in the
hope that it would be easier to gain access and take advantage of pre-existing
shops and power distribution systems. Over a dozen potential sites were
identified during this survey, including one of the prime sites, Edwards Air Force
Flight Test Center, California, and the two principal backups, the Idaho National
Engineering Laboratory, near Idaho Falls, and the NASA Deep Space Network
Facility (Goldstone) at Fort Irwin, California.

The survey of mines disclosed a number that could hold a small antenna
system, but none that were adequate for the required 5-kilometer length. some
investigation was made of the possibility of extending the tunnels in these
mines, but the attendant costs would have been difficult to predict, and the rate
at which the mine face can be extended is quite slow. For this reason, we deter-
mined that there were no suitable mine sites available for this program.

E.2 The Preliminary Benchmark Design

On the basis of the work by the industrial consultants, the Caltech and MIT

Team prepared a "strawman" design for presentation to the NSF Advisory Com--

mittee for Physics and to the Gravitation and Cosmology Subcommittee of the
NAS Physics Survey in the fall and winter of 1983-1984. It appeared prudent to

recommend a below.ground culvert type installation since the antenna would be

| subject to much less disturbance from temperature fluctuations, sunlight, wind,

rain, and vandalism, and would in turn have less impact on the environment.
The arm length was fixed at S-kilometers as the longest affordable, although
scientific considerations would argue for a longer antenna. The site had not
been chosen at this time. The present length of 4 km is determined by the pro-
perties of the Cherryfield site. The pipe diameter was chosen to be 48 inches,
the largest size compatible with commercially available vacuum equipment. The
decision to use 48 inch pipe was based on several factors: it gives the most flexi-
bility for multiple use of the vacuum installation; it has adequate leeway in

Uiy
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alignment; and it is sufficiently large not to preclude the use of Nd:YAG or other
lasers with longer wavelengths than the Argon lasers currently in use in the
existing small scale prototypes at Caltech and MIT.

This preliminary benchmark design was estimated to cost approximately
856 Million (in 1982) dollars for the permanent facilities and the first two
receivers. Almost all of the estimated cost was tor the two facilities, the cost of
the receivers being small in comparison.

E3 The JPL Study and the Present Conceptual Design

While the MIT study established the overall costs of many of the elements of
a tull scale system, it did not fix the design. In addition, research and develop-
ment efforts being conducted by the Gravity Wave Groups at Caltech and MIT
resulted in requirements that were not addressed in detail in the MIT Study. As a
result a work order to JPL was issued to expand upon the earlier feasibility study
and to investigate the potential sites that were located during the MIT Study so
that the facility costs could be reestimated. These activities, being conducted
by JPL, are under the cognizance of the Project Office at Caltech.

JPL was asked to study the implementation approaches and costs of 2
variety of LIGO concepts. After considerable study a set of requirements was
established for turther studies. The first of these was that each facility of the
LIGO be initially capable of supporting two separate, non-interacting experi-
ments. Furthermore, the facilities should be designed in such a manner that
they can be easily upgraded without requiring major modifications or expense to
accommodate additional experiments. The motivation for this requirement is
that one should plan at the outset to be able to simultaneously observe with one
experiment while developing the next generation receivers as well ultimately to
have the capability for multiple searches. In later phases of gravitational wave
astronomy, it is anticipated that research groups at Caltech. MIT, and other
institutions would want to carry out a number of specialized searches and obser-

vations using the LIGO tacilities.

A second requirement is that the facilities be able to operate interferome-
ters of different lengths simultaneously in order to improve the rejection of local
noise ind to give the facilities the capability to carry out specific observations.

A third requirement is to design the facilities to achiéve a pressure ot 107°
torr at the outset. This is driven in part by the expectation that receiver sensi-
tivity will improve rapidly. Another consideration is that the acceptance tests of
the vacuum subsystem should prove that the system is capable of attaining this
pressure. '

Beyond examining the impact of these suggestions for the vacuum system
design, it was deemed worthwhile to reexamine the whole system cost. This
effort included a critical study of some of the important cost-drivers, such as
the covered installation of the system, the vacuum pipes and some facility
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elements not addressed by the MIT Study.

ES.1 Site Surveys

JPL. using much of the material generated during the MIT Study, made on
site assessments of the potential locations for the LIGO to a set of criteria esta-

blished by the Research Groups. These criteria included the following:

(1) Accessibility
Travel time to site; Availability of local housing and facilities; Ease of local
travel to site; Location with respect to air service.

(2)Construction Suitability
Rail receiving; On-site facilities; Nearest access road; Distance to major
power lines; Road construction or reiocation requirements; Local labor
rates (from National Construction Cost Estimator); Borrow and waste areas;
 Subsurtface conditions; Topographical conditions.

(3) Envtronmenta.l Suitability
Flood; Climatic conditions; Subsurface conditions; Water supply; Seismicity;
Acoustic noige.

(4) Acquisition Requirements
Ease; Surrounding area development potential: Environmental impact
report requirements; Mining operations; Existing site security: Facility
expansion capability. :

Approximately 30 sites were investigated and, based on the criteria listed
above, the following sites were determined to be prime c_:andidat;es for large
scale system implernentation:

(1) Western Sites:

Edwards Air Force Flight Test Center, California**

Goldstone Tracking Station, Ft. Irwin, California®

White Sands Missile Test Center, California

Fort Bliss, New Mexico

Idaho National Engineering Laboratories, Idaho*

(2) Eastern Sites: '

Fort Stewart, Georgia
_..Eglin Air Force Base, Florida

Easton, Massachusetts
Cherryfield, Maine®*
Saponac, Maine

The sites marked with a double asterisk were selected by the Gravity Wave
Steering Committee to be the prime East and West coast sites. The sites marked
with a single asterisk are backup sites, which would be considered further in the
event a prime site was unavailable. Detailed documentation of the site analysis
performed by JPL was submitted to the Steering Committee for reference in
making their selection of prime and backup sites for the facilities. It should be
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‘noted that the Idaho National Engineering Laboratory site is a backup for both
the Western and Eastern sites since it is over 1000 kilometers from both of the

prime sites.

Figures EI and E2 show the antenna facilities laid out at the two prime
sites, Edwards Air Force Base in Palmdale, California; and Columbia, Maine. The
relative orientations of the LIGO legs at the two sites are chosen to give the max-
imum probability of equally sized strain amplitudes when averaged over a ran-
dom distribution of sources on the sky. The optimum relative orientation is the
obvious one where one "L" is the projection onto the other in 3 dimensions, since
the earth does not shieid gravitational radiation. \

Figure E3 shows the distribution of detector responses to a random sample
of sources when the two sites have different relative orientations. The orienta-
tion angle is the rotation of one antenna relative to the other about the line join-
ing the two antennas, subject to the constraint that both antennas lie locally in a
horizontal plane.

Seismic and acoustic spectra have been taken at the two prime sites, Fig-
ure E4, as well as at other possible sites. Also shown in this figure are the
seismic noise spectra in the present prototype laboratories at MIT and Caltech
and the spectra from the quietest known surface location in the US at Lajitas,
Texas. None of the proposed sites lie on known active faults.

Specific properties of the two prime sites make the facilities different in the
following ways. Edwards Air Force Base is the site of the JPL Rocket Test Facil-
ity. This facility has the infrastructure of a well-equipped laboratory: machine
shops. laboratory space, garages, electronics rooms, offices, sleeping quarters
and a cafeteria. The antenna is placed close to this facility so that there is no
need to construct support buildings at this site. To minimize costs and achieve
maximum flexibility, the gravitational wave facilities will be placed above grade,
Figs. ES and 1.1, but covered to eliminate wind loading and the temptation to
shoot at it, as well as to provide some measure of thermal control. The proposed
location of the LIGO facility at Edwards is near a dry lake which occasionally has
shallow floods, and the soil nearby is strongly alkaline and corrosive.

The Columbia, Maine site is in the native blueberry barrens of northeastern
Maine. The site is actively farmed with peak activity for 3 weeks in August. For

most of the year it is almost unpopulated. The barrens lie oni"a mesa 260 feet
above sea level formed of fine glacial till. There is no history of flooding in part
because of the altitude and the excellent drainage in the soil. The soil is slightly
acidic. The state of Maine has strong restrictions on the disturbances permitted
to the environment, and we have been advised to make the facilities as unin-
trusive (invisible) as possible. The favored construction strategy in Maine (Fig.
EBa, EBb) is to bury the system in a culvert. Although there is ample power and
well water at the Maine site, it is otherwise undeveloped. The conceptual design
includes support trailers and the acquisition of a building in Cherryfield for
offices and quarters.
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At both sites the design litetime of the facilities is to be a minimum of 20
years.

E 3.2 Vacuum Subsystem Design

On the basis of material collected by JPL and submitted to the Research
Groups for consideration, stainless steel will be used for the vacuum tubing
rather than aluminum. This decision was based on the opinions of a number of
large vacuum system users and designers interviewed by the JPL team. The con-
sensus is that there is no cost advantage of aluminum over stainless steel to
outweigh the large base of experience with stainless steel in vacuumn systems. It
seems a prudent policy not to make the vacuum system a separate experiment
in and of itself. .

The primary requirement is to maintain a low enough gas pressure so that
statistical fluctuations in the residual gas column density about equilibrium do
not compromise the receiver sensitivity. The strain noise amplitude spectral
density due to this effect is given by

ve
h(f)= [n,‘,m(::ﬁ/z]uzzlan

where f is the gravity wave frequency, p the average particle density, a the

molecular polarization at A, the light wavelength, vn, the molecular speed at the

vacuum wall temperature, and L is the arm length. n is the number of beams
passing in the interferometer arm; for compact geometries such as a Fabry-
Perot or tagged-bearn delay line n = 1. Mm:.mum diameter Gaussian beams of
width (AL/ 27)2 have been assumed.

Using green light, a strain sensitivity of h(f)~107%2/VHz (the sensitivity
level of the "simple first detectors” in Figs. 1.3 - 1.5) will require that the aver-
age pressure be less than 5x1079 torr of N; in a 4 km system using a single beam
or 3x107™* torr in a distributed delay system with 30 beams. The sensitivities of
the "more advanced detectors” of .Figs. 1.3 - 15 correspond to
h(f)~3x10-25/vHz and will require pressures of less than 5x107!% torr of Nz or
9x10° torr of Hy for compact optical systems. The potential high sensitivity of
the receivers will make ultra high vacuum demands on the system, although the
requirements are eased by the fact that the residual gas in a clean baked stain-
~~lgsy-steel system without leaks is predominantly Hp:  The vacuum system must
be bakable to 150 degrees C and be able to have enough pumping capacity to
hold a pressure less than 1072 torr of H; against an anticipated outgassing flux of

10~ torr liters/sec cm?.

The high vacuum requirements also extend to the instrumentation
chambers. Several of the stochastic forces on the antenna masses depend on
the residual gas pressure. Acoustic isolation requires evacuation to a pressure
such that the mean free path is larger than the size of the suspended masses.
Acoustic isolation does not drive the vacuum requirements. The reduction of
the "radiometer" effect due to thermal gradients on the mirrors because of
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heating by high power laser beams and the reduction of the broadband thermal
noise due to impacts of the residual gas molecules with the suspended com-
ponents require pressures of 10~ to 107® torr depending on the receiver sensi-
tivity. Deposition of oil or other condensible substances on mirror surfaces must

be avoided.

The vacuum system proposed for further study is constructed of 304 L
stainless steel. According to current plans, the tubing in the arms has a 1/4
inch wall and a diameter of 4 ft stiffened against collapse by either welded rings
or rolled beads every S ft. Stainless steel expansion bellows welded directly to
the tubes are placed every 400 ft. Pump ports are mounted every 400 ft. A lay-
out of the vacuum system is shown in Figure E7. ‘The long tubes will be isolated
from the instrumentation chambers by 48 inch diameter gate valves so that
access can be made to apparatus without bringing the entire system to atmos-

pheric pressure.

The tubes are supported every 70 ft. on rolling supports and at each pump
there is a fixed support which clamps the system to the ground. The alignment
of the tubes will be maintained at +2 cm over the 4 km length. Scatter suppres-
sion baffles are placed in the tubing at intervals of 400 ft.

The tubes and bellows are wrapped with 2" thick insulation for bakeout at
150 degrees C. The tubes themselves will be used as resistance heaters. The
bakeout will be done with auxiliary generators to reduce the costs of the per-
manent power installations as bakeout of the entire system will occur infre-
quently. Should the system be brought to atmospheric pressure once having
been baked, it will be back fllled with boil-off nitrogen from liquid nitrogen
brought in by tank truck.

The tubing will most likely be rolled from plate and welded in the feld.
Cleaning and leak testing facilities for individual tube sections would be set up at
the site. One strategy for construction is to use the central station for tubing
manufacture and then transport tubing under controlled conditions to be
machine welded to the rest of the system. The construction strategy would per-
mit multiple shifts for assembly and leak hunting.

A proposed strategy for leak monitoring and isolation once the LIGO has
been constructed is to leave a sealed dead space between the tubing and the
insulation which can be filled with a trace gas, such as helium, by remote con-
“tFol "Each 40 ft section would be isolated. In addition’ion gauges and residual
gas analyzer heads would be placed every 400 ft.to monitor the pressure and gas
composition, thereby giving further information about the location of leaks in
case any develop in the course of time.

The proposed vacuum pumping system is a hybrid of ion-chemisorption
pumps and cryosorption pumps backed by mechanical roughing pumps. In
quiescent operation, the system is maintained by 1000 liter/sec ion pumps. 64
of which are distributed evenly along the arms. lon pumps are free of
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mechanical noise and do not require extensive maintenance; however, to retain
their lifetime and to avoid gas bursts that could originate in the pumps, they
must be started at pressures below 107° torr. 10000 liter/sec cryosorption
pumps placed after every 10th ion pump are used for initial pump down and bak-
eout. The cryo pumps generate mechanical noise and, if left on permanently.
would cause a substantial problem during operation as they require frequent
maintenance. The cryo pumps are to be separately valved off the system. Fig-
ure EB shows a plot of the number of pumps required in a 4 kilometer section of
48" tubing as a function of the ratio of the average pressure to the outgassing
flux.

The conceptual design of the LIGO's initial configuration specifies 8 instru-
‘mentation chambers at each site, with three more to be added in the initial
upgrade. All are cylindrical structures of stainless steel using dished heads as
ends. The requirement is that the tanks can be easily opened for access to the
apparatus. All optical and electrical leads are brought through the bottom. The
entire cylinder can be lifted off with a crane for major apparatus aiterations.
The top shells are demountable for quick access which should not involve discon-
necting the vacuum plumbing to the main light tubes. Each tank wil be
separately pumped with its own ion and cryo pumps. The tanks will also have
the capability of being baked.

Tanks in the mid and end stations are specified to be 10 ft in diameter and
10 ft high. Each of these can be isolated from the main vacuum system by 48"
gate valves. The tanks are placed on rudimentary vibration isolation systems to
decouple them from high frequency ground motion; this is the first stage of
many involved in seismic isolation of the receiver components. The tanks at end
points are compensated for atmospheric pressure induced torques and forces
by bellows tied at one end to ground anchors.

E 3.3 Construction Strategy

The conceptual design specifies a cover for the long evacuated tubes. The
JPL study has-analyzed several cover designs for both above and below ground
construction. The design presented is considered the most economical
approach at each site. In a buried configuration (Fig. E6a), the tubes are placed
in galvanized cylindrical corrugated culverts of either 12 or 10 foot diameter.

_The culvert has silos for ventilation and access every 600 feet. Instrumentation

cables and most likely the power cables will be placed in preformed trays built
into the culvert. A transport vehicle designed to operate in the culvert could be
used both for tube installation and subsequent access to pumps and tubes dur-
ing operations. During construction the culvert would be installed by open
trench and backfill operations, and the tubing manufactured in the central sta-
tion building would be transported down the culvert for welding and leak hunt-
ing. An operational virtue of the culvert is that the alignment and assembly of
the antenna could be carried on in all seasons and weather and the cleanliness
of the vacuum system is maintained during the construction. (A turther con-
sideration is that the construction could be phased more easily, the buildings
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and culvert could be installed in one funding cycle with the vacuum system
installation being carried in the second.)

- The vacuum tube is supported every 70 feet on adjustable supports to allow
alignment to £2 cm. Shallow piles support the tube in the culvert. The piles are
placed before installation of the culvert which is precut to accept the piles and
then sealed around them.

In the present conception of an above ground installation, Fig. ES, the tub-
ing will be placed above grade and Construction will be carried out in the open.
The tube support and anchors are much the same as described for below ground
construction, except that they should be sufficiently high so that the tubing and
insulation will remain above grade in the worst case. As with below ground con-
struction, the central station would be used for tubing manufacture. The tubing
may be placed along the antenna arms by a conveyor running on sills. The sills
will later become the anchor points for a cover to be placed after welding, align-
ment and initial leak hunting. Access to the tubes after initial construction will
be made by removing small sections of the cover. The space between cover and
tube could be temperature controlied to provide temperature stability.

E 3.4 Buildings

All buildings in the conceptual design are prefabricated structures. The
buildings surrounding the instrument stations are steel "Butler” buildings
placed on concrete foundations. In both below and above grade construction,
the pads that hold the instrumentation tanks are anchored either to bedrock or
sufficiently buried casements so as to reduce the effect of differential expansion
of the antenna arms due to surface temperature gradients. Access to the lower
dished heads of the instrumentation stations will be below grade. The buildings
housing the end and mid stations are 1000 sq. ft. while the central station is
5500 sq. ft. Each instrumentation station building will be equipped with a bridge
crane. The buildings are air conditioned and efforts are to be made not to raise
the acoustic or vibrational noise in the buildings and on the pads more than 3db
above the naturally occurring background at the sites in the 10 to 10000 Hz
band. The buildings will be equipped with clean benches and some work area,
but in order to keep the buildings "quiet"”, it is not intended that they also serve
as general laboratory space or staging areas.

" The other buudmgs at the facilities depend on the site. At Columbxa-m“'

Cherryfield trailers will be used to house all equipment including maintenance
facilities, a small machine shop, electronics stores and construction, instrumen-
tation and data analysis hardware. A house will be purchased in the town to
' accommodate personnel. At Edwards Air Force Base, no additional buildings are
required.




App. E3.5 81

E3.5 Power and Cooling

Power is available at both the prime and the backup sites. The demands of
the facilities will require a substation and connection to high voltage lines.
Excluding the power required for bakeout, the average power demands of the
facilities are about 2 MW. The assumptions concerning the type and quantity of
lasers that will be used at the facilities are eritical in determining the total
power budget. 100 watts of single frequency optical power derived from Argon
lon lasers of present day designs would require at least 300 kW of electrical
power and cooling capacity. (At present prices this alone would correspond to a
recurring operating cost of 150 thousand dollars per year). The assumption
made in the conceptual design is that newer laser designs. in particular the
Nd:YAG system, will be available which have 10 to 100 times higher efficiency.
The laser cooling capacity specified is 0.3 MW. Laser cooling will be done using
closed cycle cooling systems with proportional temperature control. The cost of
the laser cooling system as a tunction of the dissipated power is shown in Figure

ES.

E.3.6 Instrumentation

The facilities are to be designed so that receivers can be readily interfaced

to them and that housekeeping and environmental information can bé easily

folded into the receiver output data streams for correlation and veto analysis.
The facilities are also to include data links to the home institutions and to each

other.

The conceptual design specifies an instrumentation system designed round
"Camac” crates with both analog and fiber optic digital ports which will monitor
the health of the facility and generate data for storage to be correlated with
receiver signals. A list of the signals to be ‘monitored is given in the functional
requirements for the LIGO (Appendix F). A standardized and documented instru-

mentation system is considered a necessity.

The conceptual design includes specifications for the number of st.a.ndard-
ized panels and interconnection wiring and optical fiber links between the sta-
tions. A users handbook will be prepared that documents the operation of the
“facility.~ '»—'Fhlsr:-'document,wi.ll;_i,n‘_‘clucle information such as programs, wiring con-

nections, and the properties of facility-provided sensors. A'broadband commun-.

ications link betweeR the two sites, possibly using satellites, is being considered.
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APPENDIXF
FUNCTIONAL REQUIREMENTS FOR THE LIGO

This appendix is the present, as-yet-not-complete version of the functional

requirements document for the LIGO. When compieted, this document will be a
key input for the detailed engineering design effort for which this proposal seeks
funds.

F.1 Overview

1.1

The functional requirements outlined below describe the vacuum system
end related facilities needed to house a variety of gravitational wave
receivers to be developed and built over the next 20 years.

Similar vacuum systems will be built at two sites. (See Figure 1.1) Each sys-
tem will have two 4 km long vacuum pipes extending at right angles from a
central station. Each arm will have two smaller stations, one at the end of
the arm away from the central station, and one near the middle of the arm.
Each station will contain one or more vacuum chambers housing receiver
elements. The functional requirements for the vacuum system given below
specify the configuration of the vacuum system including the chambers,
pipes, valves, pumping system and gauging requirements. The facilities also
include buildings for the stations, tunnels or covers for the pipes, associ-
ated work areas, and utilities. An automated housekeeping data subsystem
for monitoring and controlling the operations of the facilities will also be
supplied.

The design lifetime of the facilities is to be twenty (20) years. No materials
shall be used in the major structural elements which would preciude
achievement of this lifetime.

F.2 Sites

2.1

2.2

The two facilities will be located at Columbia, Maine and at Edwards Air
Force Base, California, as shown on the attached maps. (See Figs. E2 and
E3)

At the Columbia site, the central station will be located at latitude
longitude with one arm along a line ___degrees east of true north
and the other along a line —___degrees east of north. The arms will be 4

2.3

—km-long-with-mid stations -—-km-from the central station-along-each-arm:

Environmental constraints demand that the vacuum pipes must be below
ground level in a culvert or tunnel. The tunnel must be large enough to
allow access to any part of the vacuum pipe for repairs.

At the Edwards site, the central station will be located at latitude
longitude with one arm along a line —_degrees east of true north
and the other along a line —_degrees east of north. The arms will be 4
km long with mid stations ._km from the central station along each arm.
At this site the vacuum pipe could be above ground level. If so, it shall be
fitted with a cover to protect it from wind, rain, and vandalism. The cover
must be removable to allow access for repairs to the vacuum system.
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2.4 At both sites, the arm lengths, measured from the geometrical center of

2.5

the chambers must be equal to within 3 cm. The same tolerance applies to
the distances from the central station to the mid-stations.

Prior to construction at any site, a seismic and acoustic survey shall be
conducted using instruments similar to those described in item 5.3. This
survey will produce a spectrum which represents the pre-existing noise
spectrum (late night during calm weather), in the frequency band between
1 Hz and 10 kHz. The sum of all the additional vibration or acoustic power
due to installed equipment shall not exceed the level of this measured spec-
trum. As part of the noise reduction strategy. all rotating machinery shall
be mounted on sta_n_dard passive vibration isolation mounts.

F.3 Vacuum Subsystem

31

3.2

The vacuum system will consist of a set of instrumentation chambers and

the vacuum pipes connecting them, the complement of pumps to achieve

and maintain the vacuum, associated valves and gauges for vacuum moni-

toring and leak checking, means for baking the above mentioned parts, and

a nitrogen supply and manifold for backfilling the system.

PIPES: The vacuum pipe will be forty-eight inches in diameter. It will be

welded from individual sections with bellows spaced along the pipe to allow

for thermal expansion during baking.

a. All of the tubing used in the construction of the vacuum pipe shall be

‘from one mill run having the characteristics defined by Document

Each section of vacuum pipe shall be individually leak tested
prior to installation. The maximum leak rate for a 4-0 foot long section
of pipe i§

b. After installation each section of the vacuum pipe will be leak tested.
The welds shall be certified leak free at a level of

c. Internal light baffling shall be included in the pipes to reduce scattered
light. These baflfles are to be installed at intervals of meters and
shall be tilted at an angle between 10 and 30 degrees to avoid back
reflections. The baffles shall extend 3 cm into the pipes.

d. - The deviation of any arm of the vacuum pipe from a straight line shail
not exceed +/- 3 centimeters.

CHAMBERS: All chambers shall have the following characteristics:

& ~“Fach chamber shall’ have the form of & right ¢ircular cylinder with

dished (outward) heads for both the base and top. Each chamber shall
be constructed to that the top head may be removed without disturb-
ing the main body and base. (See the new figure to be drawn.) Addi-

tionally, it must be possible to remove the top and main body as a unit

from the base. Connection to the primary 48" vacuum pipes is to be
‘made entirely through the main cylindrical portion of the chamber.
Provision for quick connection between the pipes and the chamber is

required.
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b. All electrical, fiber optic, and vacuum pump connections to the
chamber are to be made through the base of that chamber.

¢. Each chamber shall be pumped down by a combination of ion, cryo and
mechanical roughing pumps, although only ion pumps will be used dur-
ing operations. Provision shall be made for isolating the other pumps
from the chambers mechanically and acoustically so that receiver
operations can be initiated during the final pumpdown.

d. Equipment installed in the chambers is to be mechanically coupled at
the base section of the chamber. To facilitate these connections 3 tie-
down points are to be provided. These tie-down points are to be
located directly above one of the mechanical connections between the
base and the pad on which it is mounted. The tie-down points are to be
oriented in azimuth to prevent interference between suspension
members and the optical paths of the interferometers. To allow work
in the chamber, a removable floor shall be installed in the base. Addi-
tionally, a ladder is to be provided to allow access to the inside of the
chamber with the top removed.

e. It must be possible to obtain access to a chamber in under sixty
minutes

f. The central (fourteen foot) chamber must have six 48" ports, two of
which will be used for personnel access to the chamber and the other
four will be used to connect to the vacuum pipes. Additionally it must
have 8 12", 20 9", and 44 6" visual or blanked off ports to permit
visual or mechanical access to the interior of the chamber. Provisions
for the connection of vacuum pumps to the chambers must also be
provided. Electrical access to each of the chambers shall be through
four 24 inch removable and twenty 2-3/4 inch removable blank panels
distributed equally about the base of the chambers. The 10 foot
chambers must have a proportional number of ports. An optical qual-
ity access port for injecting the laser signal into the chamber shall also
be provided. Access to the interior of the fourteen foot vertex
chamber shall be through the two 48" diameter access hatches and
through the top, which shall be removable through the use of a winch.
The fourteen foot chamber must be able to function properly with con-
tents weighing up to ten tonnes. The ten foot chambers must function

_..properly with contents weighing up to five tonnes.

3.3 GATE VALVES: Gate valves shall be provided to Lsolate all chambers trom
the remainder of the vacuum system as shown in Figure 1. All isolation
valves shall be capable of maintaining a vacuum of 10~ on either side while
the system on the other side is at ambient atmospheric pressure. The
valves may use viton seals for the main gate seal only: all other seals must
be all metal. Viton seals must be outgassed prior to installation of the
valves in the system. All valves should be operable remotely through the
housekeeping data system, with provision for manual operation if neces-
sary.
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3.4 VACUUM LEVEL: The working pressure in the vacuum system should meet

3.5

3.6

3.7

3.8

the following specification as measured by suitably cahbrated residual gas

analyzers and ion gauges (seez37)

A bakeout system for the vacuum pipes is required. The bakeout system
should be'capable of raising the temperature of the pipe in one arm to 150
C in a period of one day. Since bakeout of the pipes is expected to be an
infrequent occurrence, the use of portable gas fired generators is accept-
able for powering the heaters. Use of the pipes themselves as the heating
elements is allowed.

Provision shall be made for baking out each chamber each time it is
pumped down.

PUMPDOWN TIMES:

a. chambers - first time, then subsequently. The pumpdown time of indi-
vidual chambers shall not exceed 8 hours with a gas load from the
experimental apparatus in the chambers of 10~ torr-liters/sec. This
value implies that all equipment that is to be placed in an operating
chamber shall be cleaned prior to installation.

b. pipes - figsttime, thensybsequently %W"”T‘Q"M
CONSTRAINTS ON PUMPING SYSTEM:

a. Mechanical pumps adequately trapped to prevent backstreaming -

b. Only ion pumps in normal high vac operation

¢. Cryopumps allowed during pumpdown

GAUGES: lon-gauges and controllers shall be installed to measure the pres-
sure in any chamber or pipe to an accuracy of 20 percent. lon gauges shall
be located at each of the cryo and ion pumps used in the system as well as
wherever else we want themn. All ion gauge outputs will be monitored by the
housekeeping data subsystem, which will also monitor the current from all
operational ion pumps as a check on the perfomance of everything (see sec-
tion 5). Separate gauges shall be provided to monitor the pressure during

. pumpdown from atmospheric pressure to the pressure where ion gauges

3.9

may be safely turned on. Residual gas analyzer (RGA) heads shall be
installed on each of the chambers and elsewhere to assist in leak-hunting,
and to verify compliance with the pressure specification in 3.4.

BACKFILL:

a. Liquid Nitrogen storage shall be provided external to all buildings housing

~~vacuum-chambers. This must be sufficient to supply liquid nitrogen for-cold -

trap coolant for the chamber pumps for a period of XX weeks, and gas to fill
the vacuumn chambers in the building XX times

b. Heaters shall be supplied so that sufficient nitrogen gas can be created
from the liquid to flll any chamber in XX minutes. Further heater capacity
to boil off liquid nitrogen shall be supplied so that the entire vacuum sys-
tem (pipes and chambers) can be filled in XX hours. To fill the main pipes, a
separate tanker truck of liquid mtrogen will be ordered.




App. F

86

3.10 LEAK DETECTION: A scheme must be implemented which will allow us to iso-

F.4

4.1

late leaks to individual 100 foot sections of the pipe once the vacuum sys-
tem has been installed. A suggested technique is to install bags around the
pipe, underneath the insulation. These bags should be able to be fllled with
He gas by a manifold accessible from outside the tunnel or above ground
enclosure. Whatever system is installed must be able to withstand a bakeout

temperature of 150 degrees C.

Facilities Subsystem

The specifications for the facilities include the buildings to house the
vacuum chambers, additional workspace in trailers, furnishings, utilities,
and roads. ,
CENTRAL STATION BUILDING: The central station for each facility (shown in
Figures 1 & 2) shall be designed to contain:

2. One fourteen foot chamber and six ten foot chambers at the vertex of
the antenna arms" terconpecte awownin Figure 2.1(b).

b. Work space of not less 500 square feet in close proximity to the
chambers. _

c. A crane capable of lifting all or any individual portions of a chamber
individually.

-d. Sufficient space shall be provided to allow each chamber midsection
and cover or cover dome to be separated from its base and stored during
periods when the chamber is being refitted. This implies that all seven
chambers in the central station may be open simultaneously. Additionally,
protective devices must be inciuded to protect delicate flanges of the cov-
ers or chamber sides during the period of time that they are open.

e. External vibration isolation systems must be installed on all chambers
and each of the chambers must be isolated from the other chambers in the
central station. Furthermore, the vertex chamber isolation system must be
operational regardless of the state of any other chamber or any other
vacuum system. The vertical and horizontal isolation systems shall have
fundarmental resonances less than 2.0 Hertz and the transmissibility shall

" be less than 10~! at 10 Hertz and less than 10~% at 100 Hertz. Each isolation

system shall be equipped with a means of being rigidly clamped in the same
location and orientation as the system has when functioning as an isolator.

“An isolator for a fourteen foot tank shall function as specified under any

load between the weight of the empty tank and that weight plus 10 ton. Iso-
lators for 10 foot tanks should function as specified at weights between the
empty weight and that weight plus 5 tons.

f. A6 foot Class 100 clean bench shall be installed at the central station to
provide for the storage and assembly of optical and other delicate instru-
mentation




87

App. F

4.2

g. Sufficient space, as indicated in Figure 1, shall be provided to install
lasers and associated optics on an optical bench; separate facilities shall be
provided for the main (fourteen foot) or vertex chamber and the satellite
chambers. The operation of the vertex chamber shall be undisturbed
regardless of the state of the satellite chambers. In addition. sufficient
space shall be provided to allow installation of a 12 foot long, 2 foot diame-
ter mode cleaning cavity.

END/ meTATIONS Each of the end and mid stations shall contain:

a. One fourleen foot diameter chamber in each of the mid stations with
identical specifications to the central station chamber.
b. One ten foot diameter chambers in each of the end stations with identi-
cal specifications to the central station chambers. ' ,
c. Work space of not less than 500 square feet in close proximity to the
chambers. ]
d. A crane capable of lifting all or any portion of a chamber individually.
e. Sufficient space shall be provided to allow the mid section or the top of
each chamber to be separated from its base and stored during periods
when the chamber is being fitted. o

“t. A 4 foot Class 100 clean bench shall be installed at each station to pro- '

4.3

vide for the storage and assembly of optical and other delicate instrumen-
tation. ‘

GENERAL BUILDING SPECS: All buildings containing vacuum chambers shall
have:

) " a. A security fence around the building. The gates in this fence shall be
monitored to provide an indication that they are either open or closed.

4.4

Both vehicle and personnel access gates shall be provided. The vehicle
access gate shall have a minimum width of fourteen feet.

b. Air conditioning to maintain the facilities at a temperature 70+2 degrees
F.

¢. Humidity control to maintain the facilities at fifty 50 1 percent.

d. Sanitary facilities.

e. Independently switched incandescent and fluorescent lighting. Emer-
gency lighting systems shall be provided in all buildings and in the tunnel‘

-containing-the:vacuum pipe at.Columbia.. . . ,

f. A potable water supply shall be supplied to mid, end and central station
buildings. The pressure in this supply shall be 75 psi. The quantity of water
stored shall be ——_liters minimum. The flow rate shall be liter per
second minimum. Each end, mid and central station shall contain failities -
to accommodate emergency showers and eye washes. '
HEADQUARTERS: Each of the two sites shall have space for offices, shops.
storage, etc. which may consist of 50 x 10 foot trailers, no closer than 1
km to any of the instrument stations. This space shall also include:




App. F 88

a. A garage for storage of three vehicles.
b. Machine and electronics shop facilities of 1000 square feet. (Depending
upon the facilities aiready available at the individual sites.) '
¢. 1000 square feet minimum, for data acquisition, storage, reduction, and
analysis.
~d. Akitchen and dining area to serve 15 people.
e. Electrical power substation.
4.5 SHOP EQUIPMENT: The following equipment shall be installed at the Colum-
bia shop: -
a. One milling machine, ModeL____
b. One lathe, Model ___
c. One drill press, ModeL___ )
d. One grinding wheel, Model____
e. Two mechanical work benches
f. Two electronic work benches
g Ten 6 foot high, 30 inch wide and 24 inch deep storage cabinets shall be
provided to store electronic and mechanical parts.
h. One twelve cubic foot refrigerator for film, etc. storage.
i. Two four-wheel drive vehicles.
i- One pick-up truck with a removable 2 tonne hoist.
4.6 EQUIPMENT FOR EDWARDS: The facility at Edwards shall be supplied with
same equipment as listed in item 4.5, with the exception of items a. through
d v
4.7 LAB SUPPLIES: The Project Office shall establish an account for the pur-
chase of general purpose scientific equipment for each facility (for oscillo-
Scopes. power supplies, test equipment, etc.). This account shall have a
minimum of $XXX,000 for each site. This money will be spent by the MIT
and Caltech groups under guidelines set up by the dreaded Steering Com-
mittee. :
4.8 Compressed air at 75 psi nominal shall be supplied in the Headquarters
shop. The amount of moisture and oil contained in this air shall be limited
to 0.00! per cent. :
4.9 COVER FOR VACUUM SYSTEM: At the Columbia site the vacuum system shall .
~be'installed in a protective steel culvert of circular cross section. The cul-

vert shall have a diameter of 12 feet. The top of the culvert shall be 4 feet
or more below grade. All fittings and seals must be able to withstand the
elevated temperature which will be attained during bakeout of the vacuum
system. ‘ ' '

4.10 ACCESS TO TUNNEL: At the Columbia site, there shall be access to the tun-
nel containing the vacuum Pipes at each of the cryo and ion pump installa-
tions; these access ports will be located between 400 and 800 feet apart. All
access hatches shall be monitored electronically from the central station
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through a key interlock system to provide positive determination of the
state of the hatches.

4.11 CART: For a buried system a cart shall be developed to readily transport
heavy or bulky items (tool boxes, pump parts, etc.) between access hatches
and the work area.

4.12 WATER LEAKS: Below ground facilities shall not admit ground water at a rate
greater than 2x10~2 liters/hour-meter. Additionally, any below ground
installation shall be provided with sump pumps, well points, or French
drains so that the water level in the tunnel cannot exceed one inch.

4.13 VENTILATION Adequate ventilation must be provided in the tunnel to allow a
crew to enter for inspection of the vacuum system and to perform repairs.

4.14 COVER FOR ABOVE GROUND VACUUM SYSTEM: At the Edwards site, the
vacuum system will be installed above grade, protected by a corrugated
steel shell. This cover will be just large enough to contain the vacuum pipe
and its supports. The cover must be installed in such a way that a portion of
the pipe may be exposed quickly, to allow inspection and repairs. All fittings
and seals must be able to withstand the elevated temperatures which will
be attained during bakeout of the system.

4.15 MAINS POWER: The power used for all receiver applications shall be isolated
from the power used to drive the vacuum pumps or any other equipment
that will couple noise onto the power lines. All line voltages shall be regu-
lated to +/- 10 percent. Input Electrical power required by the facilities
shall be:

a. 440 volts, 3 phase, ac at.
b. 230 volts. | phase, ac at amps.

c. 115 volts, ! phase, ac at amps. All power supply voltages in remote
(away from the central station) locations shall be connected through
ground fault interrupters. }

4.16 POWER FAILURE: In the event of a power failure the following actions need
to be taken with respect to system operation:
a. Backup operating power shall be applied to emergency systems as fol-
lows:
b. To all alignment lasers and their associated electronics.

amps.

c._The. precision clock must be tested to insure that it is still in synchron-

ism with the clock at the other site. - B
d. All computers or peripherals not on the emergency power system should

be capable of a graceful shutdown. - : v

e. There should be a delay of ten minutes between the failure of a laser

power supply and the shutdown of the laser cooling system. .Additionaily,

this should be a feature of the normal operation of the laser cooling system

as indicated in section 8, Facilities.
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f. The auxiliary power system shall be required to be operational for a
minimum of three hours after the primary power is removed.

4.17 LASER COOLING SYSTEM: A cooling assembly shall be provided at the central
station to dissipate the heat generated during laser operation with a
minimum cooling capacity of 300 kilowatts. This system should provide a
flow of XX gallons per minute of microfiltered, de-ionized water at a tem-
perature of 75 +/- 1 degrees F. The pressure of the cooling water shouid be
adjustable between 20 and 80 PSI. Safety shutoff of laser power shall be
accomplished on loss of cooling water. Provisions shall also be made to
prevent the reapplication of cooling water to the lasers prior to a proper
startup sequence. The laser cooling plumbing must be free of iron and
-other corrodible materials.

4.18 FIRE: Adequate fire control must be provided in all operating areas.

4.19 COMMUNICATIONS: Ten telephone lines shall be provided at each tacility.
Three of these lines will be reserved for the housekeeping data computer.
Two lines will be connected only at the support trailers. The remaining five
lines will have extensions at each of the main stations (mid, end, and cen-
tral) as well as at the support trailers. A voice intercom system will link all
the chamber buildings and the frequently used support buildings.

4.20 ROADS: All roads shall be capable of handling trucks with a maximum weight
of twenty six ton. '

4.21 INSTRUMENTATION WIRING: Cable troughs shall be provided along each arm
of the vacuum subsystem to interconnect the elements of the facilities.
These troughs shall have the following characteristics:

a. Fiber optics and regular cables shall be installed in separate troughs.

b. Incoming and outgoing signais shall be in separate troughs, where out is
defined as being generated from the central station.

c. Trough sizes shall be as defined by standard telephone company cable
installations.

d. Provision _shAll be made for sealing the troughs to prevent entry of
insects or rodents.

F.5 Housekeeping Data Subsystem

The housekeeping data subsystem is a computer controlled network whose
purpose is to monitor the status of the facilities, record a varisty of system

receivers, and to provide an alarm/control system for the vacuum system
and other related systems. Separate data acquisition systems for the
receivers will be provided by the Caitech and MIT groups. One role of the
housekeeping data subsystem is to provide standard interfaces for the
receiver data systems so that they can access the housekeeping signals
when necessary. '

- ~conditions-and ‘sighals ‘which may be important to the operation-of-the - . ...
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5.1 The following parameters are to be monitored by the housekeeping data

52

53

subsystem:

a. Temperature at —__evenly separated points in each tunnel.
b. Temperature in each station containing chambers.

¢. Pressure in the pipes at —..points.

d. Pressure in each of the chambers using as many as —.separate sen-
sors.

e. Seismic motion from thirteen seisx_ﬁometers.

f. Servo loop signals from n?

g. Status of all access hatches or entrances to the facilities.

h. Bellows strain. L.

i. Positions of all pneumatically operated vaives.

j. Ventilation assembly operation in any portion of the facilities.

k. Acoustic noise signals from __sensors.

1. Power line noise from .__different sources.

m. Alarms for security, cooling. power to various critical equipment, etc.

n. Manual data entry of operations performed that effect the data records.
o. Recording of all emergency alarms. -

In addition, a number of inputs of all sorts should be provided as spares
which will let us patch in all the things that we forgot.

ALARMS: Each tacuity will be equipped with sa!ety alarms as follows:

a. Main power system failure.

b. Kickin of the backup power system.

¢. Failure of the laser cooling assembly.

d. Vacuum loss in any portiori of the system.

e. Failure of any critical pump.

f. Failure of any pneumatic valve to operate properly.
g. Failure of any ventilation system to operate.

Seismic motion at each chamber shall be monitored in all six degrees of
freedom. This monitoring shall include all frequencies from 1 Hertz to 10
kiloHertz. The analog outputs from each of the three seismometers shall be

digitized to 16 bits. The noise in the seismometers shall be less thanor
" equal to

z(f) = 1077 x 1/f¥Hz) cm/VHZ

This is applicable between 1 and 300 Hertz. The instrument noise shall be
below 10-12 em/root Hertz between 300 Hz and 10 kHz. The transfer func-
tion of each of the chambers, while mounted on its support structure, shall
be characterized for each different mass used. Measurements shall be
made during system operation at each of the chambers to provide a per-
manent record of any disturbances. In addition, airborne acoustic sound
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5.4

55

5.8

shall be monitored from 20 Hertz to 10 kiloHertz at a sensitivity of
10 x 10~* dynes/cm? to measure the ambient spectrum (during quiet
periods at a signal to noise ratio of 20 db). The measurement system shall
have sufficient dynamic range so as not to saturate at a signal level due to
that caused by footsteps or a normal speaking voice within one meter of the
instruments.

Data collection is to be done by accumulating and processing signals at
nodes along the vacuum pipes and linking the nodes to a central housekeep-
ing computer via fiber optic links. The housekeeping computer will log all
data, produce "strip charts”, bar charts and other diagnostic aids, and gen-
erate alarms if an out of tolerance condition is detected.

The housekeeping data acquisition hardware shall include the following:

a. the central housekeeping computer equipped with a 1 Gbyte mass
storage device, two terminals at the central station, one terminal at each of
the other stations, three auto-answer modems connected to phone lines for
ofl-site monitoring of the data, standardized interfaces for linking to
receiver data acquisition systems,

b. controliers for the nodes along the pipes with modules for monitoring
transducers and controlling pumps, etc. These should use standard com-
ponents such as camac crates and modules. Each node should be equipped
with an interface to a roving computer terminal for diagnostic purposes.

c. Primary timing standard to provide an accuracy for data logging of 10
microseconds. Additionally, the ability to correlate timing between sites to
10 microseconds shall be provided. A separate clock synchronized to the
primary timing signal shall be supplied as a backup to the primary stan-
dard at each facility. The timing information will also be supplied to the
individual receiver data acquisition systems.

The software for the housekeeping data system shall provide the following
features:

a. collection and storage of the signals listed in 5.2

b. maintain calibration records for each ion gauge and each ion pump used
for pressure measurement

c. monitor pump performance, flag imminent failure of any pump, schedule
regeneration of cryopumps based on operating history, and have the capa-

_eity to.automatically regenerate cryopumps. . .. .. ... ..

5.7

5.8

d. respond to emergencies by sounding local alarm and by phcmng a sue-
cession of people until it receives a response. wtl

e. provide easy to use graphics capability for displaying data.

A realtime data link between the two facilities shall be developed. This link
shall have the following characteristics:

A data record library shall be maintained in each institution to store mas-
ter data records. All data records shall be stored in a protected environ-
ment to preclude loss due to fire or theft. A master listing of all data
records shall be maintained in local, to each site, memory which can be
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accessed by remote computers.

5.9 All software directly related to facilit

Y operation shall be un
trol atter it is rele

der change con-
ased and has been performance validated. ‘
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APPENDIX G
MILESTONES IN THE LIGO PROJECT

G.1 ln&oductidx '

This appendix describes in some detail the LIGO project milestones, which
are shown in Figure 4.3-3. It is suggested that Figure 4.3-3 be consulted from
time to time while reading this section

The project milestones are for the period between submission of this propo-
sal and the award of a contract, if approved by NSF, for construction of the sys-
tem. These milestones are shown to provide the reviewer with a reference for
the events of importance to the program. In addition, some milestones critical
to the construction of the LIGO are also shown to establish the schedule relation-
ship to other activities taking place during the conceptual and detailed
engineering design phases. However, the planning and management activities
that make for a well run program necessitate that certain activities be carried
out in advance of an approval of construction so that the effort can be initiated
without delay and/or unnecessary expense.

G.2 Gravity Wave Teamn Meetings

This activity lists the joint meetings of the Caltech and MIT Research
Groups. These meetings are scheduled periodically to provide a communication
path among.members of the Team. The earlier meetings, January to May, 1985,
were used to arrive at the present version of the conceptual design of the LIGO
(Sec. 2 and Appendix E) and a draft of the Functional Requirements (Appendix
F). Future meetings will be used to review progress in the prototypes and plan
for the detailed engineering design and construction.

G.3 Functional Requirements Compietion

The Functional Requirements (Appendix F) contain the composite list of all
of the requirements essential to the successful system development and opera-
tion. Overall system, subsystem, assembly and subassembly specifications will
be derived from these requirements. When completed, the Functional Require-
ments serve as the governing document for all system implementation deci-

““sions. The Functional Requirements, after final approval, are to be placed under
a change control process administered by the Gravity Wave Steering Committee.
Completion of the Functional Requirements is a major milestone.

G.4 Project Office Activities

, The Project Office activities are summarized as follows:

1. Site Specific Studies. Further studies, including biological, geophysical,
geological, and archaeoclogical, of the two prime selected sites to insure
that they remain viable. The results of these studies will be used as a basis
for preparation of the site environmental impact assessments. Completion
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2.

of this activity is a major Project milestone.

Costing of Selected Sites. This activity involves an assessment of the
impact of specific sites on the overall construction cost. Since each site, by
virtue of its.unique geophysical properties, has some impact on the con-
struction approach used, it must be carefully analyzed to ascertain the
affect on cost.

Site Acquisition Activities. This effort involves the process used to reach
agreements on the acquisition of the sites. The Project will enter into
agreements that allow it to proceed with studies to determine the accepta-
bility of a specific site for a LIGO facility. In some cases "use" agreements
will be entered into with government agencies for the free use of govern-
ment held property. All of these agreements will be based on the fact that
this is a proposed activity, and will not be binding on either party if the Pro-
Ject does not proceed within a specific time period. In some cases land held
by either MIT or Caltech will be used at no cost to the government until con-
struction is approved by NSF.

Environmental Impact Reports. Environmental impact statements, studies
or reports will be required at the sites under consideration. Some of these
activities have already been conducted (a biotic study at Edwards, an
archaeological study at the Maine site will be conducted in the near
future), while others are in the planning stage. Accomplishment of this
milestone is vital to the Project since construction cannot proceed until the
reports are approved by the governmental agencies involved. Failure to go
ahead with this activity as scheduled would set the Project back by a period
equal to the delay past the scheduled date. The cost of the Project cannot
be established with accuracy until the sites are selected and the environ-
mental considerations or conditions governing the approval of a specific
site are met. .

Vacuum. Subsystem Test/Bualuation. The vacuum subsystem is the most
expensive element to be designed; and an early evaluation. through testing
of selected components (Sec. 3), is felt to be a cost effective activity. These
activities will be initiated through paper studies starting sufficiently far in
advance of the actual physical studies, discussed in Section 3, to allow them
to be carried out in an orderly, cost eflective manner.

JPL Memorandum of Understanding. These milestones are related to an

agreement with the management of the Jet Propulsion Laboratory on the

level of support that will be made available to the Gravity Wave Project.
There will be two agreements, one for the Engineering Design and a second
for the Construction, when it is approved by the NSF. :

Farmal Cost Reviews Formal cost reviews will be conducted periodically to
insure that the Project has not overlocked any substantial elements of cost.
The Project Standing Review Board will be charged to examine the method
of collecting the elements of cost against the specific system designs. This

‘Board is chartered by the Steering Committee and consists of members

who, in general, do not have administrative or management involvement in
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26

10.

11

1.

the Project. The Board reports its findings to the Administrations of the two
Institutes, the Gravity Wave Steering Committee and the Project. Two
reviews will provide oversight of the cost estimates prepared during the
conceptual and detailed engineering design phases of the effort. A third will
be held to review the independent assessment of the construction cost.
Two others will be held to review the RFPs before their release.

Administration Proposal Review. Periodic reviews of the Project are made
by the administrations of MIT and Caltech in accordance with the
Memorandum of Understanding discussed earlier; a copy of the MOU is con-
tained in Appendix J. These reviews are scheduled to occur at approxi-
mately six month intervals. The meeting schedule may be adjusted to
accommodate the specific needs of the program and the administrations.
Prepare Requasts (RFP) for Procurement

a. Detailed Engineering Design. This period will be used to formulate a RFP
for the detailed engineering design. The results of the subsequent contract
will be a set of detailed design drawings, a preliminary plan for the con-
struction of the facilities, and a more accurate estimate of the facilities
cost. The RFP will be based on the conceptual design as modified by investi-
gations and studies conducted between now and the RFP review.

b. Construction. This period will be used to prepare a RFP for the construc-
tion of the system. This RFP must be in preparation prior to the approval of
the NSF to proceed, since otherwise a gap in the program would occur. Pro-
cessing of the RFP through release would not take place until after the
NSF makes a decision on construction.

Formal Requaests for Procurement Review. The RFP's will be formally
reviewed by the Project Standing Review Board to ascertain that they incor-
porate the pertinent Functional Requirements and are concise in terms of
objectives, constraints, and methods of proposal evaluation.

Issue Requests for Procurement. These events are critical to the schedule
for preceding with the detailed design and the construction of the system:
they represent major milestones for the Project. It is the culmination of a
number of activities that conclude with a formal review of the RFP's.

Proposal Evaluation. This is the period set aside for the proposal evalua-
tion process and includes any time required to obtain additional data from

13.
14.

““the prospective engineering design or implementation contractor(s) prior -

to contract awards. It also includes the time required to fact find and nego-
tiate contracts. .

Contract Awards. Contract awards are major milestones for the Project.
Data Handling Subsystem Development. This milestone involves the pro-
cess of identifying and specifying elements that comprise the data handling
subsystem and.its interfaces with the rest of the system. This is being
undertaken at this early stage because of the necessity of ensuring that the
data subsystem can supply the data on facility operations and environmen-
tal conditions, which are required to facilitate the reduction and analysis of
the gravity-wave data acquired by the receivers.
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15. Establish Facility/Receiver and Data Subsystem Interfaces. Establishing

16.

17.

18.

18.

20.

interfaces between the facility and the receiver and data subsystems takes
a very high priority in the later portion of the engineering design phase
since it is these interfaces that determine where the lines between subsys-
tems are drawn. It also determines the instrumentation supplied by the
facility subsystems and that supplied by the receiver and data subsystems.
There will be a considerable interaction between the engineering design
contractor and the Project on these interfaces so that cost effective trade-
offs can be made. ‘ . ’

Establish Inter/Intra Site Communication Requirements. This activity
involves the communication between the elements internal to each of the

. two tacilities. There will be a communication link between each site and the

two involved institutions. There will also be communication links internal to
each of the sites. The development and implementation of these links must
be coordinated to be cost effective

Contractor Reviews. There will be three reviews of the engineering design
contractor. These reviews were discussed in detail in Section 4.

Contractor Activitias. Two sets of contractor activities are shown, the
detailed engineering design and the construction of the LIGO facilities. The
construction activities are shown for schedule completeness only.

Implementation Plan. The Project Implementation Plan, discussed in Sec.
4.3, is the composite approach taken to the logical development of the Pro-
ject. It serves as the plan that will be pursued in the design and construc-
tion phases of the program and as a device for communicating the intent of
the Project to outside groups. '

Independent Cost Assessment. A contract will be let to a consultant group,
which has no involvement in the Project, to independently evaluate the cost
data prepared by the detailed engineering design contractor and the Pro-
ject so as to ascertain whether the cost estimates are based on valid design

approaches.

I
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APPENDIX H
IMPLEMENTATION OF THE DETAILED ENGINEERING DESIGN

H1 Backgrouﬁd-

There are three critical factors in our ability to be successtul in the design,
development, and construction of the LIGO. The first is a clear understanding of
the vacuum subsystem, since it is costly and once instalied is difficult to
redesign or modify. The second factor is the detailed design of the LIGO to estab-
lish that the approach being taken is optimum from the standpoint of both tunc-
tion and cost. A third, and equally critical, factor is the development of the per-
sonnel and resource base to manage and direct the effort. We feel that our
approach, discussed in Sec. 4, will ‘provide us with the capacity to perform this
effort. ‘ :

We have proposed a series of tests and evaluations of the vacuum subsys-
tem (Sec. 3) that will provide us with a knowledge of the critical components and
techniques necessary to be successful. We are also looking to the future in
developing receiver subsystem components that have the largest impact on per-
formance. The mirrors for the Fabry-Perot and Michelson approaches have to be
examined carefully prior to proceeding with construction since their design
and/or development can have a significant effect on system performance and
cost. The development of the ND:YAG laser, preferably with frequency doubling,
at this early stage is necessary since the efficiency of the lasers impact the cost
of both designing and constructing the laser cooling equipment, and also the
cost of operating the system. The potential factor of 50 to 100 increase in
efficiency substantially reduces both of these costs.

The detailed engineering design will provide us with a better estimate of
construction cost before committing us to construction. The approach we dis-
cussed earlier will yield a set of detailed engineering drawings and a plan for the
construction that can be used to evaluate the concept without making a com-
mitment to proceed. We have also proposed that the cost estimates prepared by
the engineering design contractor be independently assessed to ensure that we
have a firm basis on which to proceed with construction. We have put a number
of checks and balances, characterized by the reviews, comparisons of concep-
tual design approaches, and tests and evaluation of components, into the effort

to enable us to understand where we are going and how we are to get there.

The development of a management structure, with its trained support staf,
is essential to the effort. We are proposing a program that assumes continuity of
effort in order to minimize the overall cost. The techniques we are proposing for
managing, monitoring, controlling and assessing the performance of the entire
effort are essential to our ability to be successful. These techniques, established
in the engineering design phase, will be used also throughout the construction,
changing only in the scale required for evaluating our progress against our plan.
The availability and flexibility of the resources of the Jet Propulsion Laboratery
provides us with a substantial capability to adjust and accommodate problems
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without having to maintain a large project stafl.

We feel that we have taken a system approach that will provide for the suc-
cessful construction of the facilities to meet the needs of the LIGO system within
predictable performance, cost and schedule considerations.

H.2 Budget Estimate for System Construction

An estimate, derived entirely from data generated thus far in the concep-
tual design, is submitted for the reviewers' information. This estimate is for a
configuration consisting of two 8 chamber, 4 kilometer systems as discussed in
Section 2. This estimate is broken down, as outlined in the Work Breakdown
Structure of Section 4. into tasks and subtasks to insure that all elements that
have cost implications are included.

The four primary subsystems at each site are the vacuum, receiver, facility
and data subsystems. The vacuum and facility subsystems have the greatest
impact on system cost, comprising more than 90 percent of the capital invest-
ment in the program.

Table H-1 is a summary of the costs for construction of the LIGO in accord
with our present conceptual design, in fiscal year 1985 dollars. The costs are
separated into individual work elements in the Work Breakdown Structure. The
costs are separated into those that are dependent on the antenna arm length
and those that are fixed. As additional data are developed they will be incor-
porated into our cost estimates. We have a program underway to continuously
examine the cost of various options in order to enhance our cost effectiveness.

As discussed in Section 2, we have also considered the cost of bringing the
system up to full capability through the addition of three additional chambers in
the apex building to provide an 11 chamber, 4 kilometer facility. This would
allow the simultaneous operation of at least three receivers. The cost of the
upgrade is approximately $3,455,000 in 1985 dollars, plus 12.57% contingency for
a total of $3,887,000.
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WBS SUMMARY AS A FUNCTION OF FIXED AND LENGTH DEPENDENT COSTS

ESTIMATE IN 1985 DOLLARS

SYSTEM COSTS
$63, 683,356

FIXED

- COST ELEMENTS

PROJECT MANAGER

PROJECT TRAVEL

PRCJECT DOCUMENTATION
PROJECT REVIEWS

PROJECT SAFETY .
PROJECT SECURITY
FINANCIAL MANAGER
PROJECT SUPPORT

LAND ACQUISITION COSTS
ENVIRONMENTAL IMPACT REPORTS
BLANK

FUNCTIONAL REQUIREMENTS

SYSTEM DESIGN TOTALS

$5, 535, 102

4@3¢
4040
4058

YSTEM ENGINEER
MECHANICAL ENGINEER
VACUUM/OPTICS ENGINEER
JPL SUPPORT

SYSTEM VALIDATION ,
FUNCTIONAL SPECIFICATIONS
OPERATION/MAINTANCE MANUAL
CONFIGURATION CONTROL

VACUUM SUBSYSTEM ’ TOTALS

CHAMBER ASSEMBLY, CENT STA (4)
CHAMBER ASSEMBLY, MID STATION
CHAMBER ASSEMBLY, END STATION
CHAMBER SUPPORT ASSEMBLY
VACUUM PIPE ASSEMBLY

SUPPORT ASSEMBLY, VACUUM PIPE
VACUUM PUMP ASSEMBLY

180 VAC BAKE POWER DIST ASSY

)90 CHAMBER BAKEOUT COVER
FUNCTIONAL SPECIFICATIONS
OPERATION/MAINTANCE MANUAL
SPARES

RECEIVER SUBSYSTEM

MASS SUSPENSION ASSEMBLIES
LASER ASSEMBLIES
FILTER/MODULATOR ASSEMBLIES
OPTICS ASSEMBLIES

POCKELS CELLS

————— 1-----, PRINTED 28/27/85

$4,625,059

$1, 100, 160
3468,160
$468, 162
$608, 160

$89@, 400

$120,000
$388, 200
' $185, 600
$524.,612

TOTALS $3,000, 009

++ LENGTH
++ DEPENDENT
++

++837, 686, 138

++ $0
Ot
++

++

4+

++

++

++

++

++

++

++

++

++

++ $0

b ———————
e+
-+
++
++
++
++
++
++

++$21,896,0587

++

++$13,992, 350
++ $1,877,064
++ $2,311, 600
++ 3“ 961 424
*+

++ $171,800
++ 8105, 300
++ $348,116




WBS SUMMARY AS A FUNCTION OF FIXED AND LENGTH DEPENDENT COSTS

4260
40790
4980
4299
4309
4400
4600

8000

DISPLAY ASSEMBLIES )
POWER SUPPLY ASSEMBLIES
ELECTRONIC CONTROL ASSEMBLIES
ANTICOINCIDENCE ASSEMBLIES
FUNCTIONAL SPECIFICATIONS
OPERATION/MALNTANCE MANUALS
SPARES

FACILITIES SUBSYSTEM TOTALS
SITE DEVELOPMENT _
CENTRAL STATION BUILDING ASSY
MID STATION BUILDING ASSEMBLY
END STATION BUILDING ASSEMBLY
PROTECTIVE HOUSING ASSEMBLY
POWER DISTRIBUTION ASSEMBLY
LASER COOLING ASSEMBLY (.5 MW)
TRAILER ASSEMBLY

HOUSEKEEPING ASSEMBLY
INTERCOMMUNCIATION ASSEMBLY
FURNISHINGS

SECURITY ASSEMBLY

SEISMIC MONITOR ASSEMBLIES
TRANSPORTATION VEHICLES
EMERGENCY/BACKUP EQUIPMENT
FUNCTIONAL SPECIFICATIONS
OPERATION/MAINTANCE MANUAL
SPARES

DATA ANALYSIS °UBbYSTEM TOTALS
PRIMARY PROCESSOR

STATION PROCESSORS

REALTIME DATA LINKS

FUNCTIONAL SPECIFICATIONS
OPERATION/MAINTANCE MANUAL
CONFIGURATION CONTROL

CONTINGENCY TOTALS @ 12.5%

$7,521, 349

T S S D WD T W D AT D D D > - T G En - -~ D W D En A = - -

$415,991

81,775, 288

$730, 280
$730, 980

8606, 531
8544, 200
$150, 000
$872,728
$50, 020
$204, 330
$218, 182
$36, 364
366, 666
$60, 200
$361, 100
$180, 000
$464, 200

$6@® 209

83,066,681

4+
++
++
+4+
++
++
++

++811,079, 440

$815, 991

$8,974,752

$928, 797

$198, 900
$60, 000
$176, 000

++ $4,710,641




App. | 100

APPENDIX I

MILESTONES FOR DEMONSTRATION OF TECHNICAL FEASIBILITY USING
PROTOTYPE INTERFEROMETERS'

An overall milestone that we expect to pass before the time for approval
of construction of the large baseline system is the demonstration of a
displacenent sensitivity of 1 E -18 meters per root hertz® at frequencies of
interest in a gravitational wave search. Such a displacement sensitivity
corresponds approximately to a strain sensitivity of 7 E =21 in a bandwidth of
1 khz for an antenna with arms 5 km long.

(Note: In the followihg'table, dates of some milestones already passed are
indicated by X, and dates expected for passing some possible future milestones
are indicated by ?2.) -

:1983 : 1984 : 1985 : 1986 : 1987:
;é;ézi;;;ézézi;;:2:3:u:1:2;3;;;1:2:3:

¢ & 8 6 _ e _ & e 5 _ & _ 8 s o o _» LI
tectectecncetoesetocececssscosocncsesocss

1. Displacement sensitivity 1E =14 ) S S A S T A T :
(meters per root hertz) 3 E =15 D SN A T A A ]
1 E =15 s s X r oo
3 E =16 IR S N T T T A T T T A A
1E-16 ¢332 Xt v o238
3 E =17 - S ) SINHEE S : HE
1 B -17 LI I R I S A T A O
3 E -18 NI
1 E -18 O N N T I I B S I $?:
2. Seismically induced 1 E =15 X v oot : - T
noise ## 1 E -15 N S HEH HEN :
(meters per root hertz) 1 B =17 NN D ¢ I A S
' 1 E -18 I IR R N
3. Thermal and mechanical 1 E =15 - D ¢ : - S
noise 1 E -16 O A D & HIH D A
(meters per root hertz) 1 E =17 L O O S A O A A
' : 1E =-18 I I O T T T R B B A S

.

-18
%The notation 1 E ~18 is used here to represent the number 1 x 10

##These noise data, measured on prototypes located in heavily populated areas,
have been scaled to correspond with the reduced ground motion found at the
planned sites for the large interferometers.

- . . . * . . . . . . . . L3 * . T
008 8.0 00 0 .00 0 0.0 0000600000 800009 080809 .. oo o i
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‘ APPENDIXJ
MEMORANDUM OF UNDERSTANDING BETWEEN CALTECH AND MIT

In November 1984 the Administrations of the California Institute of Technol-
ogy and the Massachusetts Institute of Technology agreed to the following
memorandum of understanding for the joint research and development program
that underlies this proposal:

MEMORANDUM OF UNDERSTANDING BETWEEN CALTECH AND MIT ON A
JOINT PROJECT TO CARRY OUT GRAVITATIONAL WAVE RESEARCH

1. The California Institute of Technology (Caltech) and the Massachusetts Insti-
tute of Technology (MIT) hereby agree to establish a joint research program
to detect cosmic gravitational radiation and use it for research in physics
and astronomy. This documnent states the agreed upon principles for this
joint enterprise.

2. The gravitational wave research program involves three main types of
apparatus: gravitational wave receivers, the vacuum facilities which house
the receivers, and prototypes for the receivers.

a) The vacuum facilities will consist of large vacuum systems, buildings
and other equipment to be agreed upon, located at two sites separated by
roughly 1000 kilometers or more. Each vacuum facility will be designed to
support several receiver elements simultaneously.

b) Each receiver element will consist of a laser interferometer which moni-
tors the separation of {reely suspended masses that are perturbed by a
passing gravitational wave. v

¢) Prototype receivers are laser interferometer systems used in design
studies and proof of concept for the development of future receiver ele-
ments. :

Caltech and MIT hereby agree (1) jointly to design, construct and operate
the vacuum facilities; (2) jointly to design and construct at least two
receiver elements, one to be installed at each site; (3) jointly to carry out a
search for gravitational radiation using these receiver elements. It is
further agreed that (4) the comstruction and experimentation on proto-
types will be carried out independently by Caltech and MIT, but with close
communication between the two research groups; (5) Caltech and MIT are

~both-freeindependently to -design,-construct,-and -operate--additional- - -

receiver elements in the vacuum facilities with the proviso that the addi-
tional receiver elements do not significantly compromise the development
and performance of the joint receiver elements and their observations,
which will have the highest priority.

3. Proposals for funding the design, construction, operation, and enhancement
of the vacuum facilities and joint receiver elements will be submitted jointly
by Caltech and MIT to the National Science Foundation. Proposals for sup-
port of the gravity research groups of the two institutions will be submitted
independently by Caltech and MIT.
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4. The management structure for the joint work will be as follows:

a) All matters of scientific and flscal policy will be decided by the
members of the gravity research groups of the two institutions with final
responsibility and authority in the hands of a Steering Committee. The
Steering Committee will consist of three members: the two Co-Principal
Investigators Ronald W. P. Drever and Rainer Weiss, and Kip S. Thorne. The

- Steering Committee will appoint one of its members as Chairman The
Steering Committee will endeavor to reach all decisions by consensus. In
the event that a consensus cannot be reached, an issue will be decided by
raajority vote.

b) The Steering Committee will appoint a Principal Scientist for Joint Con-
struction, who will act 'on its behalf on a day to day basis for the design and
construction of the vacuum facilities and the construction of the joint
receivers. This Principal Scientist does not have the power of decision on
major issues, which must be brought to the Steering Committee. The
choice and role of this Principal Scientist will be reconsidered at the time of
the decision on the conceptual design of the joint receivers. ’

c) The Steering Committee will appoint a Principal Scientist for Experi-
mental Techniques and Planning. This Principal Scientist will have the
responsibility to develop, coordinate and propose plans for: experimental
strategies and techniques, and conceptual designs of joint receiver ele-
ments. He also will act as a resource for the scientists and encourage
cooperation on related research. This Principal Scientist does not have the
power of decision on major issues, which must be brought to the Steering
Committee. The choice and role of this Principal Scientist will be recon-
sidered at the time of the decision on the conceptual design of the joint
receivers.

d) The design and construction of the vacuum facilities and construction
of the joint receiver elements will be managed by a Project Manager. The
Project Manager is responsible to the Steering Committee but interacts on
a day to day basis with the Principal Scientist for Joint Construction. The
Project Manager will be a nonvoting observer at Steering Committee Meet-
ings, with the exception of executive sessions.

e) Certain portions of the joint project, by agreement of the members of
the two gravity research groups. will be selected to be responsibilities of

individual group members.

“f)-The-President of each-institution-will-designate-a- cognizant -administra
tive contact, who will have responsibility for any institutional commitments
and interinstitutional relations connected with this agreement.

5. After their construction, the vacuum facilities will be operated and main-
tained jointly by Caltech and MIT. Decisions concerning the allocation of
space and time in the facilities to scientists at Caitech, MIT or other institu-
tions will be made by the Steering Committee.




6. All non-review-article publications describing the joint gravity-wave
 gearches will be co-authored by all the scientists of both gravity research
groups.






