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Feasibility and Design Studies for a Laser Interferometer Gravitational Wave Detection System 

The e>.."Perimental development of laser interferometer techniques for 

detection of gravitational radiation, together With new concepts for enhancing 

sensitivity, has reached a stage where interferometer arm lengths 

of order 5 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 inf orma-

tion 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 feasibil-
-·- -----·-·----- ... 

-·-- lty· .. an design study of laser interferometer detection 

facilities for such observations. The facilities will include large vacuum systems 

at two separated sites, to perm.it use of coincidence techniques for identifying 

signals, and Viill be sufficiently flexible to accommodate a joint Caltech-MIT 

gravitational wave detection system and a variety of other detectors over a long 

facility lif etirne. The construction of these facilities Will be the subject of a later 
proposal. 
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1. INTRODUCTION 

Laser interferometer gravity wave detectors have been under development 

in a number of laboratories since 1971.1 Now, after 13 years of prototype 

development and experimentation, the time has come to proceed with the feasi-

bility studies and final design of the major facilities to house full scale detectors 

with sensitivities in the range of anticipated astrophysical gravity wave signals. 

The timeliness of such facility development is driven by the present state of the 

prototypes, their present rapid rate of advancement, and the realization that, 

even under the most optimistic of schedules, it will take four years before the 

full scale facilities can_ be ready to accept detectors. 

This proposal requests funds to carry out the final engineering design of the 

major facilities for housing the full scale detectors. The proposal also requests 

funds for the prototype development and testing of components required for the 

facilities and receivers that intluence the design of the large baseline system. 

The aim of· the proposed work is to establish feasibility by making detailed 

designs and to determine costs to enable the project to be evaluated for imple-

mentation (construction). The engineering design will use a model for the 

implementation plan and strategy to establish costs and schedules. 

The major facilities will consist of L-shaped vacuum systems with arm 

___ ___ 5 kilometers and associated buildings and supporting 
.. :.:., __ -...:_ _ __ .· --.. _.:...___ . . --·-- - -- .. ,. - - -- .. . ,..,. - .. --- . -· - --

apparatus, at two widely separated sites. Two sites are essential to the elimina-

ti.on of local noise which masks gravity waves; arm lengths of order 5 kilometers 

are essential to the achievement of sensitivities in the range of anticipated grav-

ity wave signals. 

The major facilities will be designed, constructed, and operated jointly by 

Caltech and MIT. Caltech and MIT will also jointly design and construct a detec-

tor system to be installed in the facilities. This detector system, consisting of a 
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Figure 1.1 .Artist's impression or a possible type of lnser gravitationul wave 
detector disciUssed in this Proposal. ln other variants, the vacuum pipes would 
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nwnbcr ot vacuum tl:lnks-pcrhnps only one. 
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pair of gravity wave receiving systems, one at each site, with cross-correlated 

outputs, will be used jointly by Caltech and MIT in searches for gravity waves 

from astrophysical sources. 

The major facilities will be designed to accommodate several detector sys-

terns simultaneously and several successive generations of detector systems 

over a period of perhaps 20 years. We anticipate that these other detector sys-

tems will be constructed and operated independently or jointly by scientists 

from Caltech and MIT, and also from other institutions. 

This proposal's feasibility studies and engineering design of the major facili-

ties will take 1 1/2 years. A second joint Caltech-MIT proposal will be submitted 

in January 1986 for the construction of the major facilities and the construction 

of the first detectors to be installed in them. The present hope is to begin con-

struction of the facilities in October 1986 and complete them in 1988. The joint 

Caltech-MIT detector system would then be in operation in 1989. 

The two accompanying proposals describe the work to be carried out by the 

Caltech and MIT research groups during the next five years on receiver develop-

ment, preliminary experiments with prototype detector systems, and the design 

of full-scale detectors. 

This proposal is divided into two parts. Part I (Sections 2 through 5) deals 

with the scientific justification for proceeding now with the proposed feasibility 
- --- - _: ____ ·- - .. ·- .. ·_·:;-.-·;--· - ';:.-. ·:;-

and final engineering design studies. Any reader who is already convinced of the 

scientific justification may wish to skim lightly over Part I and then focus on 

Part II, which describes the proposed feasibility and design studies and the 

inputs to them. 

In greater detail, this proposal is organized as follows: The scientific case 

for a full-scale detector system is presented in Section 2; this includes a brief 

description of how laser interferometer gravity wave detectors work, and a 
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comparison of the projected sensitivities of full-scale detectors with the 

estimated strengths of the waves from various astrophysical sources. Section 3 

describes the present state of prototype laser interferometer gravity wave 

detector systems in various laboratories around the world. Some new experi-

mental techniques that could enhance the performance of full-scale detectors 

are described in Section 4. Section 5 presents the experimental arguments for 

proceeding now with the construction of the major facilities for full-scale detec-

tor systems. Section 6 describes two studies, one completed last year and the 

other currently underway, of the feasibility, costs, and possible sites for the 

major facilities. The Caltech-MIT plans for arriving at a final conceptual design 

of the major facilities are described in Section 7; that final conceptual design 

will be the starting point for this proposal's engineering design. Section 8 out-

lines details of the proposed engineering design study and how it will be imple-

mented, and Section 9 describes the feasibility studies to be carried out - the 

prototyping and testing of components required for the facilities and receivers, 

which will influence the large baseline system. Finally, Section 10 presents the 

budget for the proposal. 
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PART I. - SCIENTIF1C JUSTIFICATION 

2. 'lHE SCIENTIFIC CASE 

The scientific justification for this proposal is, of course, the gravity wave 

experiments and observations that would be made possible by the proposed 

facilities. As we envision them, these experiments have excellent prospects of: 

(i). opening up a new window onto the universe, the gravitational wave window, 

through which may come information qualitatively different from that car-

ried by electromagnetic waves; 

(ii). producing totally unexpected discoveries about the universe, in much the 

same way as radio astronomy did; and 

(iii). testing fundamental laws of physics that have never been tested before. 

In Section 2.4 below we shall explain why we think the prospects for these 

payoffs are excellent. As foundations for our explanation, we describe in Sec-

tion 2.1 how laser interferometer gravity wave detectors work, we discuss in 

Section 2.2 the sensitivities that might be achieved by detectors in the proposed 

facilities, and we describe in Section 2.3 the strengths of the gravitational waves 

that are predicted and conjectured to be bathing the earth. Then in Section 

2.4.1 we compare the source strengths with the anticipated sensitivities and 

,,-""=:=-::-: _the_prospects for_ succ_essful detection are .excellent; in 

Section 2.4.2 we describe the prospects for totally unexpected discoveries; and 

in Section 2.4.3 we describe the tests of the laws of physics that could be per-

formed using the detectors in the proposed facilities. 
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2.1. How a Laser Interferometer Gravity Wave Detector Works 

A gravitational wave is a propagating distortion in the metric of space time. 

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 

gravitational wave amplitude over its path. To exploit this effect, an inter-

ferometric gravitational wave receiver can be constructed. Schematically (Fig-

ure 2.1), it consists of three (nearly) free masses arranged in an L-shape. Light 

from a laser shines on a beam splitting mirror on the central mass, which 

directs half of the iight toward each of the two end masses. Mirrors on the end 

masses return the light to the central mass. The polarization properties of 

gravitational waves are such that the changes in the round-trip travel time for 

light along the two orthogonal paths have opposite signs. This makes it possible 

to use a variety of comparison schemes to detect the effect. One simple method 

is. to superimpose the two returning beams, forming a Michelson interferometer 

(Figure 2. la). 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 out-

put of the interferometer. If the gravitational wave has amplitude h, then the 

fractional difference in the round trip time between the two arms is equal to h. 

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

- spends in the arms, :the;;,etI-ect grows linearly- as th11 round trip 

time increases, until 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 



END MASS 

LASER 
END MASS 

BEAM SPLITTER_? 

PHOTODETECTOR 

A) MICHELSON RECEIVER 

END MASS 

CORNER MASS #I 
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Figure 2.1 Simplified diagrams of Michelson and gravitational wave 
receivers. (In the lower diagram the corner mass is shown as two parts - a 
method tor avoiding the thermal noise associated with low frequency resonances 
of a complex mass}. 
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of an optical delay line of the type developed by Herriott (Figure 2. la). In this 

scheme, light is injected through a hole in one mirror and makes a number of 

passes between the two spherical mirrors before exiting from the same hole and 

interfering with light from the other arm. Another method is to make each arm 

of-the interferometer be a Fabry...Perot resonant optical cavity (Figure 2.lb). 

Light is injected through a partially transmitting mirror. If the length of the 

cavity is matched to wavelength of the light, then the phase relations between 

the light which has made one round trip, two round trips, and more are such 

that the light is effectively stored in the cavity for many round trips. 

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 

illumination, until the power is so great that Poisson fluctuations in the light 

pressure on the end mirrors cause comparable noise. 

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. 

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 (10 to 100 Hz or so), with 

poorer performance at lower frequencies. 

A laser interferometer gravity wave detection system will typically consist 

of two or more receivers (like those of Figure 2.1) and associated electronics at 
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widely separated sites, together with the data processing system which cross 

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 interferometer system (Figure 2.1) at one site; and we shall use the 

terms "detector" and "detector system" to refer to the combination of receivers 

and data processors that are used in a gravity wave search. 

2.2. Possible Sensitivities of Detectors in the Proposal Facilities 

2.2.1. Sensitivities of Simple Types of First E:xperiment.s 

Early gravitational wave searches in the proposed facilities, assuming arm 

lengths of 5 km, might involve receivers (Michelson or Fabry..Perot interferome-

ter systems) with the following characteristics: 

Po'I'] = (laser power) x (photo detector efficiency)= lOWatts, 

tstore = (light storage time in interferometer) = (2 x . 

b = (number of bounces of light) = 30 x (1 kHZ/ frequency). 

Seismic noise might be negligible above 1 kHz, might debilitate the performance 

______ t?y two __ at 100 Hz. and might be totally debili-
- ··; .. -·- ·--- ----- ··-·····--··-··--·--·---.-- ··"·-··--.···- -·-- --.--·---·-- . 

tating below 100 Hz. 

For such gravitational wave searches the rms noise levels as functions of 

frequency are shown in Figures 2.2, 2.3, and 2.4 (upper solid curves). The shot 

noise limits of these figures were computed from the following formulae2 

X(f) _ [ spectral density ]* _ 1T -17 cm [_t_J 
- of displacement noise - 2 2l> 2.r,Po J !:!:! 

7 x lO Hzff 1kHZJ' 
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h = ,../fX(f) ax10-21 [ 1-!Hz JS/
2 

for bursts of duration 1/ I I 

h = g_-1-X(/ · LJ 
L ....;,. "ikHz1 

for periodic waves with 
7' = (averaging time)= 106 sec , 

Vf"h(J)= 2..JTX(/) .... 5x10-23[ 1_1514 
L (rr/7'YI. lkHZJ 

for stochastic waves with 
7' = 106 sec 

where 

L = (armlength) = 5 km, (wavelength of light) I 2rr = 0.1 µm , 

I = (frequency of gravitational waves). 

2.2.2. Sensitivities of Possible Later Experiments 

The proposed facilities will be designed to accommodate several types of 

gravitational wave experiments. It is impossible, of course, to say with any 

confidence what the most sensitive experiments will be. The best one can do is 

describe the most sensitive apparatus for which viable looking designs now exist. 

It is quite possible that the corresponding sensitivity will never be achieved, and 

also quite possible that it will be surpassed. The most sensitive current designs 

have the following characteristics:3 

Po'I'] = (laser power) x (photodetector sensitivity) = 100Watts , 
---· ---

R = (mirror reflectivity) = 0. 9999 , 

light recycling used for burst searches, 

light resonating used for periodic and stochastic searches, 

seismic noise negligible above 10 Hz but debilitating below 10 Hz. 
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For such apparatus the rms noise levels as functions of frequency are given by 

the lower solid curves of Figures 2.2, 2.3, and 2.4 (labeled "possible later experi-

ments"). The shot noise limits of these figures were computed from the follow-

ing formulae3 

h = zLlL 11. 'Ac 1 :_R 2 
ff!:!!:! 4x 10-28 for periodic waves , 

L l 11Po1 

n 21-R 3 [ 1/4 Y"Th(/) = 1t' 1'/Po . Ls c T !:!!:! 3x10-215 
1 kHz for stochastic waves , 

where 

17P0 = lOOWatts, R = 0.9999, T = 106 sec, L = 5km, 'A= O.lµm. 

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:4 

h !:!!:! ;L [::; r ,... 3X 10-29
[ l l for periodic waves, 

...fTh(/) !:!!:! r .... 5x10-27
[ for stochastic waves, 

where 
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M =(mirror mass)= 108 g, 1' = 108 sec, L = 5km. 

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. 15 However, it is not yet clear how practical this is, so the 

"later" sensitivities of Figures 2.3 and 2.4 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 

(though a potentially viable scheme does exist for bar detectors).8 

2.3. Predicted and Conjectured Source Strengths 

Figures 2.2, 2.3, and 2.4 depict the predicted and conjectured strengths of 

the gravitational waves from various known and hypothesized sources. The 

types of sources shown are the following: 

Coalescence of compa.ct binaries (neutron stars and bla.ck holes). As the 

two bodies in a compact binary spiral together, they emit periodic 

gravitational waves with a frequency that sweeps upward toward a maximum, 

I mu: 1 kHz for neutron stars ; 

I for holes with the larger one having mass M2. 

Since the details of this frequency sweep are well known from the theory· of 

binary stars, 7 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 

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

spent near frequency/ is 

n = 12 
d./ I d.t 

5 M c 3 

9611' µ: 1T' GM/ I 
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µ = M1M2 = (reduced) M = M + M =(total) 
M 1 + M2 l mass ' · 1 2 lmass • 

and the amplitude at that frequency, rms averaged over all detector orienta-

tions and binary orientations, is 

h = JL Ql!.. [ rrGMJ 12.1
3 

r = (distance to source) , 
5 c2r c 3 ' 

the effective signal strength is 

h ../ii. ,.,. __ G(µM)"A c3 

- c2r rrGMf 

This signal strength is shown in Figure 2.2 for several examples of compact 

binaries (dashed lines with arrows showing the direction of sweep of frequency). 

We will compare these source strengths with the detector sensitivities below. 

Because of their broad-band frequency sensitivities, laser 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 refer-

ences 8. 

Supernovae. The strengths of the gravitational waves from supernovae can 

be characterized by the fraction of a solar rest mass of energy carried off by the 
·---- - ---------------------·,---····e·--,-··'" 

waves (the "etficiency" !!.El M0 c 2): 

h .Ot 0 x 10-22[/:lE/ M0c
2 *[ 15Mpc I [ 1 kHz r 

10-3 r I ' 

I = (frequency at peak) l of spectrum · 

I . I 
I 
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If the stellar core remains nearly spherical during collapse, its efficiency will be 

exceedingly small; but if the core is rotating rapidly enough that centrifugal 

forces fiatten it significantly before or by the time it reaches nuclear density, 

the efficiency will be 1 x 10-3 or a little larger.9 Figure 2.2 shows amplitude h 

for examples of supernovae with various efficiencies and various distances from 

earth. With their broad-band capabilities, laser interferometer detectors should 

be able to study the detailed waveforms of the waves and thereby give detailed 

information about the dynamics of the collapsing (and bouncing?} stellar core. 

For predictions of wave forms see, e.g., references 10. 

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 otI at twice the rotation frequency, though waves can also be pro-

duced at the rotation frequency plus and minus the precession frequency. 11 At 

twice the rotation frequency the amplitude of the sinusoidal waves depends on 

the pulsar's ellipticity t (more precisely, the ratio t of the nonaxisymmetric 

part of its moment of intertia to the axisymmetric part): 

h 10-1ut (// 1 kHz)2 
(r/10kpc)' I = (gravitational wave frequency}. 

This amplitude is shown in Figure 2.3 for three known pulsars (Crab, Vela, and 

the "1.6 millisecond pulsar") and for various values of the unknown ellipticity. 

These sensitivities will be discussed below. 

Spi:nup of a. neutron star. It is fashionable to believe that the 1.6 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", 12 wherein, 

when the star reaches a critical rotation rate of order that observed for the 1. 6 

millisecond pulsar, the bulk of the accretion energy stops spinning up the star 

and starts pouring out as gravitational radiation. The radiation is produced by 
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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. Wagoner13 has shown that the frequency of the resulting gravi-

tational radiation will be a few hundred Hertz, and that its amplitude (which is 

proportional to the square root of the accretion-produced x-ray flux Fz) will be 

h Sxlo-27[300Hzj[ F:i: I 10-8erg/cm2 sec 

This is shown in the dashed line of Figure 2.3. 

Stochastic background. from Population III stars. There is reason to 

suspect (but no guarantee) that before or near the time of galaxy formation in 

the expanding universe a population of massive stars formed, evolved, and 

died. 14 These conjectured stars, called "Population III stars", may have produced 

in their death throes gravitational-waves that superimpose today to form a sto-

chastic background. The strength of that background can be characterized by 

the frequency at which it now peaks and by the total mass-energy in it divided 

by the critical mass-energy that would close the universe (denoted Og..,. by 

cosmologists). Bond and Carr14 and others have deduced from current observa-

tions and theory that Ogw cannot exceed "" 10-3; but values as large as "" 10-4 

are plausible. If the waves are spread over a bandwidth of order their frequency, 

then the square root of the spectral density of their wave amplitude, h(J ), is 
__ --.. ·- ,-:::::-.,.,., __ 

given by 

h(/) (6x10-19;"'1rz)(1Hz/ /)3/ 2 OgJi. 

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 2.4 for a 

wide range of frequencies and for Og..,. equal to 1 and 10-10 . 
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Stochastic background. o/ primordial gravitational waves. If primordial 

gravitational waves were in thermal equilibrium with other matter in the early 

universe, they today would have an energy density and spectrum similar to 

those of the cosmic microwave radiation -- i.e. Ogw"' 10-4 and/ ,... 1012 Hz. How-

ever, the cross section for gravitational waves to interact with elementary parti-

cles is so small that they are likely to have decoupled from the primordial 

plasma near the Planck time and thus may never have been in thermal equili-

brium with matter. 15 Moreover, during the subsequent expansion of the 

universe they may have been parametrically amplified by coupling to the 

universe's background curvature of spacetime; 16 and they may also have been 

created during the subsequent expansion by processes associated with inflation 

or with the decay of cosmological "strings" .17 As a result, it is perfectly con-

ceivable -- though not highly likely - that at frequencies of interest for the pro-

posed facilities there is a stochastic background of primordial gravitational· 

waves as large as Ogw ,... 10-4 . 

2.4. Prospects for Successful Detection and Resulting Payoffs 

2.4.1. Comparison of Detector Sensitivities and Source Strengths 

When one looks closely at each source described above, one discovers the 

-=:=-="·'=====-==:-Jelklwing,;,:-c,wit.h,a:,si.ng-le-e-xQeption- (-seabelow)1- either 

(i). the strength of the source's waves for a given distance from earth is uncer-

tain by many orders of magnitude [examples: supernovae which depend on 

the unknown efficiency, and pulsars which depend on the unknown ellipti-

city]; or 
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(ii). the rate of occurrence of that type of source, and thus the distance to the 

nearest one, is uncertain by many orders of magnitude [examples: the 

coalescence of binary black holes, and the spinup of neutron stars into the 

Friedman-Schutz regime]; or 

(iii). the very existence of the source is uncertain [examples: Population III 

stars, and primoridal gravitational waves]. 

This situation has two consequences, one bad and one good: on the bad side, 

except for the source described below, we have no guarantees that the waves will 

be strong enough for detection even with the most advanced detectors yet 

designed - though the prospects are promising for several of the sources. On 

the good side, if waves are actually detected, they will bring us qualitatively new 

information about the universe -- information that we are unlikely ever to obtain 

in any other way. 

The single exception to the above is gravitational waves from the coales-

cence of neutron-star binaries. Clark, van den Heuvel, and Sutantyo18 have 

deduced, from observations in our own galaxy, that to see three such events per 

year one must look out to a distance of Mpc (90% confidence). Figure 2.2 

indicates that with the "later" receivers, 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 

·· · 

times more sensitive than needed, according 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. 18 

Turn now to a detailed comparison of receiver sensitivities and source 

strengths, beginning with the "simple types of first experiments" to be per-

formed in the proposed facilities. Figures 2.2, 2.3 and 2.4 reveal that these 
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experiments have a nonnegligible, though small chance of success: they could 

detect the coalescence of any neutron-star or black-hole binary in the halo of 

our Galaxy with a SIN of 60 or more (upper dashed curve of Figure 2.2). Such 

events could occur several times per year if our Galaxy's massive halo is made 

up of remnants of Population III stars. 14 The simple types of first experiments 

could also detect a supernova with 10-15 efficiency anywhere in our Galaxy's disk 

with a SIN of -10 (though the supernova rate is only 1/ 10years); they could 

detect waves from a 1.6 millisecond pulsar with ellipticity 10-15 anywhere in our 

Galactic disk (the known 1.6 millisecond pulsar has ellipticity 10-e or smaller, 

but there might be a large number of other pulsars rotating this fast19 and it is 

conceivable that some would have ellipticities »10-B, though a recent theoreti-

cal estimate 20 suggests that the ellipticities may be 10-11 ); and they could 

place limits of Ogw = 0.001 on any stochastic background in the 100 to 1000 Hz 

frequency band - i.e., limits of the same magnitude as is inferred indirectly 

from other observations and theory. 

The "advanced" detectors characterized by the lower solid lines of Figures 

2.2, 2.3, and 2.4 would have an excellent chance of detecting waves and, from 

detailed studies of those waves, producing major new insights into the nature of 

the universe. With the needed SIN of 5 they could detect the coalescence of 

neutron-star binaries out to half the Hubble distance (1.5 Gpc) (expected event 

·· ·· 

Hubble distance (3 Gpc); supernovae with efficiency 10-9 anywhere in our 

Galaxy; and supernovae with efficiency 0.001 at the 15 Mpc distance of the Virgo 

cluster of galaxies. The "advanced" detectors could also detect the Crab and 

Vela pulsars if their ellipticity is 3x10-7 or larger; the observed 1.6 millisecond 

pulsar, or any other such pulsar, if its ellipticity is 3x10-9 or larger; the spinup 

of a neutron star in the Friedman-Schutz regime with X-ray flux 
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cm2/ sec (Seo X-1 is 600 times brighter than this; many others are 

10 times brighter); and a stochastic background in the 10 to 100 Hz band with 

Ogw 10-11 (a factor 108 better than the current best limit, and a sensitivity with 

good prospects for detecting waves from Population III stars, if they existed). 

2.4.2. Possibility of Totally Unexpected Discoveries 

Until the 1930s, optical-frequency electromagnetic waves were man's only 

tool for studying the distant universe. The view of the universe that they gave 

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 

electromagnetic waves are usually incoherent superpositions of emission from 

individual atoms, molecules, and charged particles. Gravitational waves are 

•=·==·=====:=-.===•- Js .. relatiYis.tic __ 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 



-20-

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 revolution 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. 

2.4.3. Testing the Laws of Physics by Gravitational Wave Observations 

Detailed studies of cosmic gravitational waves are likely to yield experimen-

tal tests of fundamental laws of physics which cannot be tested in any other way. 

The first discovery of gravitational waves would verify the predictions of 

general relativity (and other relativistic theories of gravity) that such waves 

should exist. 

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

waves 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, 

·-· -·--····- m--- die. eTecttomagnetlcf and. graVi.tatforiai'spee'd.s coUl.d"oe cnecl<ea to be the same 

to within a fractional accuracy (1 light day) /(15 Mpc) = 2 x 10-11 . 

By measuring the polarization properties of the gravitational waves, one 

could verify general relativity's prediction that the waves are transverse and 

traceless - and thus are the classical 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 
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computed by numerical relativity in the next few years,21 ) 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 far the strongest test ever of Einstein's 

laws of gravity. 
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3. R!X:ENT DEVELOPMENTS IN IASER INTERFEROMETER DETECTORS 

The first experimental work on laser interferometer gravitational wave 

detectors was carried out at Hughes Research Laboratories and MIT in the early 

1970's; 1 but the present vigorous efforts at Munich, Glasgow, Caltech and MIT did 

not get underway until the late 1970's. To give a picture of the current situation 

we will now summarize the recent work by the groups that are currently active. 

3.1. 1b.e ][IT Prototype .Antenna 

The prototype laser· interferometric antenna at MIT!2 (Figure 3.1) 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 optical and mechanical controllers. The feedback sig-

nal is the antenna output. 

A schematic of the interferometer is shown in Figure 3.2. The interferome-

ter mirrors are attached to masses suspended on pendulums with periods of 2 

seconds. At frequencies large compared to the pendulum resonance frequen-

cies, 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 controll-

ers to critically damp the pendulums without adding noise in the gravitational 

·•·· :c::::freC![t:J.l!l'l:ey·band.:· The interferomet13r· is· operated in a-·vaeuwn-of-10:-6 torr, main.,, 

tained by ion pumps, to reduce gas pressure tiuctuation 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 
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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 an 

second-order sensitive to all other motions. After leaving the delay line the light 

passes through electro-optic phase modulators (Pocket's cells), one in each arm, 

and is then recombined. Both the symmetric and the antisymmetric outputs 

are measured on photodetectors. 

In order to determine the fringe motion a 5.3 MHz phase modulation is 

impressed on the light beams by the electro-optic modulators. When the inter-

ferometer is at a symmetry point of a fringe, the photodetector output contains 

signals at even harmonics of this frequency. If the fringe moves from the sym-

metry point, the photocurrent contains a signal at the fundamental with ampli-

tude proportional to the fringe motion and phase determined by the direction. 

These signals after synchronous detection and filtering are returned to the 

electro-optic phase modulators and the mass electrostatic controllers to hold 

the interferometer on a fixed fringe. The fringe interrogation scheme serves to 

move the fringe signals above the 1/ / noise in the laser amplitude, amplifiers, 

and photodetectors. The technique of locking to a fringe suppresses the effect 

of gain variations and laser amplitude fluctuations. It furthermore enables the 

interferometer to operate near the condition for equal optical path length in the 

.-::.=- whieh is required to reduee the noise due to laser frequency. fluctua-

tions. 

The light source is a 1I4 watt argon-ion laser operating in a single mode at 

5145 Angstroms. After the light leaves the laser its instantaneous line width 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 
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the interferometer by scattered light. The scattered light will generally have 

taken different times than the main beam to reach the output of the interferom-

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. 

The performance of the instrument (July 1984) is shown in Figure 3.3. The 

displacement noise at frequencies above 5 kHz is 3x10-15cm/v'HZ with 13 mW of 

power modulated by the interferometer. The idealized shot noise limit for this 

power and a light storage time of 0.28 microsec (56 passes in 1.5 meters) is 

2x 10-15cm/ ..JHZ. The at 5_ 

by acoustic and seismic noise coupled through the simple pendulum suspension. 

At present the suspension is a single 1 /4 inch diameter aluminum rod attached 

directly to a flange at the top of the vacuum enclosure. 
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3.2. The Caltech Prototype Antenna 

The Gravitational Physics group at Caltech was started in 1979 when one of 

the P.I. '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,29 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 Caltech experimental work has been car-

ried out with the latter instrument, which we now describe.24 The accompanying 

Caltech 5-year proposal contains additional details. 

The Caltech prototype antenna (Figure 3.4) 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 of the masses. Light from an 

argon-ion laser of wavelength 514 nm enters the antenna at the corner of the L, 

where it is split between the two cavities. An incident gravity wave changes the 

length of the two arms differently, and alters the optical phase difference 

between the two cavities. The phase ditierence as monitored by photodetectors 

is proportional to the gravity wave signal. 

H ••• - ,. sepa::t"atelysuspehded· mass'es--=-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 Leach 

house one mirror-bearing mass similar to the corner masses. The end mirror 

\ 

.. - - - ······ .. _ _J 
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- __ . uses fiv.e suspended·. masses . inside. the vacuum 

. -
one to carry the beamsplitter and associated optics. An rf phase modulation 
technique is used to lock the laser frequency to the first arm. while the second 
arm is locked to the laser frequency using a piezoelectrically driven mirror. The 
gravity wave signal appears as a voltage applied to the piezo-mirror to compen-
sate for the difference in arm lengths caused by the wave. 
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surfaces are ground to a curvature radius of 62-meters and coated for the 

highest possible refiectivity. 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 evacuated to 2 x 10-3torr. 

Stainless steel pipes of 20 cm diameter span the distance between cavity mir-

rors (see Figure 3.5). Flanges are joined with metal seals; by adding pumps the 

detector can operate at much lower pressure if performance becomes limited 

by effects 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 refiected directly off of the input cavity 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 refiected pieces of light incident on the photodetector are compared, 

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 refiect beams from 

___ !f'-he -signals from.· 
these photodiodes are attenuated at frequencies below 100 Hz and fed back to 

magnetic transducers which exert forces near the top of the suspension wires, 

controlling the angular degrees of freedom of the masses to within a microra-

dian. Low-frequency longitudinal motion is monitored by the phase of the 

resonant cavity light and by separate LED-photodiode shadowmeters mounted 

below each test mass: feedback signals to keep the cavities in resonance are 

_ _J 
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I 

applied to large-range Piezoelectric transducers at the top of the suspension 

wires. 

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 from the 40-

meter pipes by flexible bellows. A four-layer stack of alternating lead and 

rubber inside the vacuum isolates against seismic disturbances above the 

stack's resonance frequency of approximately 5 Hz. The Caltech group esti-

mates that the passive isolation in conjunction with the wire suspension provides 

adequate attenuation to prevent seismic or acoustic noise from limiting perfor-

mance at frequencies above 100 Hz. 

The principal sensitivity goal of the Caltech prototype development is to 

achieve shot-noise limited performance in the region of 1 kHz with high-

reftectivity mirrors and high laser power. The mirrors now installed (loss = 
4 x 10-5) will potentially exhibit minimum shot noise at all frequencies above 

200 Hz. Mirrors with higher reftectivity will not be needed until advanced optical 

schemes (such as light recycling) are employed. 

Present performance is indicated in Figure 3.6, which shows the frequency 

spectrum of the noise output of the Caltech prototype interferometer, call-

' mef'ers};'"-Als06 $Sh13wif"fs': 

the theoretical performance, limited only by photon shot noise. The shot noise 

calculation. based on 1 mW of light power incident on each photodiode and 50% 

quantum efficiency, was checked by an independent calibration of the system 

response. The observed noise is within a factor of two of shot noise at frequen-

cies above BOO Hz. Near 1 kHz the displacement sensitivity is 2 x 10-17m/ .../Hi, 

and the strain sensitivity is 5 x 10-19 / V1!Z. Investigations are currently 
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Figur1e 3.5 View of Caltech 40-meter laser interferometer gravitational wave 
detector, as of October 1984. Other parts of the optical system, and associated 

extend off the right hand side of the photograph. (This photograph 
was with an ultra-wide-angle lens, to show both arms of the interferome-
ter. [t may be viewed in correct perspective by placing the eye, aided by a lens 
of power about 6 diopters, 10 cm from the page.) 
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underway to determine the source of excess noise below 800 Hz. Also underway 

are efforts to reduce the noise level near 1 kHz and above by coupling more light 

into the interferometer; with the present laser, the effective light power can be 

increased by as much as a factor of 100. 

Several recent changes in the design of the prototype have been responsi-

ble for the improved spectrum of Figure 3.6. The laser has been rebuilt to iso-

late its mirrors from vibration due to the cooling water; tests indicate a substan-

tial improvement in laser frequency stability. The cavity mirrors now in place 

give an optical storage time of 0. 7 milliseconds -- 30 times greater than the 

storage time available five months ago. The current system of five separately 

suspended masses is a recent improvement over a three-mass system, in which 

the corner mass supported cavity mirrors as well as the beam splitter. The old 

masses exhibited low-frequency resonances; replacing them with the stiffer and 

smaller masses now in use was key to achieving the present performance. Some 

of these changes followed similar developments on the 10 meter antenna at the 

University of Glasgow, and indeed from the start Caltech has benefited from a 

strong and continuing collaboration with the Glasgow group. 

3.3. 1b.e University of Glasgow Prototype Antenna 

Experimental work on gravitational wave detection began at Glasgow 

·:.cc-:=::.==aro.und.· :-i9.70;=with development -of -wide -band. resonant .. bar ,gravitational w..av.e_ .. 

detectors by one of the present P.l.'s and colleagues. Extensive coincidence 

pulsel!:i and cross correlation28 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 detector27 using multiretlection Michelson interferom-

eter optics, built with 0. 3 ton test masses and the isolation and vacuum system 
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of an earlier "divided-bar" gravitational wave detector .. Much work on high-Q 

suspensions and electrostatic feedback systems was done, and noise studies 

showed up the importance of scattering at the multireflection mirrors. The 

Fabry Perot,gravitational wave detector system was devised at this point,28 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.23 Design of test masses has 

gone through three generations with this apparatus, the current test masses 

being simple bronze spheres with inset mirrors supported by 4-wire suspensions 

from tilting, rotating, and translating control blocks driven by electromagnetic 

and piezoelectric transducers. At the central station a separately suspended 

and servo-controlled structure supports the optics for splitting, recombining, 

and controlling the main beams, including Pockels cells, polarizers, position-

sensitive photodiodes, and a separate "mode- cleaning" optical cavity for reduc-

ing geometrical fluctuations in the laser beam. The position and direction of the 

input laser beam is controlled by auxiliary servo systems using fast and slow 

piezo-driven mirrors. 

Commercially available mirrors with relatively large losses are currently 

used in this interferometer, but until recently the sensitivity achieved29 (Figure 
-/ ; •. .. ;; .. ,!._,-, .. --•--'----7. --

3. 7) has been better than that of any other Fabry-Perot system, and is essen-

tially at the photon shot noise limit for the mirrors and the light power used at 

all frequencies between 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. 
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·A considerable amount of experimental and theotetical work on active 

seismic isolation techniques has been done at Glasgow (see Section 4.4). This 

led to an actively-isolated and servo-stabilized test mass at the end of one cavity 

of the 10-m interferometer, with tilt isolation using a freely suspended reference 

arm. Active seismic isolation has not been applied to the other test masses in 

the system, however, although active feedback 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 a high-power argon 

laser. To avoid the losses and damage experienced with electro-optical devices 

in the laser cavity a high-speed piezo mirror developed by the Orsay group pro-

vides first-order stabilization, with subsequent phase correction by a Pockels 

cell outside the laser. Results are encouraging. 

There is close collaboration between the Glasgow and the Caltech groups, 

and as the Glasgow interferometer project began several years earlier than the 

Caltech one many of the relevant techniques have been developed first there. 

By concentrating efforts on slightly different aspects in the two groups a very 

beneficial collaboration has been achieved, and, it is hoped, will continue. 

3.4. 'lb.e llax Planck I Garching Prototype Antenna 

'1'!1-e. at. 

displacement sensitivity in the 10-17m Hz°"* range. Their antenna, 30 like the MIT 

antenna, is a multipass Michelson. The principal differences are the scale of the 

apparatus, the use of a frequency stabilized laser to solve the scattered light 

problem, and of an in line Fabry-Perot cavity ("mode cleaner") to eliminate the 

angular and position jitter of the laser beam, Their first antenna was a 3 meter I 

138 beam system with 25 mW of effective laser power. A new interferometer with 
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30 meter arms and similar design has now come into operation.31 This was· the 

first instrument to implement the idea, suggested from Caltech,3 of dividing the 

central mass into separate parts in order to decouple the mechanical reso-

nances of optical mounts and motors from the multi pass optical mirrors. For 

the same reason, the end masses consist of the end mirrors themselves. 

The 30 meter antenna currently has a displacement sensitivity of 

1.5x10-15cm Hz"°* at all frequencies above 1 kHz (Figure 3.8).31 This is within a 

factor of 2 of the shot noise limit of the system with 50 mW of interferometri-

cally modulated power and 50 passes of the beam per arm. In a 30 meter base-

line the sensitivity translates into arms h of for a 1 kHz bandwidth, sen-

sitivity equal to the best of the room temperature acoustic devices. 

3.5. 1b.e CNRS I Orsay Project 

A new group in gravity· wave detection has just started at CNRS/Orsay in 

France under the leadership of Alain Brillet. This group has not yet settled on 

the design of an interferometer. They are currently investigating the technol-

ogy of generating high laser power in a single line. Using an Ar+ laser they have 

succeeded32 in generating 1.5 Watts at a wavelength of 488.0 nm with the tech-

nique of "injection locking". A low power phase stabilized master laser is used 

to mode lock a high power slave laser. The outputs are in phase and can be 

.. c.oher.ently added. 'Ibis can be to multiple slave lasers all locked to 

the same master and added coherently to produce a high power (100 Watt) 

beam. This technique has several advantages over a single high power laser: 

frequency stabilization is only needed on a low power laser; there is no need to 

develop a high power laser, current 20 Watt lasers can be used: and the redun-

dancy makes it more reliable. The loss of a single laser is not catastrophic since 

several others will still be operating. 
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3.6. The Leningrad and Novosibirsk: Project 

A laser interferometer gravity wave detector project was initiated in Len-

ingrad in 1976 by Erast Gliner,99 but it did not get strong support from Soviet 

authorities until 1979, after Gliner had applied to emigrate to the United States 

and had left the project. At that time it was restructured under the leadership 

of I.M. Belousova of the State Optical Institute in Leningrad34 with an annual 

budget which, we are told by Soviet colleagues, was of order a million rubles (1.3 . 

million dollars) per year. Rumor has it that the project has not been going well 

and has recently been restructured once again, but no official information about 

this is available. Independently of this Leningrad effort, V.P. Chebotaev, a highly 

respected laser spectroscopist at the Institute of Thermophysics in Novosibirsk, 

has initiated a more modest effort on laser interferometer gravity wave detec-

tion;915 but the present state of his efforts is not known in the West. 
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4. SOME NEW CONCEPl'S FOR ENHANCING THE PERFORMANCE OF LARGE-

BASELINE IN'l'ERl''.EROMErERS 

The large-scale interferometric gravitational wave detectors which we are 

proposing to construct are the next stage in the work of the Caltech and MIT 

groups whose prototype antennas have been described above. Many of the tech-

niques for the large-scale detectors are extensions of those that have been 

tested and demonstrated in the prototypes. The new factors will be the larger 

scale of the optical components, the smaller angles involved, and the higher 

light power being projected. The development of this technology will be one of 

the major efforts in the research groups during the next few years. 

In this section of the proposal we describe some other techniques, not at 

present incorporated in the prototypes, which are likely to prove useful in 

large-scale detectors. Although success of these techniques is not essential to 

the first experiments with our large-baseline antennas, their promise of enhanc-

ing the large antenna performances is sufficiently great that some of them will 

be the subject of major research efforts in the next few years. 

4.1. Enhancement of Interferometer Sensitivity by "Light Recycling" 

The limits to the sensitivity of laser interferometer gravitational wave 

detectors set by photon shot noise have been summarized in the first chapter of 

·· - -- --- -

tivity is proportional to (light power)-112. We plan to use laser powers of some 

tens of watts, being limited at present by availability of suitable continuous wave 

lasers capable of giving the required highly stable output. To increase sensiM 

tivity further and make possible detection of signals over a larger region of the 

range of expected amplitudes some new methods for improving interferometer 

efficiency have been conceived in the course of the Caltech work.5 These depend 
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on the fact that when the interferometers are operated close to a dark fringe in 

the output - with minimum light intensity on the final photodiode - very little 

light is actually consumed in the measurement. In fact most of the input light is 

either wasted in optical losses of various kinds or is rejected by the system. For 

example, in a simple Michelson interferometer with path differences adjusted for 

minimum light on the photodiode most of the light emerges from the inter-

ferometer from the other side of the beam splitter, and is wasted. It is pro-

posed that this light be re-used, by feeding it back to add coherently to the 

input light from the laser. One way of doing this is illustrated, in principle, in 

Figure 4.1. Here the laser beam enters the system through a mirror of carefully 

chosen transmission, with the fed back light added at this mirror. In effect, the 

extra mirror turns the whole system into a large Fabry-Perot cavity, and with 

correct adjustment of wavelength or optical path differences a large buildup of 

light flux may be achieved within the interferometer, giving a corresponding 

improvement in sensitivity. Adjustment of the phase of the recycled light may 

readily be made automatic by monitoring the phase of light reflected back from 

the recycling mirror, using the high frequency phase modulation techniques 

already developed in this work for locking the frequency of a laser to an optical 

cavity resonance. 

The same basic idea may be applied also to Fabry-Perot interferometers. In 

a gravity wave detector based on optical cavities, the reflectivity of the back 

mirror in each cavity would normally be made as high as possible and the input 

mirror in each arm would have lower reflectivity, chosen to give a storage time 

for the light within the cavity appropriate for the period of the gravitational 

waves of interest. Under these conditions, with low-loss mirrors, most of the 

light incident on each cavity will be reflected back and will contribute to the 

rejected light emerging from the unused side of the main beam splitter. It is 
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proposed that this light be returned to the system by an extra mirror of suitably 

chosen retlectivity in the initial laser beam, as indicated in Figure 4.2. As in the 

case above, this forms a larger Fabry .. Perot cavity around the whole interferom-

eter system, giving in principle a useful buildup in light intensity if phases and 

retlectivities are correctly arranged. 

The improvements in sensitivity achievable with these recycling schemes 

depend on the optical losses in the main parts of the interferometer. Multilayer 

dielectric mirrors with losses as low as 1 part in 10,000 have been developed for 

applications in laser gyroscopes, and special mirrors of this type have been 

tested and used in the Caltech 40 meter interferometer. However other optical 

elements, such as Pockels cell modulators, have at present much larger losses. 

Designs for practical recycling systems have therefore been devised at Caltech 

in which electro-optical modulators are kept out of the sensitive part of the 

interferometer, and the radio frequency modulation useful for low noise phase 

measurement is achieved by mixing a separately modulated external beam with 

the interferometer output, as indicated schematically in Figure 4.3. 

The increase in effective light power obtainable by these recycling systems 

is given approximately by the ratio of the total storage time achieved to the 

storage time in each arm. In a search for millisecond pulses with a large inter-

ferometer, this factor could lie between 100 and 1000, giving the significant 

... ..... ?:?'..?: 
It may be noted that the minimum gravity wave pulse energy detectable ill. 

a recycling interferometer system at the photon shot noise limit is proportional 

to the ratio of mirror losses to arm length (cf. Section 2.2.2). In view of the 

present estimates of and uncertainties in gravitational wave strengths {Section 

2.3), it will be important to have both very large arm lengths and very low losses. 

This indicates why the recent development of low loss gyro mirrors is so 
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promising for our research. Currently, the low-loss mirrors have only been 

made in diameters up to 1.5 inches (and these were specially made for the Cal-

tech prototype), but it appears that available equipment could make mirrors up 

to the B inch diameter required for Fabry-Perot cavities or other compact optics 

(Se9tion 4.5 below) of 5 km length. 

4.2. Enhancement of Interferometer Sensitivity for Periodic Signals 

A technique for achieving even higher sensitivity in searches for periodic 

signals has also been conceived in the Caltech work.3 If the light is stored in 

each arm of the interferometer for a time equal to half of the period of the 

gravitational wave, and if it is arranged that the light passes from one arm to 

the other in a suitable way, then the optical phase shifts induced by the 

gravitational wave may be made to accumulate over many periods, giving a 

corresponding enhancement in sensitivity. In a delay line Michelson interferom-

eter this might be done as indicated, in principle only, in Figure 4.4. Here light 

is arranged to circulate round both arms of the interferometer in opposite 

directions, and a relative phase shift builds up which may be detected as shown. 

In a Fabry-Perot system, the cavities in the two arms may be coupled together, 

as indicated in Figure 4.5, so that again a resonant condition is achieved. The 

operation of this latter system is perhaps more easily understood by considering 

the whole system as a pair of coupled oscillators, having one resonance which 

matches the laser frequency, and a second resonance which is made to 

correspond to the sum or difference of the frequency of the laser and the fre-

quency of the gravitational wave, so that both resonances play a part in enhanc-

ing the output signal. 

The improvement in sensitivity achievable for a periodic signal by these 

optically resonant systems is given approximately by the ratio of the total 
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storage time achieved to the period of the gravitational wave, and can be very 

large in a long baseline detector. For example, the amplitude sensitivity for the 

signal from a millisecond pulsar might be enhanced by three orders of magni-

tude, corresponding to a ftux sensitivity improvement by six orders, as indicated 

from the expressions quoted in Section 2.2.2. 

The photon shot noise limit to sensitivity for gravitational wave ftux 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. Th.is type of search also benefits most rapidly from increase in 

interferometer baseline, and indeed if stochastic noise forces acting on the test 

masses can be made small enough to be unimportant then the requirements of 

periodic gravitational wave searches using resonant interferometers may be 

among the strongest reasons for building very long baseline systems. 

4.3. Seismic Isolation by Ditferential Monitoring and 

Coherent Driving of Test Kass Suspension Points 

The test masses for our prototype interferometric gravitational wave detec-

tors have been suspended by sets of three or four thin wires, or by thin rods, 

and for frequencies around 1 kHz these suspensions alone give large attenuation 

of seismic noise at frequencies away from wire or rod resonances. The addition 

---:::::::::::c-:of-·=rela:tivety·-stmple-passive·isolatton"by·sta-cks--of·-alternatefayer--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 iso-

lation at these frequencies which is adequate for current experiments at least. 

At lower frequencies, however, the increasing amplitude of noise 

together with the decreasing attenuation given by a mass-spring isolator makes 

simple 
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passive isolation systems of this type· inadequate·, and transmission of seismic 

noise is likely to limit the interferometer performance below a few hundred 

Hertz. A relatively simple method for improving rejection of seismic noise by 

the system was proposed at Glasgow in 1976. Here an auxiliary interferometer 

is set up between the upper points of attachment of the suspension wires, and 

the output of this interferometer is fed back to a piezoelectric 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 constant. Thus the 

suspension points are forced to move in a highly correlated way, and if the wire 

lengths and test masses are suitably matched to one another 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 1 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 relatively easily obtained by this 

method, and in addition the residual error signal from the monitoring inter-

ferometer could be used for some further seismic noise compensation during 

subsequent data analysis, as well as providing a check for unusually large distur-

bances 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 small laser 

power, and. the small beam diameter required could be accommodated fairly 

easily in vacuum pipes of the diameter we propose. 
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4.4. Techniques for Active Seismic Isolation of Individual. Test Masses 

The differential suspension point monitoring and driving technique just · 

described is one method for improving on the performance of a passive suspen-

sion. However it only operates in one dimension. and is likely only to be practi-

cable and economical with large- diameter vacuum pipes - which indeed we are 

proposing to use in this project. A considerable effort has gone into more gen-

eral types of active seismic isolation in various laboratories. A promising 

approach for gravitational wave detectors involves causing the suspension point 

of each test mass to track the motion of the mass below it, using a high-gain 

servo loop. This method has been extensively experimentally developed at Glas-

gow, primarily for the horizontal degrees of freedom most relevant for 

gravitational wave detectors. 38 An equivalent system for vertical motions has 

been very successfully developed at JILA for isolation of gravimeters,37 and a 

vertical system motivated by 1962 work of Robert Dicke has been tested at MIT. 

A general analysis of several of these systems has been carried out at MIT. The 

existence of tilt components in the seismic noise makes horizontal isolation 

more complicated in these schemes than vertical isolation, because of the 

difficulty of defining a steady vertical reference against which to monitor the 

relative positions of test mass and suspension point. A technique using a "refer-

ence arm" - a vertical arm of large moment of inertia freely suspended at its 

___ - was introduced at Glasgow to avoid this problem; and use of 
. - - . ·- --··----------·-·· --·--·- ··-- - ·- --···-· ·- ----

the moment of inertia of the test mass itself has also been suggested at MIT. 

The improvement in isolation achieved by these techniques is usually lim-

ited in practice by the existence of mechanical resonances in the various struc-

tures involved: and for this reason multistage isolation systems have been con-

sidered at Glasgow, Caltech and MIT for achieving greater isolation. 
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Coupling between successive isolation stages may cause difficulties in such 

systems, and methods of compensating reaction effects have been devised at 

Glasgow and Caltech, and coupling effects in uncompensated systems have been 

analyzed at MIT. Overall, it looks likely that extremely good seismic isolation 

can be achieved by active isolation methods, although the systems may become 

relatively complicated for large degrees of low frequency isolation. 

It should be noted that passive isolation seems· entirely adequate for 

gravitational wave experiments at frequencies down to a few hundred Hertz, and 

we may use this alone for the first experiments in the large installations. The 

development of complex active seismic isolation techniques is likely to be more 

important for subsequent extension of the experiments to much lower frequen-

cies, and the vacuum tanks we propose will be designed with such extension in 

mind. 

4.5. An Alternative Interferometer System 

The basic multirefiection interferometer systems tested to date have been 

of two types - the delay line Michelson interferometer and the Fabry-Perot cav-

ity interferometer. Other types are possible, however, and it is interesting to 

note that a third type of multiretlection interferometer, the frequency-tagged 

interferometer, was recently devised independently and at about the same time 

son 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 fre-

quency on each pass through the system, so that after entering at a frequency 
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corresponding 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 mirrors has been suggested at Caltech, and use of electro-optic or acousto-

optic devices within the arms has been suggested at MIT. 

At present it is not clear if this type of interferometer has significant advan-

tages over systems already being developed, but we mention it partly to indicate 

that new ideas continue to arise in this field; and we feel it is important that our 

proposed vacuum facilities are made sufficiently tlexi.ble to accommodate a wide 

range of optical systems. 

_ 4.6. Discrimination .Against Local Disturbances By Use of Half-

and Full-length Interferometers. 

This section and the next deal with ideas that infi.uence the experimental 

strategy. 

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 

· -=-c:•=c--:::c:•=t>ekgroun1i::-for ·gravtty wave pulse-·se·arche"s; These···· may-<roml!- 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 

rapidly changing gravitational gradients due to moving local objects. Monitors 

for some of these phenomena may be used to reject many of the spurious 

pulses; but the most powerful single method of discrimination against such 
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effects will come from the cross correlation of data from the two widely 

separated sites. This cross correlation may well involve a real-time, wide-

bandwidth data link. This method alone, however, can only be effective in the 

search for rare signals if the rate of individual spurious pulses from each site is 

low; and it may be difficult to achieve this with single interferometers. The 

situation may be improved significantly by use of a pair of interferometers at 

each site, arranged to give signals related to one another in a kn.own way. An 

economical solution is possible if the interferometers use optics sufficiently 

compact to allow two or more separate interferometer beams to be accommo-

dated alongside one another within the same vacuum system. If one interferom-

eter 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 can discriminate against many, but not all. types of spurious 

phenomena. In particular, bursts of gas from the vacuum pipe walls would give 

strain signals of quite different sizes in the two interferometers, as would 

changes in gravitational gradients ·from local moving objects; 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 

efficiently, 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 
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discrimination between various spurious phenomena, and they would permit 

development to proceed efficiently even in the absence of a real-time data link 

between the sites, or at times when one site might be out of action due to equip-

ment failure or rebuilding. 

4.7. Operation of Multiple Interferometers Within a Sngle Vacuum System 

A rudimentary long baseline system would consist of a pair of facilities 

separated by a large distance, each including just one receiver system. This is 

certainly a valid concept, and an optimization of our limited resources might 

lead us to use it for our initial experiments. However, there are other possible 

experimental arrangements involving two or more interferometer systems in a 

single beam pipe at each site, which would give greater ftexibility, scientific pro-

ductivity, and overall performance - though at a price of requiring greater 

resources for the receivers and the antenna facilities. The half- and full-length 

interferometer system described in the last section is a special case of this 

more general concept of multiple use of a single vacuum system, which has gra-

dually developed at Caltech and Glasgow. 

The cost of vacuum pipes in the size ranges we are considering does not 

vary very rapidly with pipe diameter, and pipes of the diameter which we wish to 

use for experiments with delay line Michelson interferometers would in principle 

.. t.<? tc:? .. 
compact optical systems. This opens interesting new possibilities. It could obvi-

ously 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 mass for an inter-

ferometric detector depends on the time scale of the signals being sought, for at 

low frequencies thermal noise comes mostly from the pendulum mode of the 
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suspension and is reduced by use of a large mass; while at higher frequencies 

thermal noise from internal modes tends to be dominant, and may be reduced 

by use of small masses, giving high frequencies for internal resonances and pos-

sibilities of fabrication from low-loss material such as monocrystal 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 interferometer tech-

niques outlined above in (4-1) and (4-2) 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. A 

schematic diagram of a possible arrangement is shown in Figure 4.6. 

A multiple interferometer system has other useful benefits over the long 

run. As a number of parallel experiments become economically practicable 

there are more opportunities for interesting individual experiments by scien-

tists and graduate students. This is particularly important in a project involving 

a modestly large investment such as the one being proposed here, and it is 

likely to lead to much more stimulating and effective research. 

4.8. Note on Overall System Outlined Here 

Putting together the various experimental techniques and ideas outlined 

above along with the encouraging results with ultra-low-loss mirrors described in 

section 3.2 leads to a concept for a complete interferometric gravitational wave 

detection system with very attractive features: high sensitivity (bottom curves 

of Figures 2, 3, and 4), great tlexi.bility, good discrimination against spurious 

phenomena, and potential for high scientific productivity. This concept for a 
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later. (Note diagram is highly schematic and not to scale: light beams would be 
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complete gravitational wave detection system is an attractive long range goal 

for our proposed facilities. Experimental work to verify some of the ideas not 

yet tested is planned for the near future. 

I 
I 

I 
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5. .ARGU11EN'l'S FOR LARGE-scALE IN'l'ERFERoMETER SYSTEMS 

The preceding description of the state of prototype detectors and recent 

ideas for achieving extremely high performance in large detectors has shown 

the near maturity of interferometer technology. Four of the groups working in 

the field have achieved shot noise limited displacement sensitivity, albeit at 

relatively modest light powers. The 40 meter interferometer at Caltech and the 

30 meter interferometer at Munich have both achieved gravitational wave sensi-

tivities matching those reached in the room temperature bar detector used in 

previous coincidence gravitational wave searches, but with bandwidths enor-

mously greater than reached with the most sensitive of those detectors. 

Further, the Caltech instrument has recently achieved a light storage time in its 

Fabry-Perot cavities more than su1Ticient for optimum sensitivity in gravity wave 

experiments at frequencies from 500 Hz upwards; and it has also demonstrated 

essentially continuous operation for a period of 10 days in a search for pulsar 

gravitational radiation. 

Still, several problems remain. Although technical development is proceed-

ing rapidly, sensitivities which are astrophysically interesting (hrms .... 10-21 or 

better) will be very difficult to achieve in the prototype-scale systems, because 

of noise sources other than photon shot noise. This is because all the other 

important noise sources of which we are aware diminish in size as the length of 

for a __ t.iIAE!'. ·c. 'I'J:113 .. 

fundamental "noise" comes from the quantum limit to the accuracy of sensing 

motions of the test masses, corresponding to the Uncertainty Principle, and 

this scales as z-1 , where l is the length of the interferometer arms. Noise due 

to ftuctuations in the index of refraction of the residual gas in the vacuum sys-

tem scales as z-3/ 4 The noise which is due to stochastic forces acting on the end 

masses scales as z -1. Th.is strong reduction in stochastic noise sources with 
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increased length is the fundamental justification for making an interferometric 

system large. 

The most important stochastic forces are the coupling of seismic and 

acoustic vibrations to the end masses, and thermal excitation of the normal 

modes of the end masses and of their suspensions. Seismic and acoustic noise 

are strongest at low frequencies not only because the seismic noise amplitude 

spectrum has a frequency dependence of 1-2, but because suspension designs 

which isolate the test masses can be made to work better at high frequencies 

than at low ones. Thermal excitation of the normal modes of the suspensions 

gives a strong noise peak at the fundamental(,.., 0.5 Hz) and much weaker peaks 

at higher frequencies (typically ,.., 700 Hz and multiples of this). In addition the 

thermal vibration of the end masses themselves has a white spectrum below the 

first resonance (typically in the range 5 kHz to 25 kHz). To some extent, by 

making the test masses smaller and their suspensions stitier, it is possible to 

trade poorer sensitivity at low frequencies for improved sensitivity at high fre-

quencies. 

The true promise of interferometric antennas lies in the possibility of 

achieving the even higher sensitivities likely to be required for detection of 

expected signals (r.m.s. noise levels of about 10-22 for millisecond pulses, and 

10-26 or better for periodic signals); and also in their ability to work at frequen-

-- ____________ I:l:ll· _()_l' __ _t)!' 

the technique of Section 4.3 and 4.4) as low as 10 Hz. In the low frequency 

region possible signals from a number of fast pulsars, including the Crab and 

Vela pulsar, may become visible. Most importantly, the signals from the decay 

of the orbit of a pair of condensed objects, such as the binary pulsar, become 

easier to detect in this band shortly before the final collision because of the 

longer integration time allowed here than in the kilohertz band. 
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In a given instrument, the largest noise source present defines the limiting 

sensitivity. The techniques of light recycling and resonant interferometers give 

promise of reducing photon shot noise significantly in long baseline instruments, 

the residual photon noise scaling as i-11 2 and z-1 respectively. To make thermal 

noise as low as this potential photon shot noise is much easier with long arms 

than with short. For all these reasons. it seems likely that the maximum proba-

bility of achieving the goal of detection of gravitational radiation will be obtained 

by construction of large baseline, gravitational wave detectors. This is what we 

are proposing to do. 
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Il. THE PROPOSED FEASIBILITY AND DESIGN 

A LARGE-SCALE IN1'Eru'EROMETER SYsrEll 

6.1. Introduction 

In previous sections we have described several features which would be 

desirable in a vacuum system for full scale laser interferometer gravity wave 

antennas. Among these are: 

(i). as great an arm length as possible; 

(ii). vacuum pipe diameter and end stations sufficiently large to accommodate 

all types of antennas that one might wish to construct, and to accommodate 

several antennas of the more compact varieties simultaneously; 

(iii). vacuum as good as possible (io-a torr or better for the most sensitive 

present antenna designs). 

Of course, the vacuum system that we actually build must be constrained 

by real-world considerations of cost and of construction feasibility. To deter-

mine these constraints and give us a firm basis for the choice of a final design, 

we have carried out two feasibility and cost studies of long baseline vacuum sys-

tems. This section describes those studies and the following section describes 

..... - c,,.::tne·"'proeeuure"-tJlat· we WflF 

design. 

The first study that we will describe was carried out by industrial firms (A.D. 

Little, and Stone & Webster) under the guidance of the MIT group; so we shall 

refer to it as the MIT study. Its goal was to establish feasibility, and cost scaling 

laws. No specific optical con.figuration or experimental strategy was assumed in 

the course of the study. The study was intended to be a resource for follow-on 
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design decisions and trade-otI studies. The results of this study were used by 

the Caltech/MIT groups to set the initial cost estimate for the overall project at 

NSF presentations in the fall and winter of 1983-84. 

The second study that we will describe is now being carried out by a team of 

JPL engineers under the sponsorship and direction of the Caltech group and in 

consultation with the MIT group, so we shall refer to it as the JPL study. It builds 

on the results of the MIT study but is more ambitious in scope. It is primarily 

intended to assess the costs and impact on the vacuum facilities of various 

experimental strategies extending from a facility able to support a single 

receiver element of modest sensitivity to a strategy incorporating multiple 

receiver elements and receivers of much higher sensitivity and thus better 

vacuum than assumed in the MIT study. The JPL study also includes a reanalysis 

and updating of the cost estimates of the MIT study and an in-depth survey of 

the candidate sites for the vacuum systems. 

The results of the two studies will be used by the Caltech and MIT research 

groups in a trade-off analysis before fixing the final design and specifications for 

the vacuum system (see next section). A guiding principle in this trade-off 

analysis will be, within the constraints of the established project cost, to make 

the facilities sutiiciently flexible in design to permit upgrading to accommodate 

receivers of increasing sensitivity as the receiver technology improves . 

. ... .. .. 
year lifetime of the facilities, it is clear that improvements in receiver sensi-

tivity will place severe demands on the vacuum levels and ultimately on the 

diameter of the vacuum tubing. 
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6.2. 'lb.e 1lIT Study 

The MIT study, 34 carried out in conjunction with A.D. Little and Stone & Web-

ster, focused on the vacuum system, construction strategies, and the siting of 

two large baseline gravitational antennas. The study did not focus on one design 

but rather established cost scaling laws and engineering factors as a function of 

antenna length and vacuum tube diameter, the relevant parameters needed in 

follow on trade off studies. Several generic· construction strategies were stu-

died, again with the intent of offering options for follow-on trade-off studies. 

The MIT study resulted in a thick report which is available upon request.38 

We here describe brietly the study and its main conclusions. 

6.2.1. 'lb.e A.D. little Study of the Vacuum System 

The input specifications were to study the design and costs of a vacuum sys-

tem able to maintain 10-e torr which could be upgraded to 10-e torr (cost of 

upgrade not estimated) as a function of tubing diameter and vacuum system 

length. A second task was the design and costs of instrumentation station 

vacuum enclosures with pressures of 10-6 torr and upgrade to 10-e torr. Costs 

of this upgrade were included in the study. To scale the rough pump system, a 

pump down time of several days was specified. The valving strategy specified 

required the ability to isolate high-vacuum pumps and to isolate the long tubing 

c===::=-------- --c:::::J_r_gm-:the-:UlStrwnentation-statJ.ons.- -

Mild steel, stainless steel. and aluminum tubing were considered in the 

study. Aluminum. was chosen as the most cost-effective material. Aluminum has 

similarly good high-vacuum characteristics as stainless steel and can now be 

welded reliably and automatically. The penalties are aluminum to stainless steel 

transition sections which will be required between the instrument stations and 

the long tubing and between the expansion bellows. Aluminum. bellows are now 
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coming on the market and it is conceivable that these would be used in the sys-

tern. 

The high-vacuum pumps chosen were getter ion pumps because of their 

minimal maintenance requirements, reliability, and freedom from inducing 

mechanical Vibration. The roughing pumps were designed to start ion pumps 

and therefore able to reach 10-4 torr. 

Instrumentation vacuum chambers, of cylindrical geometry with 14 ft diam-

eter and height, were designed and costed. The chambers, constructed of stain-

less steel. were designed to be outgassed and able to reach 10-a torr. 

A technique to align the tubes was studied; the concept uses Frauenhofer 

diffraction masks in a scheme similar to that used at SLAC. 

Figures 6.1 and 6.2 show the summary costs of the A.D. Little study. These 

figures include the costs of an on-site facility for cleaning the tubing prior to 

welding. 

6.2.2. The Stone & Webster Study of Sites 

Surface as well as mine sites were considered. The criteria for the selection 

of sites included the following: ft.at topography, accessibility to labor, transport, 

power and water, minimization of anthropogenic noise sources both transmitted 

by the ground and the air, and the probability of large-scale seismicity. The 
- - -- ---- - - - - --- - - - - -- ----·-· 

study focused on government held lands and in particular developed sites such 

as national laboratories and military bases to increase the probability of gaining 

access to the site as well as to benefit from preViously installed electrical power 

and buildings. 

The results of the siting study are shown in Table 6.1 and Figure 6.3. 

Although mine sites are shown on the figure, no mine was found that could 

accommodate an L with 5 km legs without additional tunneling. The tunneling 
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Table 6.1 Candidate Sites 

Luke Air Force Range, Arizona 

San Valley, Arizona 

Bristol Lake, California 

Edwards Air Force Base, California 

Goldstone, California 

Alamosa Area, Colorado 

Eglin Air Force Base, Florida 

Fort Stewart, Georgia 

Idaho National Engineering Laboratory, Idaho 

Cherryfield, Maine 

Saponac, Maine 

Easton, Massachusetts 

Fort Bliss, New Mexico 

Plains of San Augustin, New Mexico 

White Sands Missile Range, New Mexico 

Great Salt Lake Desert, Utah 
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costs are extremely variable depending on the material mined, the ability to sell 

the mined material and the availability of machinery in the mines. The time for 

excavation is another uncertain parameter. Mine sites have been eliminated 

from further consideration. 

8.2.3. 1b.e Stone &: Webster Study of Construction Strategies 

Several concepts for the construction were studied as a function of tube 

diameter and length. Generic construction costs were made as no particular 

sites were specified. Length independent costs include: buildings, power 

transmission and distribution. cooling systems for the lasers, and estimates for 

the receiver costs. It was assumed that some shop and staging facilities would 

be required on the site. 

Three construction options were considered for a surface installation: 

1. Option 1: The vacuum tubing is installed on piles above the surface with 

varying amounts of insulation on the tubing. A constraint of less than 1 cm 

of motion was specified for the tube due to maximal wind loading. 

2. Option 2: The vacuum tubing is installed as in Option 1 but not exposed to 

the elements. A corrugated steel cover surrounds the vacuum tube and the 

entire structure lies under an earth berm. 

3. Option 3: The system is buried in an open trench construction. The tubing 

·· T·=c:c:=c==c-:c:==co:;:;;;,-..,u+su.-pported-on-piles-=;;ft.ffina-;c1>rr1lgate-caiteeI_c.over:- cover its-eff - --- ---- --
clamshell; half of the cover is installed to retain the trench while the tubing 

is installed, aligned, and welded. After completion of the alignment the 

other half of the cover is installed and the trench is refilled with dirt. The 

cover is su1Jiciently large to allow access for subsequent realignments and 

leak hunting. Figure 6.4 shows schematics of the three options and Table 

6.2 shows the costs as a function of tube diameter for the various options. 
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Cooling 
Sy a tea 
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350 

Ventllation Trana111ission Power Line Wlrlng Total 
Line - 8 Hiles DJatrJb. Tie-In To Vaults Fixed 

' Line Tunnel 

--- 680 1,811 950 250 4,880 

--- 680 l,8ll 950 250 4,880 

--- 680 1,831 950 250 4 ,917 
Use 4,940 

·. I 260 1,330 l.8ll 950 . 220 6,613 

Use 6,610 
1 

FIXED COST INDEPENDENT OF LF.NCTll (103 $) 

TABLE 62 



Scheme Clearing Trenching, Tunnellng VentU, . Supporu Insulation Tube Berm Electr teal Total 
No, 6o Grading Bedding 10'xl2' Tunnel (Based lloudng Per 

& Tube & Backfill on 611
) ICJI 

She 
-
l 

12" 10 
'i --- --- -- 122 111 --- --- 100 - l4l 

24" 10 --- --- -- 104 198 --- --- 100 - 412 
36" 10 i --- --- -- 156 334 --- --- 100 - 600 
48" 10 i --- --- -- 259 48S --- --- 100 - 854 

2 
12" 14 --- --- -- 76 --- 689 151 100 - 1,0)0 
24" 111 --- --- -- 78 --- 689 151 lOO . 1,0)2 
16" 111 --- --- -- 56 --- 689 151 100 . l ,QlO 
40" 14 --- --- -- 66 --- 689 151 lOO . 1,020 

] 
12" 28 249 --- -- 76 --- 689 --- 100 - l, 142 
21," 28 249 --- -- 78 --- 689 --- 100 - 1,144 
36" 28 21,9 --- -- 56 --- 689 --- 100 . I, 122 
/18" 28 2'19 --- -- 66 --- 689 --- 100 . l, lll 

4 (Hine) 88 864 12" -- --- 656 116 74 --- --- --- -
21, 11 -- --- 656 46 84 --- --- --- 88 - 874 
J6" -- --- 656 46 63 --- --- --- 88 - 85) 
48" --- 6'.;6 116 70 --- --- --- 88 - 868 --
12" --- 902 46 74 --- --- --- 88 - 1, llO --
24" --- 902 46 84 --- --- --- 88 - 1,120 --
36" 902 46 63 --- --- --- 08 - 1,099 -- ---
48" 902 46 70 --- -- --- 88. - 1,114 -- ---

COSTS DEPENDENT OH LENGTH {10) $/Km} 

TABLE 6.2 (cont'd.) 



:;>cheme Tube Fixed Total Variable Total 
No. Size s Costs KS MS 

l 12" $4,880 $3,430 8.3 
24" 4,880 4, 120 9.0 
36" 4,880 6,000 10.9 
48" 4,880 8,540 13.4 

2. 12" 4,380 10,300 15.2 
24" 4,880 10,320 15.2 
36" 4,880 10' 100 15.0 
48" 4,880 10' 200 15.1 

3 12" 4,940 11,420 16.4 
24" 4,940 11,440 16.4. 
36" 4,940 11,220 16.2 
48" 4,940 11,320 16.3 

4 (Mine) 12" QI) 6,610 (6,912) (13.5) 
(8,880) (15.5) 

24" 0 6,610 (6. 992) (lJ.6) 
l"'ft (8,960) (15.6) 

36" c 6,610 (6,824) (13.4) = :;, (8' 792) (15.4) ID 
I-' 

48" .... 6,610 (6,944) (13.6) 
\)Q (8.912) (15.5) 

12" - 6,610 (8,640) (15.2) 0 

?i (11, 100) (17.7) 
24" 0 6,610 (8,740) (15.3) 

l"'ft (11,200) (17.8) 
36" c 6,610 (8,530) (15 .1) 

:;, (10,990) (17. 6) tD 
I-' 

48" .... 6,610 (8,680) (15. 3) 
(111 (11,140) (17. 7) 

-- ·-- --··--- --------- -
.'0- ·"""-- :,-

TOTAL COSTS AR."'! LENGTH - 5km 

( ) Low TABLE 6.2 (cont'd.) 
=Range Hich 

Cl 

Low Range = $200* per Linear Foot 
High Range = $275* per Linear Foot 

* See Section 9, Page 42. 
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The table includes entries for mine construction with a range of costs 

depending on the optimistic to pessimistic assumptions concerning the 

excavation costs. 

6.2.4. The Preliminary Benchmark Design 

In the initial trade-ofi study, Option 3 was chosen. It appeared to have 

minimum risk but with the substantial additional costs for a cover. The trench-

ing and refilling costs are insignificant. The arguments for Option 3 are thermal 

stability, no wind loading, reduced environmental impact, reduced corrosion and 

weathering, safety from animals and intentional and unintentional damage from 

people. Having chosen this option a decision on tube diameter and arm length 

followed. Five km was chosen as the longest economically viable, although 

scientific considerations would argue for longer lengths. The tube diameter was 

chosen to be 48 inches, the largest compatible with commercially available 

vacuum equipment. The decision to use 48-inch diameter tubing was based on 

several factors: 

1. Once having chosen Option 3 the incremental costs of going from the 

minimum tubing size allowed by difiraction (30 inches diameter) to· 48 

inches was a 10 to 15 percent increase in the overall cost. 

2. The largest tube diameter gave the most flexibility for multiple use of the 

· ·-o::::cc:::c.:cc:c::::-::- -=c:=c:=c:::-v-a:cuum:instana.uon:··· · 

3. It gives more leadway in the alignment, and 

4. It does not constrain the wave-length of the laser. (One wants to retain the 

option of using lasers in the 1 to 2 micron region that are more efiicient and 

more powerful than the presently used argon-ion laser at 0.5 microns.) 

This preliminary benchmark design carried a price tag of 56 million dollars 

for the major facilities and the first two antennas - with almost all of the cost 
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going for the facilities. This design and cost were the basis for joint Caltech/MIT 

presentations to the NSF Physics Advisory Committee, the National Science 

Foundation, and the Wilkinson Panel of the NAS Physics Survey Committee in the 

fall and winter. 

8.3. 1b.e JPL Study- An Ongoing Study for the Project 

8.3.1. Motivation for the JPL Study 

The MIT study established the overall costs of many of the elements of a 

long baseline antenna, but it did not fix a design. Furthermore, as the conceptu-

alization of various possible antenna systems grew more mature it became evi-

that some of the requirements they would impose on a facility had not been 

adequately addressed in the MIT study. 

More specifically, in addition to the simple concept of installing one 

receiver at a time in the facilities, new concepts have been evolved at Caltech 
1,1_. 

which envision multiple simultaneous use of the facilities (Section 4.6). Also, the 

possibility of using cavity mirrors of relatively small diameter ( 1 7 cm for a 5 km 

system) makes it quite realistic to plan use of mirrors having very low losses 

from the beginning, making recycling and optical resonating techniques (Sec-

tions 4.1 and 4.2) practical from very early in the project - probably even in 

_______________ _ftrst experiments - and making very high sensitivity an early target. 
_.,,-., .. ""· :--=; -- -- ------ --- ··-

The use of vacuum pipes of relatively large diameter, to accommodate the 

requirements of delay line techniques, and the small size of the Fabry-Perot 

mirrors makes it possible then to accommodate the cavity beams of several 

different interferometers simultaneously - one could envisage from 6 to 12. This 

permits observations of motions of test masses placed half way along the arms 

of the vacuum system as well as at the ends to reject local disturbances (Section 
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4.5) and simultaneous searches with test masses optimized for different types of 

signals (Section 4.6). With the use of very low loss mirrors a vacuum of about 

10-e torr is necessary to prevent ftuctuations in the refractive index from 

compromising the potentially high sensitivity. 

In vacuum pipes of 46 inches diameter, it would be possible in principle to 

operate 20 or more compact interferometers simultaneously, although this 

would require complex and inconvenient design of test masses to avoid obstruc-

tion of some of the beams. One would consider much more modest multiplexing 

of the vacuum system in the early phases of the program. A possibility is to 

design the vacuum tanks to accommodate only three sets of test masses in the 

initial phase of operation of the system. A scheme of arranging this is indicated 

schematically in Figure 6.5, where a vacuum tank configuration intended to 

minimize interference between the separate experiments is suggested. One 

would not necessarily plan to mount all three interferometers right at the begin-

ning, but it may be important to have the possibility of putting them into opera-

tion very rapidly. 

In a second phase one might plan to increase the practicable number of 

experiments, by adding further vacuum tanks to the system, possibly to accom-

modate six sets of test masses. To increase further the number of parallel 

experiments would probably require some readjustment of optical beam posi-

.. . .. _ _ _ ___ ..... -·-- ____ ... ______________ _ 

These concepts for possible antenna systems are more complex and aim for 

higher sensitivities than the concepts that underlay the MIT study; and, as a 

result, they require features in the vacuum system that were not costed in the 

MIT study. The task of costing these features, the task of reanalyzing and updat-

ing the cost estimates of the MIT study, and the task of studying potential sites 

in greater detail have been undertaken by a team of engineers at JPL, with 
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Figure 6.5 An example of how large diameter 1 m) pipe can be exploited to 
operate many interferometers simultaneously. Depicted here are three 
separated detectors, optimized for low frequency lOOHz), high frequency 
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ters: full-length and half-length for main beams monitoring the suspended 
masses as well as for auxiliary beams monitoring the suspension points. 
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supervision from Caltech and consultation from MIT. 

6.3.2. Description of the JPL Study 

Foremost of the new features being studied are the costs of the 10-e torr 

vacuum required by the higher sensitivity goals, costs of the more elaborate 

vacuum tank systems required at the end and center stations to accommodate 

several simultaneously operating interferometers and several "mode-cleaning" 

cavities for improving the spatial stability of the laser beams; costs of the mid 

stations; and costs for isolation pads giving seismic isolation for the tanks con-

taining the test masses. 

These new-item costs are being evaluated not only by JPL, but also indepen-

dently by A.D. Little. JPL is also reinvestigating possible construction methods, 

reviewing estimates of costs for other parts of the facilities, and carrying out a 

more detailed survey of possible sites. (The JPL team involved in this exercise is 

the one which designs and supervises the construction of deep-space-net anten-

nas and antenna sites.) The sites now being investigated include some of those 

in the original Stone & Webster study, plus several new sites that are more con-

venient to MIT and Caltech: two in Maine; one in Massachusetts; and one at the 

Goldstone tracking station of the Deep Space Net, which has excellent support 

facilities and could probably be made available for this project quickly. 

· --These ... _---- . ------·----_J 

will provide the data required for the realistic assessment of cost tradeotfs 

involved in arriving at an economically optimum set of parameters for the com-

plete vacuum facilities. 

We also expect to have enough information about sites within the next few 

months to permit a firm selection of two first-choice sites and two backup sites. 

This selection will be an important ingredient in the early stages of this 
proposal's engineering study. 
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?. PLANS FOR ARRIVING AT THE FINAL CONCEPTIJAL DESIGN OF THE 

MAJOR FACIIJTJES 

The key input to this proposal's engineering design study will be a final con-

ceptual design for the major facilities. The final conceptual design will be 

arrived at this winter by the scientists of the Caltech and MIT gravity groups and 

the Project Manager. The decision process will begin with a joint meeting of the 

Caltech and MIT scientists at which presentations will be made by the JPL, A.D. 

Little, and Stone and Webster engineers who have performed the cost and site 

studies. The scientists will then consider various strawman designs and analyze 

them, and will carry out extensive discussions of the relative merits of various 

design options. The ultimate decision on the final conceptual design will be 

made, relying heavily on these discussions and analyses, by a Steering Commit-

tee consisting of R.W.P. Drever, R. Weiss, and K. Thorne. 

Two fundamental principles will guide the decision making process: 

(1). The facilities design should not prejudge the decision on the optical design 

of the first antennas. 

(2). The facilities must be sufficiently flexible to function, with reasonable-cost 

upgrading, as a gravitational-wave observatory with a wide variety of possi-

ble antennas for 20 years into the future. 

Within these guidelines, we will arrive at a conceptual design which is our 

best attempt to balance scientiftc opportunities and ftexibility with cost and 

risk. The design will almost certainly include speciftc provisions for upgrading 

the facilities from the configuration used for the first experiments. 

In addition to finalizing the conceptual design, the scientists of the two 

groups will prepare the System Functional Requirements to guide the engineer-

ing design contractor. These include: 
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1. Required vacuum levels. 

2. Number of operating stations and their purpose. 

3. Antenna length. 

4. Antenna relative and absolute orientation. 

5. Antenna alignment tolerances. 

6. Vacuum pumpdown time. 

7. Light baffling. 

8. Vacuum pipe diameter 

9. Permissible acoustic noise spectrum.. 

10. Permissible temperatures excursions. 

11. Cooling system effects on operation. 

12. Power requirements 

13. Housekeeping data acquisition. 

14. Intercommunications linkages. 

15. Absolute time standard. 

16. Anticipated facilities operation lifetime. 

17. Local facility requirements. 

18. Number of operating personnel. 
., ·----------------------------- -- --------- - - ·- -- - - -- -- ·- ---- --- ---- ----- -- ·- ---- ·--- ·-·---·--· ------- ---·-- ------- -- -·· -· - ---· ---

On the basis of the site survey now being performed by JPL, the scientists of 

the two groups will select two first-choice sites and two backup sites. This will 

allow the engineering design to include the details of installation at the actual 

sites and will allow negotiation for site access to proceed during the engineering 

design study. 
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8. THE ENGINEERING Dl!SGN SfUDY AND TI'S DIPLEMENTATION 

8.1. Introduction 

The engineering design and f easibilty study will be carried out by a 

Gravitational Wave Detection Facilities Project activity in residence at Caltech. 

If the project is approved for construction, this group would ultimately oversee 

the development, construction, and validation of the vacuum facilities. This step 

is necessary because of the extent of the proposed facilities and funds required 

to develop them. This Project activity is under the cognizance of a Project 

Manager reporting to the three-map. Steering Committee (Drever, Weiss, and 

Thorne) described in the previous section. 

The engineering design effort consists of two parts. The first is described in 

this section and is the detailed engineering design for two antenna facilities at 

selected sites. The aim of this work is to establish the design with sufficient 

detail to arrive at accurate and optimized costs and schedules so that a propo-

sal for the implementation of the design may be evaluated. The engineering 

design will use a model for the implementation plan to arrive at a realistic 

assessment of the costs. 

The second part of the effort is to carry out prototype development and 

tests of facility and receiver components which are crucial to the design of the 

· ···--·-···-·-·· · .. - ·- . 

Chapter 9. 

As discussed in Sections 6 and 7, the earlier MIT and current JPL studies are 

being used as a basis for the development of the final conceptual design of the 

major facilities. The JPL study includes an effort by the Ground Antenna and 

Facilities Engineering Section to survey potential sites and to· prepare material 

which can be used to select, guide and monitor an industrial contractor whose 

.,! 
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responsibility will be the engineering design of the major facilities (referred to 

henceforth as the "final system engineering design".) 

The final conceptual design, which is our group's input to the engineering 

design effort, will consist of a functional requirements document based on the 

specifications listed in Section 7. Besides the specifications, the document will 

highlight a set of issues to be studied for trade off analysis during the course of 

the design. Many of the engineering problems have alternative strategies which 

will satisfy the same specification but which will have varying impact on the cap-

ital and operating costs of the facilities. Examples of such issues are the choice 

of high vacuum pumps, the choice of tubing material and manufacture, and the 

tubing alignment strategy, to mention just three. Some of the prototyping and 

testing effort described in Section 9 of the proposal is dedicated to obtaining 

information for the trade off analysis. 

The product of the engineering feasibility design phase of the Project will be 

detailed engineering plans for those elements that have the greatest impact on 

Project resources: the vacuum system, instrumentation stations, electrical sys-

tems, etc. If necessitated by limited resources, design trade-offs will be made by 

the Steering Committee working with the Project Office. The Engineering Design 

phase is expected to take approximately 1* years to complete. 

The material which follows covers the basic approach to the Project. This 

·········· ··-.. ··the·· res}Jenstbilitift9m.d ··· ···--- ----·--·-·__! 

Project Office, and its supporting groups, and resolution of the different means 

of establishing project feasibility. Additional material covered includes ground 

rules under which the Project Office will be established and operated, the 

mechanisms for Project control and monitoring, quality assurance and reliabil-

ity, configuration management, reviews, and documentation. 
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8.2. Steering Committee 

The Steering Committee has three members whose responsibilities will be 

outlined in a Memorandum of Understanding (MOU) between Caltech and MIT. 

This MOU will be tlnalized and signed before the Engineering Design phase 

begins. The present, tentative version of the MOU detlnes the responsibilities 

and relationships between the two Principal Investigators and methods for 

resolving in a timely way any differences between them. It also provides that 

the Steering Committee designate to act in its behalf on a day to day basis, a 

Principal Scientist for joint construction for the design and construction of the 

vacuum facilities and for the construction of the joint receiver elements, and 

that the Project Manager be responsible to the Steering Committee but interact 

on a day to day basis with this Principal Scientist. The MOU also provides that 

the Steering Committee designate a Principal Scientist for Experimental Tech-

niques and Planning. The Project Manager will be a non-voting observer at Com-

mittee meetings except during executive sessions. 

The balance of the MOU will describe the facilities to be constructed and the 

basic principles for joint Caltech-MIT management of the facilities after they are 

constructed. 

Meetings of the Steering Committee will be held on a regular basis. Reports 

of the progress of the Project will be presented to the Committee on a monthly 

8.3. Project Office 

The Project Office is responsible for establishing, in conjunction with the 

two Gravity· Wave Groups, the feasibility of designing and implementing the two 

Gravitational Wave Facilities. This includes tlnalization of the conceptual design, 

analysis of its feasibility, and if approved for implementation, construction of . 
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the facilities through completion of receiver installation and performance 

verification. 

To accomplish this a Project Team is being assembled. As shown in Figure 

8.1, the Team is headed by the Project Manager, who reports to the Steering 

Committee. The Team is composed of three distinct groups: 

1. a support activity previously discussed, provided by JPL under a Work 

Order; 

2. a system technical and financial management group operating as part of 

the Project Otrice; 

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

The current JPL Work Order provides for a ten month etrort to study poten-

tial approaches to the development of the Facilities. The work is being con-

ducted under the cognizance of the JPL organization responsible for the imple-

mentation of NASA's Deep Space Network facilities. The group has an extensive 

background in the design, development, and construction of remotely located 

technical facilities. Their primary responsibility during the Conceptual Design 

Phase of the Project is divided into four tasks: 

1. configuration definition, site selection and the design procurement pack-

age; 

3. analysis of the fabrication and construction etrort; and 

4. preparation of the design specifications and facilities performance 

verification. 

Their responsibilities during the Engineering Design Phase will be to oversee the 

industrial contractor and to perform design analysis for the Project Otrice. If 

the implementation is approved they will oversee the etrort of the construction 
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contractor(s). 

The Project Office staff is responsible for facilities system engineering. The 

members of the staff include a systems 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 group will be conducted by the 

engineering staff. The financial manager will be responsible for tracking and 

controlling the resources allocated to the Project. Additional support staff will 

be added, if reqlli.red, to ensure that the Project meets its obligations to NSF, 

Caltech, and MIT. 

The activities of the Project Office duririg the Engineering Design phase, in 

addition to supervision of the Engineering Design contractor, include the follow-

ing: 

1. Incorporation of all functional requirements into the engineering design of 

the facilities. 

2. Establishment of the criteria for the implementation verification process. 

3. Participation in trade-off studies of the facilities. 

4. Training of the Project and JPL support staff in the requirements prepara-

tory to implementation. 

5. Development of an overall, integrated system design for the facilities. 

.. _ ......... __ -----····-· .... _ 

control processes. 

7. Preparation of the Project Implementation Plan. 

8. Design of the support subsystems and assemblies for the facilities. 
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9. Performing prototype testing of key hardware components which might be 

used in the facilities. 

These activities should enable the Project to achieve its goals within estimated 

budgetary requirements and constraints. This early planning and system 

development should allow the Project to make a smooth transition from the 

Engineering Design phase to the Implementation Phase if the Project is 

approved. 

The Project Office will prepare and issue a Gravitational Wave Project Imple-

mentation Plan to delineate the Project's approach to meeting the Functional 

Requirements for the Facilities. The Plan will be one of the major Project out-

puts of the Conceptual Design Phase. This document will also establish Project 

policy and requirements concerning the feasibility study and Implementation. 

This includes approaches to quality assurance and reliability, configuration 

management, materials and component parts application and usage, reviews, 

documentation, security and safety. 

Of particular importance is the approach taken to development of a 

management structure that will allow the Project to be monitored and con-

trolled. This will be accomplished using the following approach: 

1. development of composite functional block diagram showing all subsystems 

at each site and development of subtier functional block diagrams of 
--- - -------

-c- ----

2. preparation, using the functional block diagram, of a Work Breakdown 

Structure (WBS) that lists in a hierarchal manner all elements of the facili-

ties for each phase of the Project. The initial construct of the Project WBS 

is shown in Figure B. 2; . 
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3. preparation of functional descriptions of each of the elements of the WBS; 

(Scientific support, particularly in making design tradeoffs, will be obtained 

from both MIT and Caltech Gravity Wave Groups. Close interaction with 

both Groups will be required throughout the Project.) 

4. generation of schedules describing the duration and acll.vity involved in 

each element of the WBS, Figures 8.3A (a long range schedule has been 

included for information purposes only) and 8.3B; and 

5. preparation of an overall cost estimate for the Project using time-related 

WBS elements. 

The importance of this approach is that only thr.ough the preparation of a 

composite set of related documents can an effective resource monitoring and 

control effort be established. These related documents comprise a Baseline 

Plan against which progress will be monitored and reported. The Baseline Plan 

will be updated periodically to reflect any substantial modifications. Schedules 

will be detailed for six month intervals and updated each three months. 

The Work Breakdown Structure shown in Figure 8.2 has been set up to iden-

tify the elements of the facilities. This WBS contains all elements of the Project 

to allow for the crossover from the Conceptual to the Engineering Design and 

Implementation Phases. The breakdown is tentative. As the design becomes 

more specific the WBS will be enhanced and expanded to lower levels to reftect 

. ------these changes. arrailgemelit.ofthe-elements-C>ftlie-WBS-fs-not - - . - - -------------

important, there are several possible arrangements that would work equally 

well. The critical issue is that any elements of the facilities that have cost 

implications must be contained on the WBS. Each element of the WBS is 

uniquely identified so that an automated cost and schedule control mechanism 

can be implemented. Current consideration is being given to the use of either 

PMSII/RMS-11 or Quicknet programs to provide data for this control. Both of 
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these programs have the capacity to handle this project. The numerical 

identifiers used to distinguish WBS elements will be revised to retl.ect the specific 

project monitoring and control program selected. Note that the WBS contains 

both level of effort and product specific activities. The level of effort tasks will 

be tracked on a straight line basis, unless there is an identified deviation in the 

Plan. The product oriented tasks will be assessed on an actual cost/schedule 

basis versus that planned. 

A Standing Review Board will be established during the Conceptual Phase of 

the Project to advise the Project Manager of any problems that are 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-

nology being implemented; it will also include representatives appointed by Cal-

tech and MIT. This Board will attend all formal reviews held by the Project. It is 

their function to comment to the Project Manager on the conduct of the Project. 

especially in regard to activities within their speciality. 

There will be two formal reviews conducted during the Conceptual and 

Engineering Design Phases; the first will be the review of the material included 

in the Requests for Procurement (a Conceptual Design and RFP Review) to the 

industrial contractors and the second (a Critical Design Review} will occur at the 

conclusion of the work performed by the Engineering Design contractor. Addi-

...... ·········· . 

A Vacuum Subsystem Advisory Group is being established by the Project 

Manager to advise him on approaches to the implementation of that subsystem. 

This group is composed of specialists drawn from members of the JPL staff and 

commercial organizations. It is their function to serve as a resource base for 

the development of the vacuum facilities. Additionally, they will serve as the pri-

mary reviewers of any vacuum implementations proposed by the industrial 
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contractor, reporting to the Project Manager. 

One of the functions of the Project is to identify any trade-offs in approach, 

scoping the potential impact on the Project and identifying a schedule for deci-

sions to be made. As a part of this activity the Project will provide the Steering 

Committee with data relating the impact of each particular approach on 

resources. Because of the fixed-price nature of the contracts to be awarded to 

commercial organizations for elements of the system, the decision making pro-

cess must be in place sufficiently early in the program to allow necessary action 

to take place before any contract awards .. 
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9. PROTOTYPE TEsrING AND EVALUATION 

The proposed prototype testing and evaluation is to be carried out in paral-

lel with the activities of the engineering design study. This activity is to be 

implemented by the Project Office through the Caltech and MIT Gravitational 

Wave Groups. We will be testing critical components in two key areas: the 

vacuum system and the optics. 

As described below, tests of individual vacuum components (tubes, bellows, 

valves, and pumps) will be performed early. This will enable us to select with 

some degree of confidence the technology which will appear in the facilities 

engineering design. The second phase of vacuum prototyping will be the con-

struction of a model vacuum system using full-scale components of the type 

specified in the engineering design. This will allow a validation of the design 

before the commitment of large sums for the construction of the long-baseline 

systems. As a result, we will be able to write tightly specified fixed-price con-

tracts 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 effort to be an important cost saver for the 

project. 

The optics testing will examine the critical receiver components, chieft.y 

lasers and mirrors. Several approaches to achieving powerful lasers will be pur-

····· ···· · ········ ···· ·· ·sue'tfirrparaUet:··B1milarly, prototype· Jlign performanctnnirrors 

long baseline systems will be acquired and tested. Finally, integrated high-

power long focal length optical systems will be tested in the lab scale vacuum 

facilities available to us. By virtue of this test program, we ought to be able to 

construct receivers for the long-baseline systems, upon project approval, 

without fear of technical surprises. 

I 
I 
1. 
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9.1. Vacuum System Evaluations 

The vacuum system for the facilities is the critical element of the facility 

design. Approximately half of the capital costs for the gravitational wave detec-

tor facility is in the vacuum system. Many large vacuum systems have been con-

structed and vacuum technology is not considered a high risk aspect of the 

facilities engineering, as is indicated by the A.D. Little study. There are, 

nevertheless, substantial extrapolations being made which have not been tested 

simultaneously in the heritage derived from vacuum systems used in particle 

accelerators, plasma physics experiments and space simulators. For this rea-

son, we feel it is prudent to undertake a program of vacuum component tests 

and system prototyping. This will enable us to better understand the trade-offs 

between capital cost, operations cost, and reliability of the vacuum system. 

9.1.1. Prototype Vacuum System 

We will construct at MIT a small scale vacuum system of the same design 

and using the identical components as those specified for the large-baseline 

facilities. This test system would be constructed of samples of the components 

to be used on the large antenna: one section of the tubing, one bellows, one gate 

valve, one instrumentation station, and the candidate high vacuum pumps. The 

test system would indicate if there are flaws in the design and would be made 

sufficiently flexible to allow substitution of components should there be 

difficulties with the initial choice of component or if ancillary tests indicate that 

there are cost savings that could be made by trying 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 ultimate 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 ftuctuations that will affect the gravitational-

wave measurements and ultimately sets the vacuum specification. 

3. The short period pressure ftuctuations in the vacuum. The power spectrum 

of gas pressure ftuctuations 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 be free of 

generating gas bursts and should 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. 

·· .. Tffe:::::p-c:froslty cnaracterlstlcsof. thespeciftc-tubtng·design;-'l'he-;:manufacture· 

of the tubing and the material have a strong economic impact on the 

vacuum system cost (described below). The test vacuum system will be 

used to characterize the performance of several of the candidate tubing 

designs. 
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6. The leak rate and outgassing characteristics of the gate valves. The gate 

valves that separate the long tubes from the instrumentation stations are 

both critical and questionable components of the vacuum system design. 

Large valves are notoriously troublesome especially as the ultimate pres-

sure demanded gets below 10-8torr. They are furthermore expensive. The 

sample vacuum system will be used to make functional tests of several 

commercially available gate valves of the aperture required for the large 

baseline system to verify performance in terms of reliability over long 

periods of time. We will additionally try to establish new mechanism and 

maintenance requirements. 

9.1.2. Vacuum Tubing 

Although the technology of tubing manufacture is well established, the 

gravity wave facilities will impose demands on the tubing quality which could be 

difiicult to meet economically. The large diameter and the low pressure are the 

technological drivers. 

The A.D. Little vacuum system study recommended aluminum tubing rolled 

from sheet and welded. The design incorporated periodic stiffening rings to 

avoid buckling and tube collapse under atmospheric pressure load. Part of the . 
decision to recommend aluminum was derived from the success of new tech-

niques to perform automatic heliarc welding both in plants and in the field. Sub- __________________ j 
- - __ :-¥- x_:...,,.; ___ -' --.:· -io,,,_"" -;-J..,_,S--:;. -;,_-'__'i.-;,;;;t ;:-

sequent studies favor stainless steel and there is at present no compelling argu-

ment 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 

no porosity in the base metal itself. Stainless steel, although more expensive 

than aluminum., may be more trouble free in this regard. Whether is to be rolled 

and welded or extruded in one piece is an important question which affects 
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overall costs in a complicated way. Tubing that is rolled and welded is substan-

tially 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 engineering factor is the ability to preclean or clean the tubing 

after assembly to reduce the outgassing rate without having to resort to heating 

the pipe after installation. Techniques for cleaning tubing have been studied in 

the particle accelerator laboratories, but never on the scale required for the 

gravity antenna facilities. 

For these reasons, as well as to be able to write proper specifications for 

fixed cost contracts, we intend to carry out a an engineering research program 

with tubing manufacturers to verify cleaning procedures, test welds and weld 

inspection techniques. We will also test the porosity at the very low levels 

required of several tubing manufacturing techniques. The selected tests of the 

tubing and cleaning techniques will be performed first in the prototype vacuum 

system. 

9.1.3. Bellows, Valves, andPum.ps 

a) Metal Bellows 

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

___ __ 

tion stations. Small metal bellows made of brass, stainless steel, and various 

cupro-nickel alloys are standard laboratory items. The large bellows needed for 

the large baseline antenna 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. 
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bellows to avoid transition pieces between the bellows and the tubing. Aluminum 

bellows have only recently become available and must be tested. Another con-

sideration is the potential need for tlanges in the bellows attachment. The abil-

ity to weld bellows directly to the tubing reliably may offer some risks, but it 

also has a impact (potential reduction) on costs and could result in greater reli-

ability of the vacuum system. The question that has to be addressed is the 

difficulty of reliably welding a thin bellows to a thicker tube. 

The project will purchase bellows of several designs and material and evalu-

ate them and the methods of attachment. The final tests of the bellows perfor-

mance will be made in the prototype vacuum system. 

b) Gate Valves 

The gate valves, as has been indicated above, are troublesome components 

in the vacuum system design. The standard gate valves using vacuum grease 

and elastometer seals will work well at pressures above 10-6 torr. The gravita-

tional antenna project requires several properties valve that are not normally 

encountered. The pressure in the instrumentation stations could be as low as 

10-8torr and the pressure in the long arms between 10-6torr to 10-8torr. The 

valves will therefore require low vapor pressure sealing surfaces and bellows 

couplings for the actuators. The valves will be operated frequently in the early 

part of the project and there will doubtless be substantial need to get into the 

instrumentation stations often. In later phases, especially during operation of 

multiple interferometers. it will be important to keep some experiments run-

ning while others are being installed or checked out. The long term reliability of 

the valves is a critical question for operational reasons alone. 

The project intends to buy and test gate valves of several manufacture. We 

will cycle valves and test their ability to withstand atmospheric pressure on one 
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side and high vacuum on the other. The valves that appears to be the best can-

didates will be fully tested in the prototype vacuum chamber. 

c) High-Vacuum Pumps 

The A.D. Little vacuum system study specified ion pumps as the baseline for 

the gravitational wave antenna facilities. The prime reasons for this choice is 

their reliability and freedom from maintenance as well as the fact that they are 

mechanically quiet. The ion pumps.especially if started at pressures above 

10-3torr, have a reputation of causing gas bursts which may be of sufficient size 

to cause noise in the gravitational wave search. Several manufacturers indicate 

that with specific cathode designs the gas bursts do not occur. The power spec-

trum of the pressure fluctuations due to these pumps must be measured to 

establish if they can be used in the facilities. 

An alternative to ion pumps are cryosorption pumps which have higher 

pumping speeds than the ion pumps and potentially lower ultimate pressure. 

The pumps have closed cycle refrigerators associated with them that brings into 

question the vibration induced by the pumps as well as their long term reliabil-

ity. 

The project will purchase several ion pumps and these will tested in the pro-

totype vacuum chamber. If the pumps do not satisfy the requirements, a cryo-

- _ in 

9.2. 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-

tivity goals for either cavity or delay line systems. The requirements are: 

' ·-



-76-

1. High power output in a single transverse and longitudinal mode. 1 to 10 

watts is required, but over 100 watts would be desirable. 

2. The intrinsic Amplitude and Frequency modulation 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 

facility power budget and the laser cooling systems. 

4. The laser must be reliable and able to run for long periods (months) without 

service or replacement of parts. 

The laser system that is being used in the prototype receivers is the argon-

ion laser which, in single commercially available units, is able to produce 

- between 1 to 5 watts in a single mode in the green. Several schemes are now 

being attempted to increase the power by adding the output power of several 

lasers together coherently (See Section 9.5). For laboratory prototype pur-

poses, to test optics and to increase the sensitivity of the receivers. these 

schemes are the best short term solution. 

In order to achieve high power, reliability, and efficiency, it is important to 

-advantage .of recent-advances-itrlaser-teebnol1>gy.-.!fhe-MJ!l'-greup-will-t.akeH-----

the lead in this effort, in a cooperative program with laser manufacturers. Two 

different technologies will be pursued. The first is the development of larger 

bore diameter Argon-ion laser tubes. The second is the development of the 

Nd:Yag solid state laser system. 
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a) Argon -ion Laser .Development 

The argon-ion laser used in the prototypes has an efficiency approaching 

10-4. The experience gained in prior work on multi-mode high power argon 

lasers indicates that large bore diameter, 1 cm, discharges are 10 to 30 times 

more efficient than the smaller diameter tubes now being used in the commer-

cially available argon lasers. This is due to the more efficient discharge condi-

tions in the larger bore tubes and the fact that radiation trapping is not the 

bottleneck in depleting the lower laser level in the argon laser. A scheme that 

has been discussed with industry (Mathematical Sciences Northwest·Spectra 

Physics) is to develop a large bore argon discharge tube as an amplifier for a 

commercially available argon laser. The amplifier would be 150 cm long and the 

discharge volume would be filled by the output power of the oscillator which is 

operating in a single mode. Such a system could produce 150 watts of single 

mode power at an efficiency of 5x 10-s. 

b) Nd: Yag Laser .Development 

The Nd;Yag laser system has not been used for precision laser applications 

but, it is enormously more etiicient than the Argon laser, efficiencies in CW 

operation of 2% have been reported in multi mode systems delivering 400 watts 

and higher. These lasers have undergone rapid development in the past few 

____ ____ .. 
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 in this case for space applications. The system being 

tried at Stanford is to incorporate the Nd;Yag gain medium in a ring resonator 

geometry to avoid spatial hole burning and mode competition. 
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The Nd;Yag laser produces 1.06 micron radiation which is suitable for the 

gravity wave experiments and, if need be, green light can be generated by fre-

quency doubling. We have contacted General Electric, the major developer of 

the high power Nd:yag system, and Coherent Technology, who will begin market-

ing the GE lasers commercially during the course of the next year. Both com-

panies are willing to provide components and assistance in developing a Nd:Yag 

system appropriate to the needs of this project. 

9.3. Test Masses and Optical Systems 

One means for establishing feasibility and design of the large-scale anten-

nas will be the development and experimental testing of optical systems, test 

masses, and as far as possible, complete antennas in the 40 meter vacuum sys-

tern at Caltech. In order to make operation of the full-size test masses and 

optics in the 40 meter system simulate as closely as possible operation over a 5 

km baseline, we would plan to fit them with mirrors and mode matching lenses 

having radii of curvature chosen so that the diameter of the beam over the 40 

meters matches approximately the diameter in a 5 km system. The laser bank 

proposed in Section 9.5 can be used to give the same power density on the 

optics as in the large-scale system. It will also enable us to analyze some possi-

ble effects of surface errors in the mirrors, lenses, polarizers, and other optical 

components to be tested. Experimental tests of suspensions and isolation sys-

terns will be performed in the same apparatus, and these will· extend to tests of 

overall displacement noise, including thermal noise in the masses and suspen-

sions and other stochastic noise sources. 

The vacuum pipes in the present 40 meter system are already large enough 

to accommodate the beam diameter required by a Fabry--Perot cavity or other 

compact optical system over 5 kilometers. Larger end tanks are needed to 
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accommodate the more widely spaced suspended optical block and test mass 

structures planned for the large antennas. This would also permit operation of 

the larger size test masses and associated suspensions required for experiments 

at lower frequencies. Additional vacuum pumping will have to be installed to 

permit operation at the lower pressures required for some of the experiments, 

particularly when simulating searches for low frequency gravitational radiation, 

where Brownian noise from residual gas acting on the test masses may be 

significant. 

9.4. :Mirrors 

9.4.1. Fabry-Perot 

The availability of mirrors having very low optical losses is of great impor-

tance for the high performance interferometers planned, as already discussed 

earlier in this proposal. The development of special high-reftectivity 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 should make possible 

the techniques of recycling the light, and use of resonant optical systems to 

enhance sensitivity for periodic signals, described earlier. Currently, however, 

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 
-- - -- ·-·--- ,.;. o ••• ----------------·- -- --- - - -- - ---------- --- ---·--- -- ---- -------- - -------- ----- ---- ---- --- --- --- --------

specially made with a diameter of 4 cm. For a 5 km system with 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 assured by the manufacturers of the mirrors tested so 

far that they can make mirrors of this size using existing equipment and tech-

niques, and envisage no problems in doing this. However it will be important to 

-- -- --- --- -------- _____________ ..............! 



-80-

have some mirrors made of this size sufficiently during the feasibility phase to 

check the losses in practice and to test for coating uniformity and errors in mir-

ror figure which may affect mode matching in simple interferometers, and possi-

bly 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 thermal distortions and radiation damage 

effects. (It is known that the coatings we are using have good resistance to radi-

ation damage, but the power levels which may be involved here can be very 

high). For these purposes we plan to place a contract with the manufacturer of 

our present mirrors for development of the polishing and coating techniques for 

mirrors of this size, and for manufacture of prototype mirrors for testing. Since 

these mirrors are so critical for certain aspects of our project we plan to place a 

contract with another possible source of this type of low-loss mirror, as a 

backup and also to allow comparison with the products of our current source. 

Many of the tests we plan to make on these mirrors will be made with the 40 

mete.r interferometer system at Caltech, upgraded with larger vacuum tanks 

and with pumps for lower pressures, as mentioned in Sections 9.3 and 9.5. 

9.4.2. Michelson 

Mirrors for a first generation receiver using delay line optics would have 

diameters ranging between 20 to 40 inches. The mirror focal length would be of 
-------

the order of the 5 km arm length. In a 5 km system the mirror sagitta for a 20 

inch diameter mirror would be about 10 microns, the mirror is virtually ft.at. 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 equal to 0.1% to allow the optical paths in the two 

interferometer arms to be adjusted to equally. Large wave length surface 
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ripples on the mirror should not cause slope errors exceeding a few microradi-

ans and, finally, the local surface roughness should not exceed 1 /30 of a wave 

length over the dimensions of the Gaussian spot diameters. 

Several mirror manufacturers have indicated that such mirrors can be 

ground, but will be difficult to test (SSG, Perkins Elmer, Itek). The mirrors can 

be coated with conventional multidielectric with reftectivities greater than .99 

(OCLI), but there is at present no plan known to us to perform tests of the ultra 

high reftectivity coatings on such large mirrors. 

The project will purchase two 30 inch diameter mirrors of ULE silica ·for 

test. tests can be performed interferometrically to establish that the mir-

rors meet the specifications. 

9.5. High Power Optical Tests 

A major area of development required of the interferometer systems is the 

step up of their operating power. The large-scale detectors will have input laser 

powers of order 10 watts or more, and with low loss optical systems and possible 

use of recycling techniques, very large circulating light power will result. 

Although others' experience with high power optical systems lead us to believe 

that we can cope with such power levels, further tests and development in this 

critical area are clearly desirable. Radiation damage effects in mirrors, pockels 

__________________ -____ -___ -____ -___ -___ and Qther __ gomponeIJ,ts may..Q!i! __ __ als_!?_!?!'l ________________ , 

technical problems connected with the use of low-noise sensitive photodiodes in 

situations where damaging light levels may occur if the system jumps from a 

dark to a bright fringe - and we plan use of fast-acting electro-optical shutters to 

protect the photodiodes in these situations. All of this requires experimental 

development and testing to establish feasibility and optimum choice of tech-

niques, and we plan to do this using the upgraded Caltech 40 meter system as a 
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convenient test-bed. 

To permit these optical tests to be performed at the required operating 

power levels, we propose to purchase a bank of argon-ion lasers with associated 

single mode etalons, phase locking pockels cells, etc., for use on the 40 meter 

system. These lasers have to be phase locked together and also locked in fre-

quency to our interferometer cavities, so that their outputs may be added 

coherently. We will probably have to build the phase locking system ourselves 

for such systems are not commercially available. The same system can serve as 

a back-up high-power light source for the large-scale interferometers. but we 

anticipate that specially developed lasers will be ready by that time, and they 

would give increased efficiency and reduced operating costs. 
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10. BUDGETARY OF ENGINEERING AND FEASIBIUTY sruDIES 

10.1. Introduction 

The estimated costs of the Engineering Design Phase (engineering design 

and feasibility studies) discussed in prior sections of this proposal are contained 

in this section. The Engineering Design Phase costs are based on an in depth 

assessment of the etrort required to minimize risk in the implementation phase. 

The approach to the Engineering Design is through a Project Otrice, in 

residence at Caltech, representing both Caltech and MIT. The additional support 

required by the Project Otrice to meet it's commitments will be supplied by the 

Jet Propulsion Laboratory. The responsibilities and functions of both of these 

groups were outlined in the preceding section. 

10.2. Engineering Design Phase Cost Estimates 

The Engineering Design Phase of the Project will be used to establish the 

detailed design feasibility of the Gravity Wave Facilities and to do the planning 

and design necessary to transfer from the Engineering Design to the Implemen-

tation phase of the program, if the Implementation phase is approved by the 

National Science Foundation. The input to this design is the result of on-going 

activities at Caltech, MIT and JPL to further refine and understand the estimates 

In addition to these activities, and to minimize overall project risk. some 

prototype testing of potential components for use in the facilities will be under-

taken during the Engineering Design Phase. Specific un,certainties still exist in a 

number of areas and it is felt that evaluating and testing some of these elements 

prior to the award of contracts for implementation is essential. The removal of 

as many uncertainties as possible should reduce the value of the fixed price 
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contracts expected to be awarded and/or reduce system implementation risk. 

The resources estimated for these elements are educated guesses based on 

interactions with a number of potential. contractors; none of them are firm quo-

tations. This prototype testing and its purpose was described in preceding sec-

tions. 

This prototype testing is felt to be prudent in light of some of the existing 

uncertainties, especially our strong desire to award fixed price contracts for the 

implementation of the Facilities. Based on engineering services from Stone & 

Webster, plus the cost of the Project and prototype testing activities, the 

estimated Engineering Design Phase costs in 1984 dollars, are: 

June 1, 1985 to October 31, 1985 

November 1, 1985 to October 31, 1986 

Total estimated Engineering Design Costs: 

$1,000,000 

$5,700,000 

$6,700,000 

Of the requested funds, $2,810,000 is the estimated cost of the Project 

Office and contractor Engineering Design activities. The original (non-binding) 

estimate for the cost of the Engineering Design, by Stone & Webster in 1983, has 

been inflated to 1985 dollars, yielding an estimated cost of $1,150,000, which is . 

included in the $2,810,000. Informal estimates by concerns other than the 
-

Stone & Webster group have been at levels $200,000 - $500,000 above the i.n.fiated 

-ostone rn&"·Webster estimate. 

request that a contingency be included in the funds estimated to be required in 

fiscal year 1986. Any unused contingency will be applied to additional prototype 

evaluations. Our past experience with informal estimates leads us to suspect 

that the formal quotations will be somewhat higher. If the Engineering Design 

contractor assumes that it will be the Implementing contractor - something that 

is not clearly established at this time - then these cost estimates may be 

1. 
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somewhat lower. The uncertainty in how one will handle these issues will be 

resolved before award of the Engineering Design contract, but we will still leave 

open the option of reversing that decision depending on the selected Engineer-

ing Design contractor's performance, both technically and financially. The Sum-

mary Proposal Budgets are given in Section 10.5. 

The total estimated cost of the Engineering Design phase listed above is in 

excess of the original budget estimate because of the detailed planning neces-

sary to establish feasibility and minimize risk. The elements that make up this 

additional cost factor were discussed in the preceding section. Additionally, the 

original estimate assumed that there would be a smaller planning and monitor-

ing effort than is considered necessary for the contemplated facilities. Another 

factor is that, because fixed-price contracts will be used as the primary con-

tracting vehicle, it is vital that the implementation plans be as complete as pos-

sible prior to issuing any requests for proposals to industrial contractors. This 

early planning is essential to preclude subsequent changes which would could 

negatively impact Project resources .. 

An independent estimate of the Project implementation costs will be funded 

in early 1986. This estimate, to be completed prior to initiation of any full-scale 

facilities implementation, will be compared to the estimates developed by the 

Engineering Design Contractor and JPL. Any difference in these estimates will 

·-----.. -. ·Foundatron.· + 
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10.3. PROPOSAL BUDGET IN NSF FORMAT 

'·.·. 
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