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DESIGN
T PROROSED This document is the result of a study of the sengitivity, design

- APPENDICES and costs for a gravitational wave detection system based on inter-

A. Acoustic and Electromagnetically Coupled Antennae in the

Naive Quantum Limit -1 ferometric long baseline antennas. The study was initiated by the MIT

B. Why a Fiber Optic Antenna Will Not Suffice -9 Gravitational Research Group who engaged the engineering: firms of
Arthur D. Little of Cambridge and Stone and Webster of Boston. Arthur
D. Little studied the vacuum syatem design and costs while Stone and
Webster made an evaluation of sites and studied various construction
concepts and their costs. The spirit of the costing exercise was to
fix on a design but at the same time to establish the cost scaling
laws applicable to other designs.

In later phases of the study, the advice and criticiem of the Cal
Tech Gravitational Research Group were sought. Parts of this study
have benefited from this interaction, however the tyranny of the sched-
ule to complete this document have left substantial parts of it with-
out their constructive review.

The principal conclusion of this study is that it is
timely and feasible to construct a gravitational wave datection system
based on at least two long baseline interferometric antennas. The
development could open a new fiald of astrophysics--gravitational
astronomy--with its own unique sources and insights into the universe
and gravitation. The technical ability exists how to extend the search
for gravitational radiation into new frequency bands and to gain
a million fold increase in energy sensitivity over present detection

systems.

iv



Furthermore, there is substantial margin for further improve-
ment in the sensitivity with technical advances as the fundamental
limits for these systems are still many orders of magnitude below
the projected sensitivities.

The positive conclusion of this study may have been antici-
pated. It could have been otherwise: the basic concept could have
been flawed, the technology could have been inadequate, the costs
could have been beyond reasons. None of these appears to be the

case.

1-2

LIGO-P830005-00-R

HISTORY AND OVERVIEW

The concept that gravitation along with all other interactions
in nature propagates with finite speed originates with Einstein and
special relativity in 1905. The formulation of relativistic theories
of gravitation began after the discovery of special relativity and
continues to this day. A central feature of all of these theories
is gravitational radiation.

The choice made in this report and in most but not all priecr
attempts at detection of gravitational radiation has been to focus
on the tensor waves predicted by Einstein in 1918 as one of the
theoretical results of general relativity. These waves are ex-
pected to be transverse with two polarization states and propagate at
the velocity of light. General relativity, by virtue of its simpli-
city and elegance, has been the favored relativistic gravitational
theory since its formulation in 1916. However, the experimental basis
for its acceptance has not been strong, Experiments and observations
performed terrestrially and in the solar system during the past
twenty years have established that in the low velocity, weak field
limit general relativity is a proper description of nature. The
discovery of PSR 1913+16, a binary system consisting of a pulsar
orbiting a neutron star, has been an important element in improving
the experimental basis for general relativity. This system is found
to obey all the dynamical predictions of general relativity at weak

fields and in addition appears to be decreasing its orbital period--



shedding energy-- at just the rate required by gravitational radia-
tion damping as expected by general relativity. This is the first
experimental evidence for gravitational radiation and a strong in-
dicator that the Einstein tensor waves are the right ones to look
for.
The actual detection and the experimental verification of

the wave propertias has not been accomplished. This alone is sufficient

motivation to carry out the search, One might imagine that an
experimantal program similar to the Hertzian experimeats with electro-
magnetic waves, where the source and receiver are under the ex-
perimenter’s control, would be the appropriate method for such a
study. Unfortunately it is just her; that the extreme weakness of
the gravitatjonal interaction strikes hardest. The gravitational
strain amplitudes, the measurable in the Einsteinian tensor waves,

are always of the order
GM v?
h ~ (mz) oZ (1)

where h is the strain, G the Newtonian gravitational constant, R is
the distance to the radiating mass, M, which is moving with velocity,
v. c is the velocity of light. In order to separate radiation from
induction the observer must be in the wave zone at a distance

of the order of the wavelength. For an oscillating system then,

one would estimate the largest wave strains as
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GMw3a2

S 2

where a is the oscillation amplitude of the radiating source at
frequency w. The reader can readily show that the G/c5 factor is
davastating when coupled to the masses, amplitudes and oscillation
frequencies one might contemplate in a laboratory experiment.

Astrophysical phenomena involving the coherent motions of large
masges at relativistic speeds are the sources most likely to give
terrestrially measurable gravitational radiation straina and permit
a study of the wave properties. It is, morecver, just these ex-
treme phenomena that, if they can be made observable, will allow us
to test relativistic gravitation in the strong field--high velocity
limit. A view held by many is that this is the most important
reason to engage the search for gravitational radiation. Implicit
in this view is that signatures in the gravitational radiation may
well be the most definitive means to establish the existence and study
the interactions of black holes with their surroundings,

A review of the astrophysical sources that have been contemplated
is given in this study and the interested reader is invited to turn
to that section of the report. The theoretical predictions indicate that
detection of gravitational waves by the proposed system is entirely
plausible, but by no means guaranteed. In these introductory remarks it
is worth highlighting a more speculative viewpoint which borders on a
truism but is really at the heart of the matter. Should one succeed in
observing gravitational radiation, the chances are éxcellent that
specific and fundamental issues in gravitation will be settled. In

I-5



addition the search itself, as it offers a new probe of the
universe, may uncover totally unexpected phenomena. Both are
exciting prospects and in our opinion make the search one of the
most interesting scientific opportunities of this epoch.

None of the foregoing is intrinsically new except for the
spectacular discovery of PSR 1913+16. Much of this was on the mind
of Joseph Weber when he initiated the search for gravitational radia-
tion using acoustic (bar) detectors1 in the mid 1960s. Setting aside
the controversy raised by the first experiments, it became clear,
after a world wide effort, that nature was not as generous as
might have been indicated in the early experiments. In a broad sense
this realization was the beginning of the search in earnest; the
arguments for carrying out the search remained persuasive, the
sources were just not that strong nor, in hindsight, was it reasonable
to expect that they could have been,

Impressive progress has been made in improving the sensitivity
of acoustic antennas since the pioneering experiments. By lowering
the operating temperature, choosing antenna materials with higher

internal Q and the development of better position transducers coupled

lncouutic datectors are usually longitudinal mechanical resonators
coupled to motion transducers. The gravitational wave induces
time dependent longitudinal stresses in the device which then
responds as a harmonic oscillator to a time dependent external
force.
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to lower noise amplifiers, the strain sensitivity has been increased
by a factor close to a thousand over the last decade. At the present
{(Fall 1983) one cannot make a sharp judgment that these improve-
ments have not uncovered gravitational radiation sources. The best
present system is operating at an rms strain sensitivity of ap-
proximately 10-lB near 1 KHz. Although conventional wisdom holds
that it is unlikely to find sources at this level, the fact is

that there has been no opportunity to run two such antennas in
coincidence to find out for sure.

The hope is that acoustic detectors can be improved by approx-
imately another two orders of magnitude in strain sensitivity before
they may be limited by quantum fluctuations. Considerable theo-
retical effort has gone into analysing whether the quantum fluctua-
tions do indeed impose a hard limit. The consensus is that in
principle they do not but there is arqument whether a practical
scheme to circumvent the quantum fluctuations can be implemented
and, if it can be, what improvements in sensitivity might result.

Our assessment is that acoustic bar antennas are the most sen-
sitive devices with which to carry out the search at present and
they will remain so for the next several years.

"Free" mass electromagnetically coupled antennasz, the central
2E1ectromaqnet1ca11y coupled antennas measure the gravitational wave
induced modulation of the travel time of light between masses that

label points in space. The masses are free at frequencies above

their suspension resonance. The concept is described in detail in the
section of this report on the antenna response functions.



subject of this study, were first considered in the early 1970s
both at MIT and the Hughes Research Laboratories independently.
Although more complex and expensive than acoustic detectors, es-
pecially the low gensitivity room temperature bar detectors of the
early experiments, it was recognized from the start that electro-
magnetically coupled antennas have several desirable properties when
congtructed on a large enocugh scale, The strain sengitivity is

in principle better than that of an acoustic detector by the ratio of
the velocity of light to the velocity of sound in solids. As there
is no reliance on resonance to match the position transducer to the
mechanical system, they are broad band and therefore useful in the
search for all classes of gravitational radiation sources--periodic
impulsive or stochastic. Furthermore if sources were ever to be
uncovered with sufficient signal to noise, electromagnetically
coupled antennas could follow the time dependent wave shapes of

the gravitational wave metric perturbations with fidelity and be a
powerful diagnostic tool in determining the radiative processes

in the source. Finally, the practical realization of an antenna
system designed to meet the sensitivities presumed to be astro-
physically interesting, did not require more than the thoughtful
application of even then current technology if the systems were
made large enough. One might ask why no large project was started?
The answer, simply stated, is that in the early 1970s the time

wasn't right.
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In the mid 1970s the Office of Space Science at NASA encouraged
research in exploring the properties of electromagnetically coupled
antennas deployed in space, using optical techniques to avoid the
index fluctuations of the interplanetary plasma. It was realized
that antennas in space would be able to measure gravitational
radiation at long periods, minutes to hours. This region is inac-
cessible on the ground, but is interesting astrophysically; especially
since this band includes the expected radiation from stellar binaries.
The study of optical léng baseline low frequency antennas is being
carried on at JILA (University of Colorado) and at JPL and hopefully
will be incorporated into the long range plans of the NASA Space
Sciences Program.

By the mid 19705 the concept began to interest othar‘rasearch
groups, especially in Europe, 1In 1974 the Gravitational Research
Group at the Max Planck Institute in Munich, who had carried out the
search for gravitational radiation with room temperature acoustic
detectors, began developing an electromagnetically coupled antenna.
The group then directed by Prof. H. Billing has constructed a 3 meter
long prototype using multi pass delay line optics in a Michelson
interferometer configuration similar in concept to the design at
MIT. 1In the course of their experimental program they discovered
and solved many of the technical difficulties in the practical im~
plementation of the idea. To date, they have demonstrated the best
performance of a prototype electromagnetically coupled antenna; their
instrument is operating at an rms strain sensitivity of approximately
10-16 near 1 KHz. They are now developing a 30 meter version of this
system and hope to go on to longer systems.

1-9



In the later 1970s the Gravitational Research Group at Glasgow
University directed by Prof. R. Drever, who also had been involved
in the search for gravitational radiation with acoustic antennas,
began the development of electromagnetically coupled antennas,

The Glasgow group chose to use Fabry-Perot cavities as the antenna
elements after preliminary experiments with multi-pass White cells
mounted on a split bar acoustic detector. In the course of these
early studies they discovered the problems associated with scattering
of light which had not been adequately recognized earlier.

In the late 1970s Cal Tech made the decision to begin a program
in experimental gravitation, the central focus of which has become
the search for gravitational radiation using elactromagnetically
coupled antennas. Professors R. Drever and S. Whitcomb direct this
effort. The Cal Tech prototype is a 40 meter Fabry-Perot system
which has begun to function this year, The optical design is similar
to the Glasgow instrument, The Cal Tech instrument is at present
the largest prototype to come into operation.

We have learned recently that a group is being formed by A.
Brillet at the Laboratoire de 1'Horloge Atomique at Paris-Sud to
develop a prototype electromagnetically coupled antenna, the state

of this project is not known to us,
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INTRODUCTION TO THE CONCEPT OF AN ELECTROMAGNETICALLY COUPLED ANTENNA

The basic concepts of an electromagnetically coupled antenna
are presented in this section without mathematical encumbrance;
these are left for more detailed presentations later in this docu-
ment.

The fundamental idea is straightforward. The travel time of
light between two objects in free fall,--travelling along geodesics
of the four dimensional geometry of space and time--is modulated
by a gravitational wave. The measurable quantities are the changes
in the travel time. Except for geometric factors, the change in
travel time is equal to the integral of h taken over the travel
time. Since the gravitatjonal wave strain amplitudes are expected
to be small and there are as yet no time standards of the requisite
stability, the difference in travel time of light propagating in
two orthogonal directions is measured. This technique applies
specifically to the polarization states of the Einstein tensor waves
which have strains of opposite sign in orthogonal directions transverse
to the direction of wave propagation. The relation between the
measured time difference and h is primarily a function of the total
time the light spends in the gravitational wave, this time is
referred to as the storage time. And, except for subtleties, a single
long light path is equivalent to the sum of many shorter ones.

In simple geometries nothing is gained if the storage time is larger



than 1/2 the gravitational wave period. Ag pointed out by Drever,

this need not be a limit if the gravitational wave is periodic, for

it is then possible to accumulate time differences for storage times
larger than the gravitational wave period providing that one ar-

ranges the light beam to oscillate between the two orthogonal directions
in synchronism with the gravitational wave period.

In practice, the time difference is not measured directly but
rather the difference in phase of two light beams having traversed
the orthogonal paths is measured interferometrically, The condition
that the system be insensitive to clock instability is satisfied
by making the optical paths in the two orthogonal directions equal.

The smallest gravitational wave strain measurable is determined
by a host of perturbing effects which are broadly organized in two
groups; those that limit the ability to measure the time {or phase)
differences and those that compromise the assumption that the masses
are truly free and unperturbed. A few of the effects are fundamental
and others can be reduced by sound engineering practice. The influence
of all effgcts that perturb the masses is reduced by increasing the
physical length of the antenna.

A fundamental limit is imposed by quantum fluctuations which
effect both the ability to measure the time differences and cause a
perturbation on the masses. The limit can be analyzed heuristically

much like the Heisenberg microscope but with many photons and macro-

1 -12

LIGO-P830005-00-R

scopic masges. It can also be viewed as an intrinsic quantum diffusion
process. The limit is reduced by increasing the mass and the physical
length of the antenna, As with the quantum limit for acoustic da-
tectors, there is speculation that the guantum limit is not really
fundamental but in the case of electromagnetically coupled antennas
this argument is at present more academic both because the strain
limits are so much lower than for acoustic detactors and that, in

the firgt generation of Large baseline electromagnetically coupled
antennas, the other perturbing effects are expected to be larger

than the quantum limit.

Time dependent gravitational gradients from distant sources,
induction fields rather than radiation, are indistinguishable from
gravitational waves in only one antenna and could be considered as
imposing a fundamental limit. These are estimated to be very small
in the frequency bands open for the search on the ground.

Laess fundamental but at present more influential noise sources
are thermal excitations of internal modes in the masses at high
frequencies and low frequency motions in the suspension system that
support the masses. These are reduced by using low loss (high Q)
materials and could be further reduced by cryogenic operation in
future refinements of long baseline antennas. Thermal noise does

not play the same crucial role in determining the limit of electro-
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technical improvements.

magnetic antennas as in the acoustic types because one does not work
The ability to measure a small time difference (phage shift)

on the resonances and the noise is reduced by increasing the antenna
is determined by the photon counting statistics at the photo detectors—-

length.
the shot or Polsson noise--. The gravitational strain limit imposed

Ground noise (seismicity) and acoustic vibrations communicate
by this noise is reduced by increasing the circulating light power

forces to the masses through the suspension. The noise becomes more
and the light storage time in the antenna, in effect increasing the

influential at low frequencies because the excitation spectrum grows

transducer gain.--the change of intensity at the photo detector
at low frequencies and vibration isolation systems become more diffi-

per change of phase difference. When the power and storage time are
cult to implement at low frequencies. The reduction of this noise

increased to the point where the uncorrelated light pressure
source requires more subtle engineering in electromagnetic than acoustic

fluctuations on the masses become measurable, one has attained the
antennas primarily because of the intent to extend the search to

quantum limit. At present and in the prospects for the first long
lower frequencies. The influence of this noise term also reduces

baseline system, the light powers are sufficiently low that the
with antenna length.

Poisson noise is expected to dominate at high frequencies, The

A list of less significant perturbations on the masses includes
Poigson term in the low power limit does not depend explicitly on

the influence of time varying electric and magnetic fields, the
the antenna length but rather on the storage time, so that it is
momenta imparted to the masses by cosmic ray impacts, thermal
. possible to reduce its effect by multiple reflection. One should
gradient driven gas pressure forces, radiation pressure variations
bear in mind, however, that to gain a long storage time in a small
dus to amplitude fluctuations of the light source, made evident by
antenna requires many beam transits which impacts on the complexity
optical or mechanical unbalance in the sygtem. All of the above
and quality requirements of the optics.
phenomena are discussed in later sections of this report. And all
Other noise terms effecting the abilit to measure 11 phas
are reduced by increasing the length. 9 Y small phase
(time) differences include: laser f d 11 -
Noise terms that limit the measurement of the time (phase) requency and amplitude fluctua
) tions, the effect of light scatterin the interacti f ant
differences, the equivalent of the system transducer noise, are also ! 9 ek nteraction of antenna

divisible into fundamental terms and those that are reduced by
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SOURCES OF GRAVITATIONAL RADIATION

misalignments with laser beam position and angle fluctuations.

None of these effects are fundamental and their importance is a 1.0 Introduction
strong function of the specific optical design. Different designs In this section of the report we present a review of the possible
deal with these terms in varying ways as will become clearer in the sources of gravitational radiation and of the nature of the signals
section describing the prototype antennas. they would produce. We will express the strength of the signal in terms

A factor common to all designs is the necessity of a vacuum of h (=2 AL/L), the value of the metric perturbation (strain) at the
system. This requirement is driven by both classes of perturbing antenna.
effects. A vacuum is needed around the masses to: reduce acoustic Gravitational radiation is produced by the time-varying gravi-
noise coupling, eliminate thermal gradient forces driven by gas tational field of a massive system. Monopole radiation is forbidden
pressure and to reduce gas damping which introduces thermal noise. by the conservation of energy, while dipole radiation is forbidden by
A vacuum is also required along the light paths to reduce index of the conservation of momentum and angular momentum. Thus the lowest
refraction fluctuations due to acoustic excitation and the funda- order of gravitational radiation allowed is quadrupole radiation.
mental thermally driven statistical column density fluctuations of For most systems, this order dominates the gravitational luminosity,
a gas at equilibrium. in which case the luminosity is given approximately by

L= SS <g2>

where 6 is the third time derivative of the reduced guadrupole moment of

the mass distribution. The flux at a distant point is given by
L
F=f (8,¢) 4"62'

where D is the distance to the source and f(0,¢) is the radiation
pattern (of order unity). The metric perturbation h is related to the

flux by

[r-1



The chain of reasoning in making predictions about possible
gravitational wave signals takes the following form: The astro-
physicist considers a kind of source, and from a study of its dy-
namics is able to calculate the strength and temporal or spectral
character of the gravitational radiation which it emits. (Often it is
the cagse that the difficulty of this task lies less in the subtleties
of general relativity than in the complexity of astronomical systems.}
In addition, it is necessary to estimate the rate of occurrence (or
density) of such sources in some fiducial volume, say a galaxy. For
impulsive sources, one calculates a maximum likely signal strength
by assuming that the source is located on the surface of a sphere
(centered on the antenna) large enough to contain one event per month
(or year, or however long an experimenter is able to wait). For
periodic sources, one assumes the source is approximately n_l/3 away
from the antenna where n is the number density of sources. Of course,

for known individual objects one uses the true distance away. The

duration and frequency content (i.e. characteristic fregquency, bandwidth)

determine to some extent the experimenter's design of his apparatus

and data analysis strategy. The expected signal strength, when compared
with instrument noise levels, indicates whether it is likely that a
successful detection can be made. Unfortunately the uncertainties

in all of the dimensions of these predictions are large, so only very

general guidance can be drawn from them.
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2.0 Neutron Star Binaries

Binary stars are the commonest astronomical systems, Cal-
culation of their gravitational radiation is almost trivial. Every
known binary, however, has such a long period that the gravitation-
al wave signal is far outside the passband of any terrestrial anten-
na. Among the shortest periods are Am CVn at 18 minutes and WZ Sge
at 81 minutes. Sources such as these could only be observed by an
antenna in space, free of the seismic disturbances of the terres-
trial environment. It is unfortunate that these sources will remain
beyond our reach for some time, since by their very simplicity they
allow the cleanest possible test of the general relativistic prediction
of the strength and polarization of gravitational radiation.

There is one particularly noteworthy binary system, PSR1913+16.
This is the famous binary pulsar consisting of two 1,4 H. objects,
one certainly a neutron star and the other almost certainly one.
Although not as strong a radiator as the binaries named above, the
high quality clock provided by the pulsaf allowed Taylor and his
coworkers (see Taylor and Weisberg 1982) to demonstrate the decay of
the orbit due to gravitational radiation reaction forces, This is
the first and only time that the existence of gravitational radiation
hag been demonstrated empirically, a fact which puts the entire field
of research on a much sounder basis than it was only a few years ago.

For the purposes of this discussion, however, PSR1913+16 plays

the humbler role of prototype of a source of high frequency gravi-
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tational waves, the rapid final decay of a double compact binary due

to strong gravitational radiation reaction forces (PSR1913+16 itself
will not suffer this fate for another 10e years). The burst of gravi-
tational radiation from a pair of neutron stars was studied in detail
by Clark and Eardley (1977). Depending on the parameters of the

system (chiefly the masses of the two neutron stars) the system may
either suffer immediate tidal disruption of the lighter neutron star, or
may undergo a brief (around 1 sec) period of stable mass exchange

from the lighter to the heavier star before ultimate disruption. In
either case the signal is a "chirp", with rising frequency and strongly
increasing amplitude for a few tens of milliseconds until the system
reaches minimum separation, followed by rapidly decreasing amplitude
and frequency. The typical maximum frequency for neutron stars near

1 H. is below 1 kHz. The maximum amplitude is of ordér h-lO_21 for

a distance of 15 Mpc (distance to the Virgo Cluster). This corresponds
to several percent of the rest mass radiated away, a rather high ef-
ficiency. The decay shohld yield a detectable signal even earlier than
the final 10 msec, even though the amplitude of the emitted wave is
lower. This is because the extra integration time available earlier
outweighs the lower amplitude (which scales as t_l/q, where t is the
remaining lifetime). Thus, the highest signal to noise ratio is
available at the lowest observationally feasible frequencies.

The question of the rate of such decays was addressed by Clark,

van den Heuvel, and Sutantyo (1979). Their argument is simple and

11-4
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rather crude. Some fraction of order unity of all supernova events
lead to pulsars, and of 315 known pulsars (in 1979) one was a binary
pulsar. They use Tammann's (1977) value of 1 supernova per 1l years
in the Galaxy (thou,ut by most workers to be around a factor of two

too frequent) to arrive at a rate of formation (equal to rate of

decay) of 2.9'10—‘/yr in the Galaxy, within a few factors of two.

For the total number of events within a sphere of radius D>10Mpc they
give r=3.2'10-3(D/10Hpc)3/yr, where a Hubble constant uo-loo km/sec-Mpc
was assumed. To see around 10 events per year we must see to distance

of 150 Mpc, where maximum amplitudes are around h=10-22.

3.0 Supernovae

In many respects the most popular prospective source of gravi-
tational waves has been the collapse of a neutron star in a Type
II supernova. It was the prediction that as much as 1\ of the rest
energy of the resulting neutron star would be liberated as a 1 msec
pulse of gravitational radiation that encouraged much of the work on
bar detectors in the past decade or so. Theoretical estimates of the
efficiency of gravitational wave production have shrunk, some estimates
dramatically so. The problem is that the physics of the supernova
event is extremely complicated, so that it is difficult to make firm
predictions about the relevant quantities such as the size of the

quadrupole moment and its time derivatives. The most detailed numerical



calculations of the course of a supernova event even explicitly make

the assumption of spherical symmetry for economy of computation.

Saenz and Shapiro (1981 and references therein) have pursued a different
approach, studying the collapse of a homogeneous ellipsoid which is
endowed by hand with the physical properties to agree with the detailed
spherical models. The mechanism for gravitational radiation from a
supernova may be summarized as follows: A massive star produces a

core of roughly 1 M. which has burned to iron., Above a density of
d'loggm/cm3 the electron pressure which has supported the core is re-
duced abruptly as the core becomes partially neutronized. The collapse
which is thus initiated is reversed in a sudden "bounce” once the core
has collapsed to nucktear densities, around 3'10149m/cm]. If the collapse
is not spherically symmetric, then the bounce is responsible for a large
value of ¥ and hence a burst of gravitational radiation. Depending on
the degree of damping the first bounce may be followed by several
others.

If the departure from spherical symmetry is due to rotational
flattening, then the output of gravitational radiation depends on the
angular momentum of the collapsing core. For the energy released in
the first bounce, Saenz and Shapiro find dEﬂJ“, with a peak dE=10—4Mc2
at J-3'104Berg—sec. (For higher J, see discussion below). The Crab
pulsar has J-2’1047 erg-sec, although its angular momentum may have
been much higher at birth. 1In the lower J region, however, Saenz and

Shapiro find that the eccentricity grows during succeeding bounces at

such a rate that when all bounces are included the gravitational wave
output has been substantially enhanced, For the J=1048erq—sec

cores, the damping is strong enough so that the effect is negligible.
A core with the Crab's'present angular momentum would radiate more than
]‘10.6 of its rest mass away gravitationally. This corresponds to a
peak value of h-lO-22 at the distance of the Virgo Cluster. Muller
(1981) reports on another set of calculations which treat rotational
flattening non-perturbatively, which gives energy efficiences toughly
an order of magnitude lower than this (*3 lower in h), These models
treat the microphysics in more detail than Saenz and Shapiro. It is
not clear whether the difference is due to this sophistication, or
merely due to different choices for the poorly known nuclear dengity
equation of state.

The case for J>1049 erg-sec suffers from a nearly total lack of
consensus on even the qualitative features of the collapse. The re-
cent discovery of PSR1937+214 with a frequency of 642 Hz and J=5‘1048
erg-sec has given new life to the dispute. Saenz and Shapiro argqued
that above J=1049 erg-gsec centrifugal forces would resist gravitational
collapse, prevgnting the star from reaching the high density state
where gravitational radiation is strong. Clark and Eardley (1977)
raised the possibility that such strong centrigual forces would cause the
core to break up, perhaps only into two pieces, in which case their

calculation for the decay of a neutron star binary would predict gravi-

tational radiation efficiency around 10—2. Endal and Sofia (1977)
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performed stellar evolution calculations which indicated that the core
would have retained enough of the angular momentum from its value on
the main sequence to cause either fission or a strong non-axisymmetric
distortion. 1In the latter case also, gravitational radiation efficiencies
approach 1072 (Miller 1974). On the other hand, Hardorp (1974) uses
evidence from the observed rotation of white dwarfs and neutron stars
to argue that some more efficient mechanism for angular momentum loss
than was considered by Endal and Sofia must exist. Thus the question
of whether to expect efficiencies nearer 10—2 or 10_6 remains in
dispute. Still, it should be borne in mind that J-1049erg-nec is a
very small fraction of the angular momentum of the parent star, so
that unless the angular momentum transfer mechanism is highly efficient
(on the short time scale of the collapse), then the most reasonable
expectation is that rapid rotation of collapsing cores is the rule,
rather than the exception.

The supernova event rate in a galaxy comparable to the Milky
Way is believed to be around 3 to 4'10-2/yr, approximately equal
to the estimated pulsar birthrate, (This agreement is somewhat sur-
prising since Type II supernovae make up only half of the supernovae,
and it is believed that gravitational collapse is not a result of
Type I events. Perhaps the discrepancy can be reconciled if pulsars
can alsc be made by the collapse of "bare cores” which don't produce
a bright flash of light. See the review by Trimble (1982) for a dis-

cussion of these points). A heliocentric sphere which includes the

oy e
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Virgo Cluster must be searched to find more than one event per year,

For efficiencies in the range 10—2 to 10_4, this yields h-.l.o_21 to

10722,

Another mechanism has been proposed for radiation from collapsing
supernova cores, namely radiation from the anisotropic emission of
neutrinos during collapse. Epstein (1978) estimated the strength of
such radiation, which should have a charatetisgic frequency of 100 Hz
or below. For the case of low eccentricity he gives an efficiency
estimate more than eight orders of magnitude lower than Saenz and
Shapiro. If the eccentricity of the neutrinosphere is comparable to
the eccentricity of the core, then the gravitation radiation flux due
to the neutrinos may become comparable to that due to the bouncing
core itself. Howaver, it is likely that the eccentricity has been
damped to a low level by the time of neutrino emission (Thorne ia

Epstein and Clark 1979).

4.0 Pulsars

The pulsars which are the product of supernovae have themselves
been considered as possible sources of gravitational radiation.
The signal would consist of line radiation due to the rotation of the
(presumably) non-axisymmetric neutron star. Thus, although the
origin of the radiation is also ultimately due to stellar collape,

the signature of the signal is radically different,
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A simple model of a pulsar is a 1.4 Ho neutron star of radius
10 km, and moment of inertia I-lO‘sgm-cm2 rotating with frequency
f. The pulsar is slightly deformed from axisymmetry. The gravi-

tational radiation luminosity of the pulsar can be shown to be

288 G

- €2y2 6
L 35 o3 eI (2nf)

where Ea is the equatorial ellipticity. (See Ostriker and Gunn
1969). It is this last parameter that is poorly known. A reasonable
minimmon value is the distortion due to the dipole magnetic field.

This can be estimated using the relation

Enaggetic 2g! ~12

o Bgtavitational Ta T
ifr B-lo12 gauss (typical of most pulsars). Then L-lOJoergs/aec(f/lkHz)s.
The equivalent value of h-3'10-31(f/lkHz)z(IOkpc/D). If pulsars are
born rapidly rotating then there should be several of the most recent
pulsars with such an amplitude present in the galaxy at any time.
This rapid rotation question is exactly the same one involved in the
arqument about the strength of the gravitational wave burst from a
supernova. If glow rotation is the norm the signals will be substan-
tially weaker, due to the fz dependence of h.

{Note that the one known fast pulsar, PSR19374214, apparently
has an anomalously low magnetic field (108 gauss) as determined by its
period derivative. If its distortion is due to magnetic stresses, its

gravitational luminosity is probably nearer lollerqs/sec, for a value
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of h-10_39. It has been proposed that the rapid rotation of this pulsar

is due to its having been spun up as it consumed a low mass companion
star (Alpar et al., 1982). So the debate about the initial angular
momentum of collapsing stellar cores rages unabated).

In the model discussed above, the gravitational radiation is mono-
chromatic with a frequency 2f, since a prolate spheroid rotating about
a short axis has the same appearance ( = quadrupole moment) every half
cycle of rotation. 2Zimmerman and Szedenits (1979) studied slightly
different models which yield more complicated signals. They imagine
that the pulsar is a rigid body whose shape is not necessarily deter-
mined by the stress due to the currently measured B-field, but may
be a "fossil”. One simple shape is an oblate spheroid rotating about an
axis inclined by an angle 8 to the principal axis with the largest
moment of inertia. If 8=0, the gravitational radiation is zero, but
if BI 0 the body precesses (or wobbles) about the angular momentum
vactor. Then, in addition to radiation at frequency 2f, there is ra-

diation at the fund tal freqg y £, which is dominant if 6 is small.

Zimmerman and Szedenits also consider a more general triaxial body,
which produces radiation at 2f and at two frequencies ft = (lie)f,
where e is a measure of the equatorial ellipticity. Thus there is po-
tentially a fair degree of complexity (or interest) to the signal
from a pulsar.

The most important aspect of the "rigid body" pulsar models

is that they can lead in a natural way to much stronger gravitational
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radiation than is predicted in the magnetic stress models. Consider
a neutron star spinning at frequency f. If it were fluid, it would
assume the figure of an oblate spheroid, with an oblateness given by

1,71 15 (2nf)?
= g = 167 Gp

1

where I1 is the equatorial moment of inertia, and I3 is the polar
moment of inertia (Goldreich 1970). The equilibrium figure of the solid
neutron star is this shape. Now imagine that a small torgque on the
neutron star causes the angular momentum to shift by an anglef from the
polar axis of the rigid figure. Zimmerman (1978) gives the amplitude

of the gravitational wave emitted by such a star as

2.
h = g‘ 2115(2If) 8iné

r

The amplitude scales as Ed, because of the frequency dependence of
the oblateness. The oblateness of the Crab pulsar (f=30Hz) is 2'10—4.
The gravitational wave amplitude at the Earth should be 2.5'10—2ssin8,
which is substantially larger than the signal due to the magnetic
distortion, unless the angular momentum is very precisely aligned with
the principal axis of the star. Observation of the constancy of the
pulse shape rules out sin6>0.1, but sin8=0.01 is probably allowed.

For the fast rotator PSR1937+214, the oblateness equals 0.23,

0

implying a gravitational wave amplitude of h=.‘i'].0-2 sinB. The other

rapidly rotating pulsar, PSR1953+29, with f=160Hz (Boriakoff et al. 1983),
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should have an amplitude hxl‘lo-zzsine. Unfortunately, it is unlikely
that these short period pulsars will be seen radiating by this mechanism.
The gravitational radiation reaction force acts in such a way as to
cause sinf to vanish, without affecting the angular velocity about the
principal axis (Eardley 1982). The ratio of the gravitational lumi -
nosity to the kinatic energy reduction due to alignment gives a char-
acteristic time, which is independent of sin8, but which is proportional
to E—B. For f=lkHz, this time is approximately 40 msec, while for
£=100Hz the damping time is about 1 month, Thus unless these pulsars
are being continually perturbed, they ought to be nearly perfectly
aligned, and hence invisible. For the Crab, the damping time is

1.5‘103 yr, about equal to its age.

A real neutron star may in fact be triaxial. It is difficult to
predict how strongly it may be distorted, although in principle an
upper limit could be set by requiring that the internal stresses in
the rotating star be smaller than the (poorly known) yield stress of
the stellar material. Lacking an argument along these lines, one
notes that in this case, as in the case of the prolate magnetic dis-
tortion, the emission of gravitational radiation will cause an observable
slowdown in the rate of arrival of radio pulses. For the case of the
fast pulsar, PSR1937+214, the limit on the period derivative yields
an upper limit to the strain amplitude of h=3‘10‘27, assuming neg-

ligible braking due to the emission of electromagnetic radiation.
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Wagoner (1983) has described a mechanism for gravitational radia-
tion from a low magnetic field neutron star (like PSR1937 +214) which
is in the process of being spun-up by accretion from a companion
star. As the neutron star acquires angular momentum it reaches a point
where it becomes unstable to the emission of gravitational radiation.
That is, gravitational radiation reaction forces drive a non-axisym-
metric distortion which in turn enhances the gravitational radiation.
This instability is damped by viscosity in the neutron star, so that
a steady-state is attained. For the magnitude of viscosity belleved
to characterize neutron stars, it is anm = 3 or 4 distortion {rather
than the m=2 quadrupole) which is most likely to be excited. The
gravitational radiation will be emitted at £=500¢ 300Hz, with an

amplitude given by

-27 1kpc  lkiz X |
h = Ixl0 (—DE)( - )% Ly n*

‘10 Bergscm-Zsec” ' *

where LY is the X-ray flux (proportional to accretion rate).
-8 2

Ly-lo ergs/cm -sec is characteristic of galactic X-ray

sources which are believed to be powered by accretion onto a

compact object.

5.0 Black Holes

A potentially strong source of gravitational radiation is the
birth of a black hole by gravitational collapse, or the collision of
two black holes already formed. The difficulty with predicting signals

from this kind of source is that there is no equivalent of PSR1913+16
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to serve as a prototype. There are two known objects, Cygnus X-1

and IMC X-3 (Cowley et al. 1983), which are considered candidate

black holes, because they seem too heavy (around 10 Ho) to be anything
else as dim. Much less secure arguments are advanced for the existence
of a 109 M. black hole in the center of the giant elliptical galaxy

M87 (Young et al. 1978). Indeed, the violent motions of ionized gas
clouds inthe center of our Galaxy are believed by several workers

to be due to a 106 Ho black hole, although recent detailed
modelling has called this 1nterpretati§n into question (Lacy et al.

1982)

From the theorist's point of view, massive black holes would provide
a natural explanation for many of the properties of active galactic
nuclei (Blandford 1979). Indeed, Rees (1978) considered the possible
evolutionary paths for the dense central regions of galaxies, and found
many ways to form black holes, only a few ways to avoid forming them.
But many skeptics remains unconvinced that black holes exist. Cer-
tainly there is no reason for confidence in any prediction of the rate
of black hole events.

The collision of a pair of black holes is a kind of source which
is a cousin of the neutron star binaries. Detweiler and Szedenits
(1979) used perturbation theory to study the gravitational radiation
from a test particle falling into a Schwarzschild black hole. They

find that the amount of rest energy converted into gravitational
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waves is roughly dE-A(Hl/Hz)H1 where Hl is the mass of the test
particle, M, ig the mass of the black hole, and A is a constant of
proportionality which depends on the orbital angular momentum.
For J=0, A is of order 10-2, while for J>H1H26/c, A can exceed
10°l. Smarr (1979) finds that a similar formula applies in the
limit that HI-HZ'

Thorne (1978) describes the sort of signal produced by a
generic black hole event (birth or collision). The signal probably
consists of a burst caused by the initial collapse or approach, fol-
lowed by damped normal-mode ringing of the resulting black hole.
The characteristic frequency is llkHz(H/H.)-l, and the ringing
probably persists for several periods., If the efficiency dE/Hc2 is
around 0.1, then the asplituds of the signal is h=2+102° (1Mpc/D) (WM ).

The remaining facts needed to make a prediction of signal strengths
are the densities of the populations of black holes of various masses.
It is here that our knowledge of astrophysics fails us. It is certainly
not possible to rule out zero demsity for all masses. The models which
are considered most plausible at any given time are subject to the whims
of astrophysical fashion (which is not to say that our current beliefs
are necessarily wrong). A popular model for globular cluster X-ray
bursters used to be a 103 H. black hole sitting at the cluster center

accreting stars. The formation of one such black hole per globular

cluster par Hubble time gives around one event per year in the nearest
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500Mpc {Thorne, in Epstein and Clark 1979), with h=severa1'10_20.

Current models of bursters invoke neutron star binaries instead of
black holes (see the review by Joss and Rapaport 1983), so there is

no longer a strong justification for this estimate of the rate of black
hole events. But that does not mean that there can not be such events,
if there exists a similar number of black holes hidden elsewhere.

such black holes may exist, for example, in the non-luminous halos of
galaxies which dominate the mass of the universe, or in the cores of
galaxies. Our ignorance on this subject is too vast to make confident
predictions, yet the opportunities for a far-reaching discovery are

nowhere greater than in the case of black holes,

4.0 Stochastic Backgrounds

One can imagine searching for a stochastic background of gravi-
tational waves in addition to impulsive signals and periodic signals.
Operationally, a stochastic signal has roughly constant amplitude (not
impulsive) and a broad continuous spectrum (not periodic). Pre-
dictions of the possible strength of stochastic gravitational waves
are evan less secure than predictions of the strengths of other kinds
of signals. Certainly one way to make a stochastic background is

to superpose the signals from enough scurces so that they overlap,

either in time if they are bursts, or in frequency is they are periodic.

For the sorts of sources considered previously, the signals become

stochastic aonly at very low valuesof h.
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One possible source which appears interesting is the super-
position of the signals from the collapse of the purported super-
massive Population III stars which may make up the "missing mass”.
Carr (1980) considers several scenarios in which short-lived stars
of mass up to 103M. are created, subsequently dying by strongly asym-
metrical collapse to form black holes. Depending on the time of forma-
tion and the mass distribution, the characteristic frequency of the
rasulting gravitational waves can vary throughout (or even beyond)
the range 1Hz to lkHz. The energy density allowed in the resulting
gravitational wave background may range from 10-4 all the way up to
10_1 times the closure density of the universe, The corresponding

2 to 10’-21 near lkHz, or 10 times

values of hrnu vary from 3*10°
larger if the characteristic frequency is 100 Hz. The likelihood that
the missing mass is in supermassive black holes is, at the moment,

a question to be answered only by personal inclination. Put more
positively, the search for a stochastic gravitational background provides
a unique means to search for a possible component of the universe which
would be otherwise invisible.

Another source of stochastic gravitational waves could be strong
anistropy in the initial conditions of the Big Bang, or quantum
gravitational proccsueé which occurred at the Planck time (10’-43 sec
afterwards). Our understanding of the physics involved is sc poor that

prediction of the strength is futile. Carr (1980) points out that the

energy density in such a primordial background is constrained by the
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success of cosmic nucleosynthesis calculations. In order not to
spoil this success, the energy density in primordial gravitational
waves must be small compared to the energy density in the cosmic
{microwave) background radiation, around 10-'4 times the closure

density.

7.0 Discussion

The review given above has addressed quite a few individual
source models, with some attention given to technical issues which
1imit our confidence in our understanding of the sources. Several
points need to be stressed, independently of any particular model.

1. Although the predictions have large uncertainties, reflecting
our ignorance of important aspects of astrophysical processes, there
are many reasonable arguments which do predict detectable amounts of
gravitational radiation. Indeed, one might consider the uncertainty
as a virtue, for it shows how much there is to learn from the study
of gravitational radiation. Actually making the gravitational wave
measurements is the best way to learn about stellar collapse, for
example.

2. The models considered by most theorists span only a narrow
range of the space of possible sources. Note that the three best studied
sources (supernovae, pulsars, and compact binaries) all involve, either
directly or as an immedlate antecedent, the gravitational collapse of

1 HD to a neutron star. It is not that this is the only chain of

11-19

LIGO-P830005-00-R



events that can lead to production of gravitational waves. It is
just the only well-known process.

3. wWhen gravitational waves are finally detected, it will open
a whole new window on the universe. To use a phrase of Thorne's (1982),
the information carried by gravitational radiation is nearly "ortho-
gonal™ to that carried by electromagnetic radiation. This is true in
the sense that electromagnetic radiation is usually generated as the
superposition of a multitude of atomic processes, while gravitational
radiation can only be produced in large amounts by coherent motions of
large masses. Furthermore, the collapsing core of a supernova is obscured
by the envalope of the star which has a great optical depth. The
collision of two black holes may take place in the absence of sufficient
gas to generate substantial amounts of light. Thus, we can expect
not only to see more clearly into processes we alraady know about
{such as stellar collapse), but also to be made aware of phenomena
heratofore completeiy hidden.

4. The surest way to make new discoveries is to employ radically
new means of looking at the universe. The early days of radio astronomy
and X-ray astronomy were so exxiting at least in part because the ap-
plication of new technology revealed phenomena whose existence had
barely been dreamt of. (This has been discussed recently by Harwit
1981). The next generation of gravitational wave detectors will achieve

more than five orders of magnitude improvement of sensitivity (in energy)
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over the best presently operating detectors. In addition, the search
will be extended from a few extremely narrow frequency channels to the
entire band from 30Hz to several kiloHertz. This is not merely in-
cremental progress, but a brand new opportunity for discovery.

5. The detection of gravitational waves remains the single
most important task of experimental relativity. The existence and
nature of gravitational radiation is a prediction of Einstein's which
has remained unconfirmed for over half a century. As Eardley (1982)
has pointed out, the current state of this field of research is
analogous to the state of particle physics between the demonstration
of the necessity that the neutrino exist (the analog of Taylor's
important work) and the actual physical detection of the neutrino
itself. We cannot claim to understand gravity until we have detected

gravitational waves.
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Summary of Predicted Gravitational Wave Signals

The following three diagrams show the expected signals from the

models of sources which we described in the text.

Figure 1, Impulsive Sources: The range of expected signal

strengths from a supernova event in the Virgo Cluster is represented

by the crossed error bars just above 1 kHx. The center is the "stand-

ard model™ of Saenz and Shapiro (1981). The high J, high efficiency
models give results near the top of the vertical bar in the case of

a non-axisymmetric distortion of the core, or near the corner marked
"binary fission™. An upper bound on the signal due to the expanding
cloud of neutrinos in the explosion is marked near 50 Hz (see Epstein
1978). The evolving signal from the destruction of a palr of neutron
stars, following Clark and Eardley (1977), is labelled "1 H. Compact
Binary."” Tha binary is assumed to be 150 Mpc away, sufficient for

1 svent per month. The point marked "t = 0" represents the final 10
msec burst of radiation, while the amplitude and frequency of the
signal at earlier times are mafked "t =1 sec”, "t = 1 min”, and

"t = 1 hr". Note that better signal to noise is available at the

earlier stages due to the longer integration times. Finally, the

signals from black hole formation events are plotted, based on the work

of Thorne (1978). 1In the mass range 102 H. to 104

assumed is 500 Mpc, while in the range 105 Ho to 107 H0 the strength

HQ the distance

is plottad as if the black holes formed at the epoch of peak quasar
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activity, z =2.5.

Figure 2, Periodic Sources: 1In the bottom right hand corner of
the diagram are plotted the expected signal strengths from four
well-known pulsars and one hypothetical one, under the assumption
that the only departure from spherical symmetry is that due to the
stress of the dipole magnetic field. The stronger estimate of
Zimmermann (1978) for the Vela and Crab pulsars is labelled "wob-
bling." Wagoner's (1983) prediction of the signal from a neutron
star spun up by accretion to the point of instability is plotted
near 500 Hz. At f=0.2 Hz appears the signal from a binary pair of
neutron stars one year before collision (Clark and Eardley 1977).
Finally, at low frequencies are plotted the signals from several
well-known binary star systems, including the radiation (in several
harmonics) from the highly eccentric orbit of the binary pulsar
1913+16 (tabulated by Douglass and Braginsky in Hawking and Israel,

Einstein Centenary Volume, 1979).

Figure 3, Stochastic Background: The graph shows the amplitude
of a stochastic background with an energy density of either ].0-l or
10_4 times the closure density of the universe. The quantity
plotted is the amplitude at a given Erequéncy, under the assumption
that all the energy is concentrated in a bandwidth equal to the fre-

quency. The value of fi= 10~ 7 is the limit on primordial backgrounds

set by the success of nucleosynthesis calculations. Non-primordial
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backgrounds may contain up to 1/10 of the closure density,

according to Carr (1980).
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RESPONSE OF A FREE MASS INTERFEROMETRIC ANTENNA TO GRAVITATIONAL

WAVE EXCITATION

The approach taken here is purely kinematic, the antenna masses
are assumed to be free following unconstrained geodesics. 1In the
gravitational wave metric perturbation, the measurable is the travel
time of light between the masses. For simplicity of the algebra,
the gravity antenna arms are laid out along the x and y axes in the
antenna reference frame. The central mass is at the origin. A plane
gravitational wave propagates through the antenna structure at a polar
angle 6 and azimuthal angle ¢ measured in the antenna frame. The

gravitational wave polarization is defined in the wave frame, the primed

frame, as
0 0 1]
’ 0 h{z',ct) 0
Perturbation =
0 0 -h{z',ct)
4] ] 0

A general polarization state is specified by rotation 1 about
the wave propagation direction, z'.

The perturbation metric in the antenna frame is a symmetric
tensor with the following independent components:

2
h11 = h{§,ct} [cos2f (cos ¢ - sinzo c0529 } - sin2Qsin2¢cos8])

2
h22 = h(¥,ct) [cos2f (sin"¢ - cosz¢ coszﬂ ) + sin2flsin2¢cos8]
h33 = -h(f,ct) [sin26c052ﬂ]
h21 - h12 = h{f,ct) lcos2Qsin2¢ + cos2¢sin2{lcos0)
h23 = h32 = h{f,ct) sin® [sin2flsing - cos2ficos¢cost)

IT1-1

¢ is the transformed propagation vector with components
9 = sinfBsind® - sinfcosdd + cosb?

Note that in thism formulation coordinate time and proper time are the
same and furthermore that the velocity of light as well as gravitational
waves is c. With the gravity antenna arms along the x and y axes, the
only components of the perturbation metric that will concern us are
h11 and h22.

The total metric in the antenna frame is g1j - nij* hij' nij is the
local inertial Minkowskl metric with the convention that the time term
is negative. The antenna masses are located at (0,t,0), (1,0,0) and
(0,0,0) where £ is the distance between masses when hU = 0, no gravity
wave. At time to light waves leave the central mass (0,0,0) in the
direction down the arms. At time tx the light arrives at the mass
(2,0,0) and at time ty the light arrives at the mass (0, £,0). The
masses are fixed at these spatial coordinate values as, in this view of
the interaction, there are no forces on the antenna’ end points. The
interval between the receipt and transmission of the light in one antenna
arm is given by

E E

2 2
2
dg” = 0 = j- qudxidxj 1)
B By

As the interval is always zero (light propagation) and furthermore

since the antenna arms lie along the coordinate axes, the integrals

I11-2
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of equation (1) are straightforward and of the type

2

E, E
cdt = 1/2
+
g. g (1 + hij(y, t)) dxi (2)
El E

1

The + and - signs are needed to account for the direction of light
propagation in the arms in subsequent calculations: positive for propa-
gation in increasing coordinate and negapive for the return trip.

In the type of antennas being considered, the measurement will
always congist of the difference in the times taken by the light to
traverse the two arms, this difference being taken at the origin.

The natural interval is therefore,a complete back and forth transit of
the light in an arm.

As a specific example, let us assume a sinusoidal wave. All
components of the gravitational wave metric will be given by

h (§.ct) hij(ﬂ,G,O) =
hij(“'°'¢) ei(sinesinox - sinBcos¢y + cos8z)k e—imt

where k = 28/, A being the gravity wave wavelength and w the
wave angular frequency.

Consider the x arm oi the antenna first. Since we will always
assume that h<<l, it is a good approximation to write for the trajectory
of the light in the interferometer arm

x-c(t—to)

for the outbound trip, and

IT1-3
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- t_ -
x=1-cl tO ttrans)

for the return trip.

Here to is the time of the transmission of the light, and tttans

is equal to the nominal one-way transit time, £/c. Using the
relation k=w/c, we can write for the metric on the outbound trip

—1mt0§1n851n0e1(sinesin¢—1)mt)

c dt = (1+ L h e ax 3

211

We can rearrange this expression, remembering that the second term in
the parentheses is small, to give the integral expression for the

interval along the outbound trip as

t A . .
1 1 (1_%hlle—1wtosin651n0§1(sinBsino l)mc)m:_1
trans

o

where t 1 is the time of receipt of the light. Similarly, for the
X

return trip we can write

t
x2 : . Ciai :
1 (l—lh eiw(to+2tttans)s1nesxnoe 1(sln651n0&1)wt)dt_ .
t 211
trans
txl

Here t 2 is the time of return of the light at the origin.
X,

111-4



i
The analysis proceeds in a similar manner for the Yy leg, except

that h22 (,0,4) replaces h11 (2,0,¢) and the spatial propagation term
in the exponential becomes -isin8cos¢ky rather than isin8singkx.
The measurable is the difference in arrival times at the
origin
At = tx - ty
2 2

This difference is a small quantity of order h .t s therefore in

i3 trans

those parts of the time integrations that involve h,,, the second terms

i}
and t
1 1

+t .
bY 2t rans * %o

in the argument of time integrations, the limit tx are replaced

by and subsequently tx and t With these
2 2

quite justified approximations, the time difference is given by

t +
trans t0

At
t - L a
trans 2

-fu(t_+t )
2 2

t
w trans

+uinc( —EE208 (140 1n0s1ng))e it

trans (1-sinfsingd))

2

t
w tranas X}

—hzz(sinc( (1+sin6cou¢))e1

2
~iwt
(1-sinBcosd))e trang(l+sinfcoss)))

t
trans
2
2

w
+sinc(

III-5

0 "trans [hll(sinc(uttranl(l—sinﬂsinO))elmttrnn- {1+8inBaing¢)

ttrune (1l-sinfcosd)

LIGO-P830005-00-R

For convenience we have defined

sinc (x) = sinx/x.

Bafore discussing the implications of equation (4) it is worth noting

the further modifications that are made in it if the light waves execute

b traversals of the arms before their time difference is measured.

This is the case in a delay line interferometric antenna.

The phase

shifts per pass in a Fabry-Perot interferometer are described by

equation (4) but the overall response is different.

The time difference for a multi-pass delay-line system is

At l_e—i (t0+t

(4) tstor 28
tstor
equal to b

wt wt
trans . indsiné))e— =208 (1_aineaing))

+sinc(

w iw
—hzz(sinc(——sgﬂﬂg-(1¢sin6coso))e———gggﬂg (1-sin6cosé)

-iwt
—gffﬂ(usmecouo) N

W rana
+sinc(-——§25—~(l-sinﬁcosi))e

is the time the light wave spends in the antenna arms and is

* -
ttrans

111-6
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The simplest case to understand is if the gravitational wave is
normally incident on the antenna and polarized along the antenna arms.

¢, 8, and  are then all zero and the antenna transfer function is

simply
At(w) _ wt -iwt
hiw) £ corsine! s;or)e stor (6)

The magnitude as a function of gravitational wave fre-
quency in units of l/ttransis shown in fiqure 1. The antenna has its

primary response to gravity waves with frequencies less than l/tstor
but secondary lobes exist at higher frequencies.
In this simple case with no gravity wave retardation across the

antenna, the time response of the antenna is the convolution of the

antenna Green's function, which is a box function of length ts

tor
with the gravity wave signal

e
At(t') = I hi{t’ - 1) G{r)dt

e 7)

G(t) =1 0<t< ¢t
— — “stor

=0 otherwise

In effect the gravity antenna output signal is the integral of
the metric perturbation taken over a storage time. The antenna faith-

fully reproduces pulses having time structures longer than the storage

-7
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time. It responds to shorter pulses but with reduced sensitivity
and distortion.
The general case is more difficult to interpret, the transfer

function in the low frequency limit when both wt and mt’

trans tor

are much less than 1 is

| at (O)I . B, (4.8,2) - by (4,8,0)

stor 2
%IZSinzﬂsinZQCOBB - cosfllcos2¢(l + cosze)) (8)
Phase = 0

Equation 8 shows that the antenna is sensitive to gravity waves
of all polarizations coming from all directions and exhibits the
symmetries in ¢ and 8 amsociated with a pair of orthogonal quadrupolar
antenna patterns. It is clear without knowledge of the polarization,
2, a single two legged antenna will leave ambiguities in establishing

the direction of the wave.

The transfer function for the medium frequency case, mttrnn-< 1,
t
At {w) = ginc (mtstor) A (0)
stor 2 stor
(9)

Phage = -wt
stor * g(¢,0,08)ut

which is not very illuminating but indicates that the first order

effects of the wave retardation across the antenna cause phase shifts

111-8



in the antenna response. These, if there is ever a source discovered
with sufficient signal to noise, would allow a measurement of the velocity
of gravitational wave propagation in a single antenna.

The exact transfer functions and Green's functions for several
cases are shown in figures 1 through 6. The interesting cases are those
for which transfer function approaches 0 at low frequencies. The wave
retardation is then the only source of response.

An intereséing variant to the antenna structure discussed above
has been proposed by Drever. In this acheme the light waves after

having spent a time ts in each arm are interchanged between the arms.

tor
The process is repeated 2N times before their time differences are
measured. The scheme results in an enhancement of the antenna amplitude
sensitivity by a factor of approximately N to periodic sources with period
Ztstor' but at the expense of antenna bandwidth.

The analysis that follows is for a delay line structure and is
carried out for normal incidence of a gravity wave of optimum polari-
zation, @ = 0.

The algebra is most compact if one works in the time domain using
the Green's function of equation 7. Since h11 - -h22 when 1 = O,
the interchanges between arms cause the new Green's function to be a
series of 2N unit amplitude box functions each of length tstor but
alternating in sign. All odd values of N being positive and even values
negative.

The transfer function is the Fourier transform of the Green's

function and is given by

111-9
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2N-1 2N-2 12Nx
e +1)
B o =2 1 ™ g p ™ =
stor m=1 ix m =2 ix
m odd m even
X = mtstor

Figures 7 through 9 show the tranafer functions for N = 3, 10 and
100. Each figure alsoc shows the transfer function of a non-alternating
antenna for comparison.

The analysis for a Fabry-Perot has been performed by Whitcomb
(whom we also thank for having pointed out an error in a previous ver-
sion of the derivation given above.) The frequency response contains an
extra factor which accounts for the gradual leakage of light out of
the Fabry-Perot cavities (in contrast to the discrete storage time of
a multi-pass delay line). He finds that at low frequencies the Fabry-
Perot system has a signal-to-noise ratio better than a delay line by
a factor of e/2, while at higher frequencies the two systems have

equal SNRs. Full details will be published elsewhere.
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MULTIPLE ANTENNAS AND SIGNAL DETECTION

Pulmas:

Pulses are the most difficult signals to' detect with a gravity
antenna. This is unfortunate since some of the most interesting
sources produce only short bursts of gravitational radiation. A per-
turbed black hole of 10 Mo is expected to produce a 1 KHz decaying
sine wave which dies out after three or four cycles to give a signal
lasting only a few milliseconds. The final infall of a binary system
of compact stars may produce a "chirp” of increasing frequency that
lasts minutes to seconds. (Thess and other impulsive sources are
discussed more fully in the section on sources). Since these signals
are so short lived one cannot improve the signal to noise by inte-
grating for long periods of time as is possible with a stable periodic
source. Thers are two ways to improve the signal to noise: first re-
duce the system noise to the minimum possible; second, use multiple
antennas and coincidance techniques, Having reduced the system noise
to the minimum possible the use of multiple antsnnas allows identifi-
cation of low signal to noise sources with improved confidence.

In general we do not know the distribution of sources but do know
the probability density of the noise spectrum. This information is
sufficient for estimates of the false alarm rate, Pfa' and our ability
to find a signal in an otherwise noisy spectrum. If the noiss time

series im a stationary Gaussian process, then the probability that its

1I1-17
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amplitude, r, exceeds some threshold value, x, is given by

P(r>x) = aﬁ%— exp(-t2/202)at
x

where the root mean square noise amplitude equals ad. As every
experimenter knows, very few nolse processes are actually Gaussian
beyond three or four standard deviations. Generally the distribution
develops long tails due to rare events which énnnot: be modelled by

a normal distribution. We can separate true signals from local noise
by applying coincidence tachniques to these extraneous pulses, 1In
order to get some idea of the ability of multiple antennas to reduce
these long tails we choose an exponential noise distribution {which is
analytically tractable), In this case, where the time series is a
stationary exponantial procesa, the probability that the noise ampli-

tude, r, exceeds some threshold value, x, is given by
P{(r>x) = exp ¢x/a)

These cumulative distributions are shown in figure 1.

These curves plus a few simple assumptions allow us to calculate
the improvement we get in using a pair of antennas over a single an-
tenna and the size of signal needed to be certain that we are not
fooling ourselves. For example, if we assume that we have a three

millisecond time resolution, and require no more than one false alarm
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every 10 yesars, then the threshold must be set to give

P{r>x) < 10_11

if only a single antenna is in operation. In tha case of Gaussian
noise the threshold must be 6.8 g and for the case of axponsntial
noise cutoff is at 25 o¢. If we run a pair of antennas in coincidence

tha threshold of sach antenna only needs to be set to give

P (r>x) < 10703

for each antenna. This probability is achieved for a Gaussian procesa
if the asignal threshold in the Fourier apsctrum is set to 4.8 o and for
the exponential process at a level of 12,5 ¢ . This is made more
dramatic in fig. 2 which shows the rate per day of false threshold
crossings for a single antenna and for a pair of antennas in coincidence
when ths noise process is Gaussian. At a setting of 4.8 o the antennas
in coincidence only produce a false signal once avery ten years whersas
sach antenna alone crosses threshold 100 times a day or nearly onca
avery 15 minutea. The same holds true for an sxponential noise process
{rig 3) but at the highsr threshold 1.\;-1 of 12.5 because of the long
tail. we lesarn two things from this calculation: a pair of antennas
allows us to raduce our threshold for detecting signals while simul-
tansously keeping spuriocus signals at a manageable level, and; If the
noise procegs respons-ble for falme alarma has a long tail, as in the

case of the exponential, coincidance detection of a signal allows a
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dramatic reduction of the signal threshold relative to the use
of a single antenna.

We can now procead further and use these values to estimate
our sensitivity to a particular source. The black hole signal des-

cribed above is a damped sine wave,
h{t) =h exp(-at) sin (wt) t>0.

From Detweiler's results one finds that the signal damps out after
four or five cycles independent of the mass (hence frequency) of the

black hole and as a consequence the peak strain field is about 0.8 ho.

We know from statistical communications theory that if a noise
process has a frequency dependent power spectral density, h(f),
and if the system transfer function is T(f), then the mean
square noise function within a frequency band is

2 fl 2

h° = I he(£)|T(E) |2 af.
rma £
0

For the simple case of a constant noise density and a unity transfer

function

- %
h . = hif}(af)

If the antenna noise is ZxIO—ZJ/Hzl/2

then the r.m.s, nuise fluc-
tuation due to the assumed 333 Hz bandwidth is 3.5x10_22. A pair of
antennas in coincidence which had Gaussian noise could detect a signal
with a strain of 2)(10—21 with certainty whereas a single antenna with an
exponential background noise process would only be able to see signals
with a strain greater than lxlo-zo. Optimum filters can be used to

improve these limits, 111-23
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Periodic Sources

The detection of periodic sources presents a different problem
in signal analysis from finding pulsed gravity wave signals. In
principle the method is quite straightforward with a broadband
antenna: one takes a time series of length T and takes the Pourier
tranaform. A perfect sine wave source will appear as a peak at a single
frequency. Since the system is broadband all signals of sufficient ampli-

tude and within our bandwidth can be searched for simultaneously.

The true frequency resolution of a single frequency bin is 1/T so that
noise with a power spectral density of h{f) produces a noise amplitude
h(f)/Tk in a frequency bin centered on f. The longer a time series one
can take and invert the better the frequency resolution and the smaller
the noise amplitude in each frequency bin. For example if we can take
an uninterrupted time series that is one month long, that is, 2.6x106

%

seconds long and if our system noise is 2x10-23/Hz the frequency reso-

iution will be 3.9)(10_7 Hz and wa will be able to see periodic sources
with strains greater than 1.2x10-26 at a signal to noise ratio of one.
(The detection criteria described above for pulsed sources must be
applied to periodic sources as well. ) A pair of antennas can be used

to improve sensitivity and to reject local periodic sources such as
internal resonances of the equipment, rotating machinery, and so forth
which will not be the same at both antennas (signals associated with the
60 Hz line frequency are an exception to this). There are major compu-
tational difficulties to be overcome here. If the incoming signal

is sampled at the rate of 5 KHz for a month we will have to perform a
Fourier transform on l.]xlolo points in order to achieve full sensi-
tivity. Any algorithm to search for periodic sources is further coa-

I11-24



plicated by the fact that the antenna response to a fixed source in the
sky varies with the daily rotation of the earth and the yearly rotation

of the earth around the sun. The frequency of the signal is also mod-

-6
ulated by the Doppler shifts caused by the earth's rotation (v/c +1.6x10 )

and by the annual motion {v/c n 1.0x10-4). For example, a 1 KHz signal

must be corrected for the daily 10-3 Hz and annual 10—1 Hz Doppler
shifts to achieve the full frequency resolution available in the long

integration times we anticipate.

Stochastic sources

Stochastic socurces can only be found with multiple antennas since
the signal is by definition the noise in the external "bath” of gravi-
tational radiation and must be measured by cross correlating the noise
in two or more antennas. The requirements for measuring the stochastic
background are in conflict with those for pulse detection. Pulse de-
tection requires a large separation between antennas so that local
sources cannot produce spurious coincidences between the antennas.
However a large separation between antennas produces a high frequency
sensitivity cutoff to the stochastic background that is inversely
proportional to the antenna separation, This cutoff does not apply
to a point source of gravitational noisa In that case one can recover
the correlation between antenna signals by introducing an appropriate
time delay. In either case it can be shown that the estimate of the

noise spectrum improves with the square-root of the integration time.

References:
Detweiler, S., Ap. J. 239, 292 (1980)
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OPTICAL COMCEPTS AND THE PROTOTYPE DESIGNS

The intent of this section is to discuss the cholces for the
optical design of an electromagnetically coupled antenna. The fact
that there are choices is in good measure due to the inventiveness
of the various research groups and their differences in taste. No
specific design is at present obviously superior to the others
in concept or ease of implementation and all of the concepts would
function in a long baseline system. We begin by describing the various
prototype antennas and at the end of the section attempt to sum-
marize by classifying the differences in the approaches and discuss
their implications for a large bagseline system.

We start with the prototype at MIT, not that it is necessarily
better than the others, but it is the most familiar to us. A schematic
diagram of the apparatus is shown in Figure 1. The device is a Michel-
son interferometer in a vacuum with the mirrors mounted on masses
suspended by single rods as pendula. Light entering from ocutsides
the vacuum system is split, then enters the interferometer arms through
holes cut in the mirrors. The light traverses each arm 60 times
(eventually 200 times) and reemerges through the same hole by which
it entered, but at a different angle than on entering. The multi-
pass geometry is an optical delay line and is formed by two spherical
mirrors, the number of transits is determined by the radii of the
mirrors and their separation. When the input and output beams pasa
through the same point, the configuration is called reentrant. 1In

this condition the beam appears to be reflected by the back spherical

Iv-1
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surface of the input mirror and the position and angle of the ocutput
beam become independent of the position of the other mirror. The
reentrant geometry has several alignment insensitive properties.

In each arm of the interferomster the light next passes through an
electro-optic phase modulator (Pockel's cell) after which it is re-
combined. Both the sum and difference outputs are measured at photo.
detectors.

In order to measure the fringe motion, a 5 MHz phase modulation
is impressed on the beams in each arm by the electro-optic modulators.
As a consequence, the photodetector output voltage will contain
signals at 5 MHz and its harmonics. The amplitude of the 5 MHz
signal is proportional to the distance a fringe has moved from a
symmetry point and the phase gives the direction of the motion.

These signals are demodulated and returned to the Pockel's cells
after filtering to hold the interferometer on a symmetry point of

the fringe. This is the firat of many feedback systems in the

device. The speed of the electrooptic device is high but the dynamic
range is limited, so that to hold the interferometer on a fixed
fringe, for low frequency but large amplitude excursions one of the
masses is moved by electrostatic controllers driven by the demodulated
photodetector output. The gravitational wave signal is then measured
as the voltages required to maintain the interferometer on a Eixed
fringe. The advantages of this seemingly complicated arrangesant

are many. By high frequency modulation, the fringe signals are



placed at frequencies where the laser, photodetectors and amplifier
are free of 1/f noise. By holding the fringe in this null servo
technique, gain variations are suppressed, the extrinsic amplitude
fluctuations of the light become less important and one can maintain
the unique zero path length difference fringe (white light fringe)
which is needed to reduce the noise from frequency fluctuations of
the input light.

The remainder of the optical system serves to control another
sst of noise sources. The light source is a & Argon ion laser used
at a wavelength of 5145A°. The light first enters an electrooptic
phase modulator driven by wide band noise which serves to apoil the
temporal coherence of tha light by converting the laser's narrow
line into a lorentzian with an an instantaneous line width of ap-
proximately 3 GHz.

The frequency broadening is useful in suppressing the inter-
ference modulation of the main beam by scattered light in the inter-
feromester, As the scattered light will have experienced different
relative delay times than the main beam, this interference modulation
will be washed out if the relative delay times are longer than the
raciprocal of the lns‘tantu.neouu 1line width.

Following the phase modulator is an amplitude modulator used
in a servo loop to remove lov frequency amplitude noise in the laser

output. The photodiode that samples the light to control the ampli-
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tude fluctuations is placed after the light has passed through a
single mode polarirzation preserving optical fiber. This fiber,

a faw meters long, serves two functions. First it permits the
laser, which is a mechanical noise source due to its water cooling,
to be placed at a distance from the antenna. More important,
because the fiber propagates only one mode and is lossy

for all othars, the end of the fiber fixed to the antenna bacomes

a light source invarfant in beam profile and phase front

to the injection conditions at the other end. This is significant
since it is never possible to align an interfarometer so well that
the phase difference of the beams traversing the two arms is totally
insensitive to the input injection conditions. The mode filtering
by the fiber is sufficiently wavelength independent to accomodate
the frequency broadening of the laser light due to tha phase noise
modulator. The fiber may introduce additional amplitude fluctuations
of the light which are removed by the amplitude modulator.

The final elemsnt in the optical train is a spatial mode
coupler which matches the output of the fiber to the spatial modes
of the optical delay line. 1In the praesent prototype the fiber and
mode coupler are external to the vacuum. In the next refinement of
the prototype the mode coupler and the ocutput end of the fiber
will be mounted on "3' the central mass.

The final components of the apparatus are a set of 18 mervo

systems that capacitatively sense and electrostatically control msotionas
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of the masses. The principal function of these servos is to inde-
pendently damp the oscillations of each of the 6 degrees of freedom
of the 3 masses hanging on their suspensions. The damping reduces
the Q of the modes electronically and adds little additional noise

in the gravitational wave band at higher frequencies, By reducing
the Q of the modes the rms motions of the masses driven by ground
noise are made small enough so that the fringe servo system can
maintain a lock on one fringe without exceeding the dynamic range of
the controllers. Not all modes of motion are equally important in
producing a fringe shift, in fact when the interferometer is properly
aligned all motions that do not have a net component along the arm
when integrated over all the beams produce fringe shifts proportional
to sacond order in those motions. The servo systems also provide

a means of positioning the masses and the servo output signals are
used to determine the ground noise excitation spectrum.

Although all the individual elements of the system have been
tested over the past several years, the complete integration of the
apparatus took place in the summer of 1983. At this time (Fall 1983)
in the process of progressively testing the integrated device, the
position sensitivity with the masses not floating has been determined.
In the frequency band above 4XHz the position noise is lo-lqcm/Hz¥ and
limited by the shot noise in the photo -urrent.

A schematic diagram of the prototype at the Max Planck Institute
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near Munich is shown in figure 2. The instrument is an evacuated

Michelson interferometer using delay line optics with arms 3 meters

in length. The beam executes 138 passes in the arms. The fringe interrogation
scheme is similar to that in the MIT prototype but only one phase

modulator is used which impresses phase modulation in one arm but

on both beam entry and exit. The system is used as a null servo on

a fringe by feedback to thes phase modulator and at low frequencies to

control the position of one of the masses. No special effort is

made to operate on the white light fringe.

The external optics are different than in the MIT device. An
important difference is that the laser frequency is actively stabi-
lized by locking the laser to an external high Q Fabry-Perot cavity
which serves as a short term frequency reference. The technique
employs an electrooptic phase modulator in the laser optical cavity
as an optical path length modulator to control small amplitude high
frequency laser frequency fluctuations and a Piero electric translator
on one of the laser mirrors to control lower frequency large amplitude
frequency excursions. With this technique they have achiaved short
term laser frequency noise amplitude densities of lo-lﬂz/ﬂzg.ln a side
experiment not shown in fig. 2, they have further improved the fre-
quency stability by another factor of 10 by using the entire Michelson
interferometer as a reference cavity.

The frequency stabilized light beam after leaving the laser is
passed through a high Q mode apodizing cavity. The cavity is a Fabry-

Perot interferometer designed to have high transmission losses for
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all spatial modes but the lowest order Gaussian mode. This cavity
serves to suppress the laser beam angle and position fluctuations
before the beam enters the interferometer.

Laser frequency stabilization is used in this system for several
reasons. The primary function is to reduce the interferometric
noise due to scattered light. The philosophy being to accept the
interferometric terms in the scattering witih different delay times
but to reduce the noise contribution in the overall interfarence
by fixing their phases. The assumption being that the individual
scattering sources are themselves physically stationary. The second
purpose of frequency stabilization is to relax the condition on the
equality of paths in the two interferometer arms as it lays demands
on the equality of the mirror radii to simultaneocusly achieve tha
white light fringe and the reentrant beam geometry-- a problem that
is possibly more difficult to bandle in a short antenna than a long one.
Finally, the mode apodizing cavity requires a narrow laser line to
function.

The masses are isolated from ground noise by pendulum suspensions.
Each mass has separate optical sensors to determine rotation and trans-
lation locally. The output of these sensors is used to damp the sus-
pension modes by applying magnetic forces from air core coils fixed
to the ground on a set of permanent magnets mounted on the masses.

Furthermore the same controllers are used for pointing the mirrors
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in a separate optical system which senses the relative orientations ' ngffés \_]J‘Z' PHOTODIODE
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of the masses.

The noise spectra of the instrument are shown in figure 3. They
at present represent the best performance of any prototype in
operation. The data is plotted as the equivalent strain noise ampli- ARM 2

tude density, Aside from what is now believed to be a low Q noise

peak from a poor mirror mount near 8 KHz, the displacement noise
above 1 KHz is close to lxlo—lsm/ﬂzl’.

The instrument in operation at Glasgow is shown in figure 4.
It is the first version of an evolving design using Fabry-pPerot .- ! - . .
Fig. 4 Schematic diagram of the optical cavity interferometer
cavities rather than multipass delay lines as the antenna arms. : baing tested in Glasgow,
The CalTech prototype, figure 5, is quite similar in concept and in
the ensuing presentation they will be described together indicating

only where the instruments differ. The Glasgow antenna has a length

of 10 meters while the CalTech system is 40 meters long. This is ’ ru:i.l DEMODUL ATOR

DETECYOR

the largest system now in operation. In both prototypes the two

Fabry-Perot cavities are used as independent interferometers. One LASER . h
11

R
POL ARIZING

F _seam seLITTERS

arm is used asm a reference cavity in an elegant laser frequency

stabilization scheme similar in concept to the Pound stabilizer

for microwave oscillators. In this scheme the laser light is compared w2

in frequency with the :requency filtered light stored in the cavity.
PIEZ0-DRIVEN
MIRROR

A frequency discriminant is derived by phase modulation of the laser

output with an electrooptic phase modulator that impresses radio
Schematic diagram of optical cavity interferometer currently in use at Caltech.

Fig. 5
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frequency side bands on the light outside the acceptance band of

the cavity. The phase and amplitude of t?e interference at the side
band frequencies contains the information required to derive an error
signal proportional to the amplitude and sign of the frequency dif-
farence of the instantaneous laser frequency and the cavity resonance
frequency. The important feature of the stabilizing system is that

it is not limited in bandwidth by the cavity storage time. The

error signal is used to control a Pockel's cell phase modulator within
the laser cavity to control the laser frequency.

wWith the laser frequency locked to the length of one arm, the
same phase modulated light is impressed on the second arm. The
reflection of this second cavity is measured in the same manner but
on a different photodetector. The error signal derived in this system
is a measure of the length of the second arm. The error signal is
used to adjust the length of the arm by a Plezo slectric translator
mounted on one of the mirrors in a null servo. This error signal in-
cludes the gravitational wave signal.

The optical implementation at Glasgow uses a triangular cavity
to avoid reflections back to the laser, while the Cal-Tech system
employs two mirrors (hence smaller cavity losses) and nonreciprocal
polarization isolators to avoid these reflections,

In near future developments of the prototypes the reflections

from the two arms will be combined interferometrically before photo-
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detection to further reduce the sensitivity to laser frequency
fluctuations providing the cavities are well matched.

Laser beam jitter may be a noise source and both Glasgow and
CalTech are incorporating mode apodizing cavities in their proto-
types.

The masses are supported by pendulum suspensions but with
multiple wires to allow for orientation and positioning. 1In this
scheme the controlling forces are applied to the support points
of the suspension rather than to the masses directly, which affords
some measure of isolation from the high frequency noise forces that
may originate in the positioning servo systems. The positioning
error signals, which damp and orient the masses, are derived, as in
the Munich system, by auxiliary optical levers locally and with optical
levers between the masses to gain fine position and orientation control.

Frequeancy stabilization of the laser is a central requirement
of the Fabry-Perot scheme, by matching the cavity storage times it
is anticipated the demands on the precision of the stabilization
can be reduced. The effect of light scattering by the mirrors (but
not by other components in the system) may be less influential in a
Fabry-Perot than in the delay line geometries. Finally the Fabry-
Perot offers similar rotation and transverse translation independence
as the delay line if the radial modes other than the principle Gaussian
mode are suppressed.

At present the two Fabry Perot systems are exhibiting comparable

%

position amplitude spectral densities of 10-14cm/Hz at frequencies
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above 5 KHz. Cal Tech has operated its system continuously for

periods of several weeks.

Classification of the Optical Concepts

The long range goal for the optical design is to bring the
measurements of the time (phase) differences to a level where the
antenna strain sensitivity is limited by the stochastic forces on
the masses. In the limit when the stochastic forces due to the
quantum pressure fluctuations are the only ones remaining, the system
has attained the quantum limit. This is not a hope in the near
future at high gravitational wave frequencies but may become a serious
consideration in long baseline antennas at lower frequencies in this
decade.

The short term goal for the optical design is to achieve
Poisson (shot) noise limited performance with the largest circu-
lating optical power in the antenna for long storage times. Clearly
this goal can not be viewed in isoclation from the entire system
performance which will require a parallel effort to reduce the sto-
chastic forces, but at high frequencies the dominant noise contri-
bution is expected, at present, to be imposed by the Poisson noise
limit.

The prototypes are a convenient vehicle with which to highlight

the various approaches toward achieving the short term goal. 1In all

Iv~14

cases, however, the choices are driven by the assessment of tech-
nical feasibility rather than any fundamental issues because the

limiting sensitivity of all the schemes is the same.

One branch point is the choice to use broad band or narrow
band light. Broad band light systems will be less vulnerable to
the perturbations of scattered light from all sources and since
they impose fewer demands on the laser frequency stability there is
a good chance that they will be able to operate with high laser
power. They appear leas complex than the narrow band light systems,
A broad band light system precludes the use of a Fabry-Perot or
any other interferometric design which relies on the superposition
of multiple beams to gain fringe phase sensitivity. Broad band
schemes are therefore limited to those techniques where the inter-
ference takes place at the end of the storage time and they require
near equality of the optical paths, The narrow band light systems
require unprecedented but not impossible frequency stability.
They handle the scattering problem by fixing the phase in the
scattering paths from stationary scattering sources. There is
less constraint on the equality of optical paths and they permit the
use of Fabry-Perot cavities. The narrow band light systems will
most likely not extract as much light from the laser but this may
be offset by a scheme proposed by Drever to incorporate the entire

interferometer into a resonant cavity and thereby increase the
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circulating optical power. The concept schematized in fig. 6
is applicable to narrow band light interferometers of either the
delay line or Fabry-Perot design.

The concept is to hold the interferometer at a minimum out-
put from the antisymmetric port sensed by photodetector Pl. If
the losses are small within the interferometer arms, most of the
input light will emerge from the symmetric port, where in this scheme
it is returned to the input and combined with the incident laser light
by a beam splitter. If the phase relation of the laser light and
the returned light is adjusted by the electrooptic phase modulator
P4 to null the light to photodetector D2, the internal circulating
power in the interferometer is increased by a factor close to the
reciprocal of the interferometer loss coefficient. The scheme has
not been tried as yet. It appears promising, but requires close
matching of phase fronts and rigorous frequency stabilization to be

effective.

The choice of cavity configuration involves several considerations.

The Fabry-Perot having spatially superposed beams will be able to

use smaller diameter mirrors than a delay line in which the beams

are spatially separated.At high gravitational wave frequencies in

a long baseline system involving few (20) beam transits, the dif-
ference is not very important, however, at lower frequencies it could
become a design discriminant.

If mirror size becomes a real constraint and should it prove
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Fig- 6

Proposed scheme for enhancing performance of a Michelson
interfexometer by incorporating it within a resonant cavity.
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advantagecus in the refinement of a long baseline antenna to retain

the delay line concept, it is possible, though at present untried, cavity increases the radial spatial modes of the FPabry-Perot bacome

to spatially superpose the beams but give them separate identities more closely spaced in frequency and tha fringe phass sensitivity

by making their frequencles different. One scheme for doing this is to beam misalignment grows.

to use a Fabry-Perot etalon with transmission maxima at frequency It is clear from the discussion that it is not possible to make
intervals Af as the input mirror of a delay line. With each transit a recommendation for a specific optical design. We consider it a

of the beam through the arm the frequency of the light is shifted poor scientific strategy to delay the davelopment of a long baseline

by an amount &f either by moving the mirror at the other end of the antanna system until an optimal configuration is demonstrated. The

arm at constant velocity or, more practically, by shifting the rationale for this view is given by the following: Firat, as stated
frequency in a travelling wave phase modulator. The returned beam in the beginning, all of the present designs will function and, when applied
is shifted off the transmission resonance of the aetalon and trapped to large bascline systems, will make a substantial improvement over the
by reflection until after n transits, n = Af/8f, the beam reemerges sensitivity of present systems. Second, the refinement and upqrading
from the delay line to interfere with the bsam in the other arm of the optical system in a long baseline antenna will continue as

which has bean treated in the sames manner. The scheme automatically the technology develops and the optimal concept may well change.
reduces scattering perturbations and does not require precision fre- Third, many of the experimental problems encounterad in developing
quency stabilization. The storage time of the arms can be made a short baseline system are not the same as in a long baseline system
variable by changing the etalon spacing. Although it seems to have and finally, the optics is not a cost driver of the capital costs
saveral attractive features, the scheme is more complex than needed of this project.

at present and is not a candidate for the first optical system to be
installed in a long baseline antenna.

5till other factors to be weighed in the choice of a cavity
configuration are the alignment sensitivity and perturbation of the
lntartariqq wave fronts by mirror vibration. As the length of the
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Optical Delay Lines

In order to achieve the highest smensitivity possible a gravity
antenna interferometer must have very long optical paths. This can be
done by folding the optical path betwsen two mirrors that are close
togather. One such scheme, first described by Herriot (1964), is the
optical delay line. 1In this technigque a light beam injected into a
cavity formed by a pair of spherical mirrors bounces off the mirrors
several times and then exits at its point of injection.

A delay line made of two spherical mirrors with radius of curva-
ture, R, and separated by a distance, d, is shown in figure 1. The
z axis of the coordinate system is along the line joining the centers
of curvature, the mirror separation, d, is measured along this axis from
the surface of one mirror to the surface of the other, and the x axis
is perpendicular to the z axis and passes through the injection hole
at Xo on mirror 1 (mirror 2 has no hole bored in it). Since a mirror
of radius, R, acts like a lens of focal length f = R/2 it is straight-
forward to calculate the position and angle of a light beam as it bounces

around inside the cavity. The x, y position of the nth spot is given

by
)(o + R X'
X = X cos (nf) + i sin(nB})
no° (2R/d.- 1)
= X cos(nB) + X_sin(nd)
o
Y +R Y'o
Y = Y cos(nf) + —D————‘i sin(n8é)
noe° (2R/d - 1)
1v-20
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= Y cos(nd} + ¥ _sin(n8)
o

cos(6} = 1 -~ d/R ST T°T T *T T F 1T 1T T T T 77T 1T T
p a L] L] L] L ] L] -
p © . L] L ] a L] [ ] L ] a L]
where X' and Y' are the tangenta of the injection angle in the xz .5 n
o o b o . . . . . - ° o
and yz planes repsectively. Tha even numbered spots appear on mirror p e ° . e
Y.0p o [ ] ] [ ] [ ] s o
1 and the odd numbered spots on mirror 2. If the raio d/R is chosen L . - . ° . . . -
s0 that 2sk ° * * . bl
- L] - - L] L] - -
N6 = 2wk 3 . ° . . . . .
A 3.0k L] . o
and if N and K are relatively prime then the cavity becomes re-entrant, ; R - . . - -
i.e., - e ° . e - LI
v z.s-; . . .
X" = xo Z [ ® . - .
2.8 L) L] o
YN bd Yo - . L
[ ] L] L] L]
1.5 -
and the beam leaves the cavity throughithe injection hole after exactly Ld . .
. []
N bounces on the mirrors. In general the spot pattern the beam makes 1.0} ° ° .
will be oval. By choosing the input conditions to be ° °
L]
e.5}- =
L]
. =2 - i -
X ° XO/R i.e. X, o]
. X .0 (U SNV SV NN NN NN (NS NSO NS N T SN NN SN N SN N N 1
¥ o Fcl(zn/d - 1)” ie. ¥, =X e.9 2.9 4.8 6.8 _ 0.9 18,0 128 14.9 16.0 108 20.0
o
d/m <¢10"1)>
the spots will lie on a circle and their position will be Ficunc 2

X = X cos(nb)
n -]
Y =Y gin(n0)
n o
and after each bounce the beam rotates through an angle 8 = 2nK/N.
A mode chart relating the number of bounces, N, and the ratio,

d/R, is given in figure 2. The curves which begin at the right side
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of the plot and curve to the top left correspond to K = 1,3,5,...with of the beam. If too many hounces are required some spot will prematurely

K = 1 having the smallest valuas of d/R.
The angle of the beam after reflection on the nth bounce is
'
X ot 2 X /d

x'n - x'ocos(ne) - ——-———i—— sin(n6)
(2 R/d - 1)

Y' +2vy/4
¥’ =¥ _cos(nd) - °“—‘—’B—u1n(ne)
(2 R/d - 1)

It is obvious from these formulas that if the cavity is re-entrant
the beam direction after the Nth reflection would be equal to the
initial direction. However, there is no Nth reflection since the beam
exits through the injection hole. Thus, if the cavity is re-entrant
the exiting beam appears to be the initial beam reflected off the sur-
face of a spherical mirror. This geometric property is convenient for
alignment of an interferometer since the return mirrors {mirror 2)
can be ignored once the cavities are made re-entrant.

If the beam is actually injected through a hole in the mirror,
Gaussian optics determi res the size of the hole. The optimum spot
radius which minimizes diffraction losses of the beam inside the

cavity is (Yariv, 1975)

Y 2

s 2
r d/R(1 < d/2R)

n 21’)

(For a 10 kilometer cavity with A= 514nm and d/R = 1.3 i.e. N = 10
K = 3 then tn=4m)

The radius of the injection hole also limits the number of bounces

1v-24

overlap tha injection hole and lsave the cavity before the full number
of bounces is taken.

The difference between the actual mirror separation and the
ideal re-entrant separation is also limited by the size of the injection
hole. We can estimate this by calculating tha position derivativae of

the Nth beam spot with respect to mirror separation at the re-entrant

condition,
[}4
_n_ Ny,
S T T ()]

Thus is the hole radius 1is l‘n the beam exits properly if we require

r >y, =ad M
n N ———
R sin{8)

or

Ad < r:nll sin(n8)

NY. *
If we take r= Scm, R = 10km, N = 10, Y =~ S50cm, cos(8) = -.03, then
d < lkm a very weak restriction, unlike an antenna with short arms where

this restriction can be severe if N is largs and T small.

Senaitivity to Transveryse Motions and Rotations

The travel time of a light beam stored in a delay line cavity is

principally affected by motions of the mirrors along the optic axis.
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Motions of the mirrors transverse to the optic axis and rotations also
cause a change in the length of the optic axis and the resulting phase
delay of the beam. These effects are only asecond order in the motion.

Refarring to figure 3 a transverse shift Ax in the position of mirror 1

will cause an arm length change of

A rotation of mirror 2 by an angle & about the point P will produce

"

a change in arm length of -
2,2 .1 1 Q

aa = - (DT & G+ i) ¢

1

lyl

A}

Sensitivity to Injection Conditions

An important consideration in designing a delay line is the sensi-

tivity of the phase delay to injection conditions. If the input beam
jitters in angle or position the total travel time in the cavity can

vary and cause a spurious signal. A rather tedious calculation shows

that to order(xo/d)2 the total path length traveled in the cavity

L =N + ;~ sin(8)sin(ng) [ (xf - xz) cos(N8) -X,X  sin(N6)

+ 502 - ¥2 Jcos(NO) - ¥,Y_ sin(NO)]

From this we see that if the cavity is re-entrant, that is, N = 2nK,

there is no sensitivity to the injection conditions or if the spot pattern
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is circular, x = 0O, Yo +0, Y, = xo, this is also true. By adjusting
the cavity and injection conditions to satisfy both these criteria

we can make the phase delay insensitive to input conditions.

Mirror Curvature and Cavity Length

A delay line interferometer is least sensitive to phase and
amplitude noise when it is operated with equal arm lengths, the so
called white light fringe. Phase modulation is added to the laser beam
in order to reduce problems from scattered light in the cavities but
this forces operation on the white light fringe in order to get inter-
ference at the output. If the mirrors forming the delay lines do not
have closely matched radii of curvature the re-entrant condition can be
in conflict with the white light condition. As described above the

mirror separation is related to the mirror curvature by
d = R (l-cos(8)) 8 = 2vK/N
If the mirrors within a delay line are matched but differ from cavity

to cavity by AR clearly the re-entrant lengths differ by

Ad = AR ({l-cos(@))
and the total phase difference between the two arms is NAd
if both are set to the re-entrant condition. If the coherence

length of the laser light is 1c then we require

1v-28

1c > NAd = NAR (l-cos(8))

lc 1c R
AR ¢ ———————— = ——
N{l - cos(0)) Nd

For a 10 bounce system in which the coherence length is 100m, AR must

be less than 8m out of a radius of curvature of roughly 10km, that is
the radii must all match within a part in 103. It is of course possible
to set the cavity lengths equal and not have the jdeal re-entrant
conditions but this is done at the expense of increased sensitivity

to the injection conditions into the cavity.
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CONSIDERATIONS IN A FABRY-PEROT

by 5. Whitcomb

There are several possible variants of interferometers using
Fahry-Perot cavities, differing primarily in the way in which the
phase difference between the light stored in the two arms is de-
tected. However, in most fundamental respects, not only are these
different interferometers similar to each other, they are also
similar to delay line interferometers.

Just as with a delay line, the parameters which govern the
sensitivity are the light storage time and the fringe visibility.
The storage times of the optical cavities are determined by the
raflectivities of the mirrors. It is always advantageous to keep
the true losses in the mirrors (scattering and absorption) as low
as possible, and in most interferometer designs using optical
cavities, the reflectivity of the mirrors at the far ends of the
interferometer should be as high as possible. The storage time is
then determined by the transmission of the input cavity mirror.

For storage times of a few milliseconds and arm lengths of a few
kilometers the required transmission is much higher than the losses
in the best mirrors. The resulting cavity can thus have good fringe
visibility as well as the correct storage time. As with a delay
line, it is desirable to match the storage times in the two arms.
This could be donéd to first order by matching the mirror reflectivi-

ties with fine trim by adjusting the cavity lengths.
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An optical cavity can support a number of different transverse
mode patterns as well as different longitudinal modes. Normally
wa try to excite only one mode--one of the lowest order transverse
modes—-by matching the input laser beam aa closely as possible to
that mode. In fact, many of the noise sources associated with mir-
ror motions or changes in the input laser beam can be understood
in terms of small residual couplings to higher order modes. The
frequencies of the higher order modes depend on the curvatures of
the cavity mirrors. A relatively mild constraint on the mirror
curvature (viv) is enough to guarantee that the frequencies of the
first ten modes will not coincide with the primary modas,

The noise due to couplings to higher order modes is second
order. For example, changes in the input laser beam position can
couple with a static misalignment of the cavity mirrors to produce
a nolse source. In addition, however, excitation of the higher
order modes is suppressed because they are excited off resonance;

typically this reduction is roughly a factor of the finesse of the

cavity.

The size of the mirrors required for the Fabry-Perot cavities
is determined by the requirement that the diffraction losses around
the mirrors be small compared to the other losses (scattering and
absorption) in the system. For diffraction losses of 10-5, a rough

estimate of the minimwn mirror radius is 3.5 times the Gaussian beam
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radius. The minimum beam radius is found for a confocal cavity

w = VXL7n

where L is the cavity length. For a five kilometer detector, this
would give a minimum mirror diameter of about 20 cm. More accurate
calculations, which take into account the true profile of the mode
and the fact that the cavities are not confocal, yield mirror sizes

as much as 50% larger than this value.
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NOISE SOURCES

In this section of the study we present an analysis of the
various sources of noise that limit the strain sensitivity of a long
baseline antenna. The order of the presentation is to begin with
noise sources in the measurement of the time (phase) differences;
the transducer noise and the noise incurred by the propagation of
the light in an imperfect vacuum. The effect of stochastic forces
on the masses follows. The section on vibration isolation includes
the analysis of a scheme to reduce the effects of ground noise in a
large baseline antenna.

The section ends with a graphical summary of all the noise
sources that have been considered and displays the limiting antenna
per formance as a function of gravitational wave frequency for a
range of antenna lengths.

The sample parameters used in the calculations and in the
final graphs have values we consider technically feasible in a first
generation long baseline antenna system. In these projections of
antenna performance none of the noise terms are set at limits which
are fundamental in the sense that they cannot be reduced by improve-

ments in the technology or by a new concept.
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TRANSDUCER NOISE
front distortion, k = 2w/A. fl(t) is the phase modulation signal

assumed to be a square wave with amplitude no, and 6 is either
In this section in contrast with the mection that developed
0 if the beam emerges from the symmatric port or x if from the

the response of an electromagnetically coupled antenna to a gravi-
antisymeetric one. x(t) is the differential motion of the mirrors

tational wave, we adopt the viewpoint of the interferometer as a

that define the two arms.
motion transducer. We firat determine the gain of the motion

The transducer gain is the change in output power with respect

transducer and then lock at the noise terms that limit its perfor-

to change in the differential position taken at a symmetry point of
mance. This more conventional approach applies both to interferomet-

the fringe, where kb x(t) is close to zero. With the output observed
ric systems that make phase comparisons at the end of a storage

at the antisymmetric port, the gain is given by
tima like delay lines and those that gain phase mensitivity by

multiple superposition of beams like the Fabry-Perot. AP 27b
-A—x— = (PD - PB) T !inﬂo (2)

In the analysis we assume that the optical components are

lossless except for scattering and wavefront distortion, In a
In a Michelson arrangement where the multipass cavities are

small antenna this is a poor assumption, but in a first generation long
Fabry-Parot cavitiss used in reflection, the transducer gain is

bassline system it is applicable because of the smaller number of beam

transits or finesse required to achieve optimal storage times AP 2F
ax - P, - By 3 sin 2, (3)
and because of the advances being made in mirror reflectivities,

which are approaching (1-R) of a few 10_4_ where F is the finesse of the cavity given by

The optical output power of a Michelson interferometer in F = n/{1-R).
which the optical phame is electrooptically modulated and in

(1-R) is the transmission of the input mirror assuming that
which the beam makes b transits in each arm is given by

Po - PB the reflectivity of the other mirror in the cavity is unity.
P(t) = (———5——~)(1 + cos(kb x(t) -6 + f2{t)) + PB (1)
The light storaga time in the delay line is tst = bL/c while
In this expression L8 is the input power, Py is the unmodulated in the Fabry-Perot it is Ft/mc. & is the separation of the mirrors

output power due to imperfections such as scattering and wave

V-2
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The transducer noise is analysed for both systems as the fluc-
tuations in power incident on the photodetector. Thers are two
main sources: the Poisson (shot) noise which can only be reduced
by increasing the optical powsr circulating in the intexferometer
for a fixed quantum efficlency in the photodetector, and power
fluctuations at the detector due to frequency or phase instabilities
in the light source which can be reduced to small values by making
the storage times in the two arms close to equal. The displacement
noise spsctral density is then related to ths spactral density of

the power fluctuations by

<2 ir) = p2(£)/ (80/8x) 2 (4

The Poisson noise is given by

2 2hc 2
P (f) = ? <PD> Watts" /Hz (5)

where n is the quantum efficiency of the photodetector and <PD>
is the average power incident on the photodetector. The average

power from the antisymmetric port is

(p_ - P))
<PD> - ——T—-— (l—cosﬂo) + PB (6)

In the best case the Poisson noise dominates and the dis-

placement power spectral density becomes

xz(f) - (4'hgknp )[(l-couﬂo) + ZB/(I-B)] N
o (1-B) sinTﬂo

V-4
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Here B is the ratio of the unmodulated to the total incident power.
The quantity in the square brackets determines the optimum phase
modulation amplitude for a given value of B. For small values of
B it is close to 1/2, at B = 0.1, an interferometer with 90% fringa
contrast, it has grown to 1.0 and B = 0.2 it has bemme 1.6,

The Poisson limit for small values of B is

x2if) = (8—2""%;? ) cmZ/He (8)
o]

for b= 60, n = 1/2, B_ = 100 watts, A = SL45A°, x(£)% 8.5x10 18 cm/nr .

To apply equations 7 and 8 to the Fabry-Perot cavity replace b by
F/n.

The fluctuating output power in the interferometer dus to frequency
instability has been analyred by Armatrong (J. Opt. Soc, Am. s6,
1024, 1966) for a Michelson interferometer illuminated by light
with Gaussian phase noise. The light source is characterized by a
Lorentzian frequency width § . 1In the limit where the frequency of
the power fluctuations is less than 6§ and the difference in storage
time in the two arms, v, is such that §t<<l, the output power fluctu-
ations are given by

(61)3

2.2 (8t
[} §

p’(e) = 2p (9

The condition that the Poisson noise dominates sets a limit on +.
6 is not a free parameter since the frequency width of the light
source will be determined, in some of the interferometer designs,

by requirements on the suppression of the noise from scattered light.
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In a Fabry-Perot configuration as the multipass element in a
Michelson interferometer, the output power fluctuations due to
frequency instabilities are given by

AF

2 1 22
P (f) = [Po (—F~+ k) 4'tat] v(f) {10)

AF and AL are the differences in finesse and length of the two
cavities and uz(f) is the power spectral density of the light source
frequency fluctuations in units of sz/Hz. Equations 8 and 10
are only valid for the Fabry-Perot if tht < 1 which sets an inde-
pendent condition on §.

From equations 5, 6 and 10 the condition that Poisson noise dom-
inates sets the following condition on the cavity matching and the
power spectral density of the frequency fluctuations in a high contrast

Fabry-Perot-Michelson system

1/2

)
ZnA P (11)

A win <

1 ( hc
‘"tat

For an instrument with 95% contrast.Po =100 watts, n = 1/2,

t . =1 msec, A = 5145 a°. The product on the left hand side of Eq.

st
11 must be less than 5 x 10-9 Hz/Hzl/z.

It i3 useful to reexpress the Poisson noise limit Eq. 8 in terms
of the minimum detectable gravitational strain amplitude density, this

is

, 1 REIRVE 1 )
qw ﬂ:tstc nPD sinc (“tst/z

h (f) (12)

LIGO-P830005-00-R
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where it is assumed that the gravitational wave is normally incident
on the antenna in the most favorable polarization. Refer to the sec-
tion on the antenna response function, for the more general case.

In an antenna illuminated by 100 watts and 1 msec storage time

1.7 x 10723

sinc (w tut/Z

/2

h (£) g > ) utrain/Hgl (13)

The effect of amplitude fluctuations of the light other than the

intrinsic Poiason photodetsction noise can be muppressed by proper design.

The fringe interrogation schemes described in the section on the proto-
typea are specifically designed to put the fringe motion signal at a
carrier frequency well above the frequencies where lasers have extrinsic
amplitude noise. Furthermore, the null servo system designs which hold
the fringe at a symmetry point, with sufficient loop gain will further
suppress extrinsic amplitude noise. If need be the amplitude noise is
also measurable directly in the fringe output independently of the
fringe phase, In other words, there are many lines of defense and this
noise source is not considered a problem.

Extrinsic amplitude noise of the light source with frequency com-
ponents in the gravitational wave detection band must however be con-
sidered but in a different context. If there is an unbalance in the
power circulating in the two interferometer arms or if the masses
are not matched, the relative displacements of the arms will depend on
the extrinsic amplitude fluctuations through radiation pressure fluctu-

ations.
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To estimate the importance of this effect assume that the input

power fluctuations are proportional to the power

Apms *ab. (14)

and for sase of calculation that the power fluctuation spectrum
is uniform over a band width Af, The power spectral density of power

fluctuations is

a’ed ,
Af (15)

p2() =

which by the radiation pressure produces a fluctuating force described

by the force power spectral density
2

ap’ P2 (6)

2
c

Fz(f) = (16)

The antenna masses respond as "free"” above the suspension reson-
ances. A single mass will therefore move with a displacement power

spectral density of
b2 uz P 2
o

m2 w4 c2 Af (17)

xz(f) -

where m is the mass and it is assumed that the input power has been
split close to equally. Let there be a power or mass unbalance

parameterized by y which is zero if the system is balanced and one
if totally unbalanced. The strain sensitivity of the system to this

effect is given by

e tBt% Yo po
h(f) ~ 3 - —_—_— (18)
wlmelae /22 2m%m £ 3817202
st = 1/t

LIGO-P830005-00-R

In a 5 km antenna having tst - 1/f, a mass 106 gm, Po = 100 W, and

Af =1KHZ
10-11 a
nte =
£

At best one might expect to balance the system to 1% so that it will
become important, especially at low gravitational wave frequencies,
to reduca a by actively controlling the light source amplitude fluc-
tuations. This will not be a consideration in first generation antennas
of sufficient length but cannot be neglected in future improvements.
There are also intrinsic and fundamental pressure fluctuations of
the light pressure which are not correlated at the masses due to
quantum fluctuations in the radiation field itself. These are dis-
cussed more extensively in Appendix A on the "naive” quantum limit of
an antenna. Here for sake of completeness and comparison, we quote

the strain limits imposed by them, which are

ENY hP c
hp) -t (—2 V2 . (M F M2 g
(2m)” 1" mf A (2”2 lsz3 A
1
tst = £
Evaluating Eq. (19) for the same parameters as above
~20
hif) - 1.8 x310
f
V-9
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Another noise source that is related to the light power is the
s0 called radiometer effect because it is responsible for the rota-
tion of the poorly evacuated radiometers seen in jeweler's windows.
In a structure with temperature gradients, gas atoms that accommodate
and then are reemitted by the hotter surfaces impart larger recoil
momenta to the surface than those reemitted by colder parts. In an
interferomatric gravitational antenna the surfaces illuminated by the
light will be hotter than the other parts and there will be net
forces and torques on the masses due to the radiometer effect. The
fluctuations in these forces can arise from laser power fluctuations
coupled to a system unbalance or pressure fluctuations in the
vicinity of the masses.

The fluctuations of the surface temperature of a mirror when

illuminated by a light source with varying intensity is given by
I (£)
abs
T(f) = ——————55""775 (20)
ek 9)1/2 f1/2
t
p is the density of the material, kt the thermal conductivity,
c the specific heat and Iabn (£} is the fluctuating intensity that
is absorbed by the surface. Eq. 20 assumes that the temperature of
the entire structure remains constant and that only the surface

temperature fluctuates, and furthermore that radiative transport is

less important than thermal diffusion.

LIGO-P830005-00-R
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The change in force on the surface due to a change in tempera-

ture is

n ks AT A

AF = e 21)

where n is the number density of gas atoms kB' Boltzmann's con-
stant, A, the surface area and AT the temperature change. Eq. 21
assumes complete accommodation of the emitted atoms to the surface
temperature, Combining Eqs. 20 and 21 and reexpressing them in terms
of spectral densities, yields a force amplitude density

n kB P (f) B

F(E) = (22
4 ek, p)Y/2 g1/2 !

where P (f) is the amplitude spectral density of the total power

fluctuations and 8 is the fraction of the power absorbed by the sur-
face. Using Eq. 15 as a model for the extrinsic power fluctuations
and analyzing the motion of a free mass driven by the force density

of Eg. 22 yields a strain spectral density of
anB kB P

h(f). (23)

8 Lm(xc kt p)l/2 £5/2Af1/2

Here it is assumed that the pressure is most likely to be the
unbalanced quantity. If the pressure is low enough this noise is of

little consequence. Using the same sample parameters as above and

/2

1
in addition that (¥ c kt p) .4 x 106 (cgs units) for fused quartz
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gives

~19
nep o 8X¥10" 44
572

at a pressure of 1 x 10_6 mm Hg.

The noise due to the pressure fluctuations of gas atoms inter-
acting with surfaces at different but constant temperatures is
handled in the same manner as the thermal noise discussed in a
later section of this report. The thersal noise makes more
stringent requirements on the quality of the vacuum than the

radiometer effect.

v-12
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Light propagation fluctuations due to pressure fluctuations

Residual gas molecules in the evacuated arms of the interferometer
cause phase fluctuations of the laser light as it propagates back and
forth between the mirrors. The magnitude of the resultant phase
fluctuation noise is a function of the path length traversed by the
light so this noise source is one of the few that tend to increase
as the length of the interferometer arms is increased.

Although, in principle, there could be intermittent large fluc~
tuations in gas density due to outgassing bursta, this does not appear
to be an important problem in a clean vacuum system. Very little informa-
tion on this subject is available in the literature. An experiment is
now in progress to set a limit on this hypothetical phenomena.

However, current informed opinion of those familiar with the large
vacuum systems used in accelerator storage rings indicates that out-
gassing bursts, if they occur at all, certainly are extremely rare.
{Ref: H.J. Halama, Brookhaven, private communication)

The phase fluctuations with which we are concerned are attribu-
table to random fluctuations in the index of refraction of the propa-
gating medium that arise because the number of molecules or atoms in a
column of gas fluctuates randomly about some average or equilibrium
value. This process is thermally driven and can be treated as having
a stationary distribution.

The purpose of the calculations in this section, therefore, is to
estimate the quality of the vacuum that is required to ensure that the
magnitude of the noise which results from column density fluctuations is
smaller than the magnitude of the other noises in the system. This re-

V-13
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quirement is crucial because the minimiration of the phase fluctuation
noise is the prime justification for the vacuum system that is one of
the most expansive components of the interferometric gravity wave antenna.

We have to consider two cases) interferometers where the multi-
pass beams are spatially separated, as in the present versions of delay
line systems, and those in which the beama coincide as in a Fabry
Perot or delay line with spatially coincident but frequency tagged
beamsa. The cases diffar in the degree of correl ation of the phase
noise due to column density fluctuations. As will be shown, the vacuum
required by the two cases depends identically on several parameters but
depends differently on the length of the interferometer arms.

The case of spatially separated beams.

We consider first a delay line interferometer in which the light
beams that are reflacted back and forth between the mirrors do not
overlap anywhare.

To show that this idealization is physically realistic, we evaluate
first the diameter of a light beam and the diameter of the spot size
on the reflecting surfaces. Asgume a symmetric cavity with spherical
mirrors of radius of curvatura, R, close to but not exactly equal to

the interferometer arm length . The mipimum beam diameter for a Gaussian

beam, defined as l/e intensity point, occurs at the cavity midpoint
and is given by

22
D - (T)l’ =244 (63)
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A is the light wavelength. The ‘beam diameter at the mirrors is VED.
For example, in a Skm arm antenna using 5145A laser light, the beam
diameter at the mirrors is 5.7 cm.

Now, if the light beam is reflected to make b transits of the inter-~
ferometer arm, the equilibrium value for the number of atoms<N> in the

total gas column is

N> =p tb (nDa @

where p is the average number of atoms per unit volume, The rms

fluctuations about the equilibrium value, is

0N = <> nv
The average column density of atoms is

<N>

° o W

While the fluctuation of column density is given by

2
a02 = AN - pLb
o n 0Z/02 = (7 pZa) 517

The index of refraction n of the gas column is
n=14+ap (6)
where a is the effective molecular polarizability at A . a for nitrogen

24

= 9.7x10 e <
= 9.7x cm /atom. The rms phase fluctuation of the laser light that

is caused by column density fluctuations is then given by

V-i5
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2 2
2 - 2n 2 .]2ra pLtb
A‘ [l a be [ A ] [' D /4] m

A phase change causes an inferred change of the separation between

the end masses according to

A A¢
ax ZnQ] (8
so the fluctuation in the inferred length corresponding to the phase

fluctuationa, and hence to the column density fluctuations, is

2
A YaZps
. [Z—b] 8% = Bt @

To convert this to a power spectral density, we note that the
relevant time scale of the fluctuations is the time that an atom resides

in the light beam. This residence time tt is approximately

D
t = —— (10)
r Vt

where Vt is the thermal velocity of the atom,
So, for frequencles less than (lltt), the power spectral density

of the inferred length fluctuations is
2 2 4a?pe
x{f) = tr Ax” = bV (11)
t
A more useful formulation is to reexpress this noise in terms of

the equivalent strain spectral density using the arm storage time, ts'

defined by

LIGO-P830005-00-R
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t_ = bl/c (12)
§

and the beam diameter of Equation 1. The equivalent strain spectral

density is then

2 _ 2u22
Mncor £} = cscvt(nu)!’ £ /e (3

The Spatially Correlated Case

We consider next an interferometer in which all the light is re-
flected back and forth through the same gas column, The light storage
time ts is greater than the residence time tr of a thermally driven atom
in the beam, and the residence time in turn is greater than the light
transit time tt (=L/c) along the interferometer arm,

As before, the phase fluctuation introduced during one transit of
the interferometer arm, A¢t, is given by Equation 7. However, now, the
phase fluctuations for a time equal to the atom residence time are cor-
related. The beam makes tr/tt trangits through the same gas column
fluctuation and on the average the beam samples ts/tr independent
fluctuations in the arm during a storage time. The rms phase fluctuation
becomes

842 = EE\ : I ‘s I T 84 2 (14)

£ £t '_227__ t

Following the same steps as before the strain spectral density is

given by
2 4a?p
hcor(f) = ;VZ_E;E (15)

v-17



LIGO-P830005-00-R

-6~ -7~

4 L

- -25 L -2
Equations 13 and 15 are the results of this section. Instead of, h cop () = 6x10 atrain/Hz h, (£) = 1.6x10 strain/He

as in other sections of this report, evaluating the requirements of

Some of the other parameters interesting to note in thi 1
the system to meet a specified h(f), it is more useful here to look at pa sting note 1in 8 example
\

are
the break points in vacuum technology. Broadly speaking low vacuum
. teransit " 1.7x107° gec
technology using roughing pumps and elastometer seals allows system ansit
t = 12107 gec
residence

pressures of at best 10_3mm Hg. This pressure is too high for antenna

<$> = 1.1 radians
lengths considered economically feasible. The next level of vacuum

<¢> is the average phase shift of the light due to the gas in
technology employing additional pumps, diffusion, ion, or sorption pumps

traversing an interferometer arm for ts

in addition to roughing pumps has a break at pressures of about 10—6 tor

mm Hg. Vacuum system with pressures less than lo-enm Hg; the ultra

high vacuum region, require further refinements such as matal to metal
seals and the ability to be heated for outgassing while evacuated.

As indicated in the Arthur D. Little study, we have chosen to price a
vacuum system which is able to maintain 10_6mm Hg in the light paths but
which can be improved at some additional expense for operation at

lower pressures if the need arises in a second generation development

of the antenna system.

With a pressure of 10'6mm Hg, consisting of N, at room tempera-

2
ture and a light wave length A of 5145A°, the strain amplitude spectral

noise due to vacuum fluctuations is given for the two cases as

~25 -23
_ 5.2x10 . 3.5x10
n{flor = S5 higL U
5 5

in a 5km antenna with a 10‘3 sec storage time the noises are

v-18 v-19



MECHANICAL THERMAL NOISE

Mechanical thermal noise can become a factor in the noise budget
of long baseline interferometric antennas, especially at the low fre-
quency end of the band, for the senaitivities being projected. The
influence of mechanical thermal noise, as well as all other stochastic
forces that are uncorrelated at the antenna end points, is reduced
by increasing the antenna length.

There are two classes of thermally driven motions in the antenna.
The first are translations and rotations in the final stage of the
vibration isoclation suspension which produce noise at low frequencies
and tha second are excitation of internal vibrational modes of the
end masses, mirrors and associated optics which should occur at high
frequencies. Not all motions of the antenna masses are equally per-
turbative. Due to the symmetry of the interferometer optical design
and the isotropy of the light intensity distribution about the optic
axis, the effect of all rotations and translations perpendicular to
the optic axis can be reduced to second order in these motions.

The critical motions are those which have a net component along the
optic axis when integrated over a gravity wave period.

The standard method of calculating thermal noise follows the
prescription of Langevin and Nyquist which is consistent with equi-~
partition and the fluctuation-dissipation theorem. However the method
must be used with care. The thermal noise is modelled by a stochastic
driving force given by the power spectral density (Nyquist noise)

F2(£) = 4kT a Dynes’/Hz o8

v-20
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whare k is Boltzmann's constant, T the temperature of the damping
madium and o the damping coefficient of this medium. For a mechanical
gystem with a single degree of freedom (one normal mode) and in which
the damping coefficient is frequancy independent, it is useful to re-
express the Nyquist noise in terms of the system Q as

Fz(f) - 4k‘1‘m% 2

Q

where m is the moving mass of the oscillator and ' the resonant
frequency. The response of the oscillator to the Nyquist nolse force
is calculated using the harmonic oscillator transfer function and given

by

4k Tuw
o

xz(f) - cmZ/Hz (3)

le(u? - mz)2 + (ﬂo“Szl

o e

Q
The rms motion of the oscillator, the integral of xz(f) over all fre-

quencies, is the equipartition value

2 2T r 2
. " ]; x°(f)ar (4)

In the gravity antenna design we endeavour to avoid mechanical
resonances at frequencies in the gravitational wave band. The high
and low frequency limits of Equation 3 become the relevant relations.

These are given by

xz(f) - 4k'l‘u°

w>>w —_—
o mG w

(5)

LIGO-P830005-00-R
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AeZ (6

2
x (£) -
u<<w° q}uo

The net displacement spectral noise density is the incoherent

sum of the contributions from all independent normal modes.

The thermal noise produced by gas damping (Doppler friction})

is the classic example of a damping mechanism which is described by

the model. The coherent part of the damping is due to the average

momentum imparted to the gas while the noisy part comes from tha

fluctuations in the number of atoms hitting the oncillntor.- In this

case the impulses of the atomic collisions imparted to the oscillator

obey a Poisson distribution and therefore have a frequency independent

powar spectrum at frequencies lower than the average rate of atomic

collisions with the oscillator. That other damping mechanisms, such

as the various mechanisms of internal dissipation in solids, can really

be modelled by a frequency independent stochastic force is at this time

only a conjecture. The fact one is sure of is that the frequency inte-

gral of the stochastic force does give the equipartition value. The

bar gravity antennas have demonstrated this beautifully.

There are situations where a blithe application of the model

would give the wrong results. Two cases which occur in present inter-

ferometric antenna designs are good examples: the case of coupled

oscillatora and schemes employing active servo feedback damping.

The vibration isolation systems at the end points of an interferometric

gravity antenna are high Q@ pendulum suspensions which are attached

v-22
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to compliant and 10§licr structures to achieve additional seismic
igolation. Motions of the pendulum feed power to thes support structure
where it is dissipated. The Q of the pendulum is lowered by this, however
the Nyquist force on the pendulum bob is not given by Eq. 2 but

rather by Eq. 2 multiplied by the frequency dependent isolation transfer
function of the pendulum. A proper calculation of the normal mode
excitations of the coupled system with each normal mode driven by its
own Nyquist force gives this result. The thermal motion of the
pendulum is a superposition of the normal mode excitations.

Servo feedback damping is employed to reduce the rms amplitude

and ringing time of the pandulum motion. In these schemes a signal
proportional to the velocity of the pendulum is derived from a trans-
ducer (an interferometer, capacitance or inductance bridge). After fil-
tering the signal is fed to a controller, which depending an the design
exerts electrostatic or magnetic forces on the pendulum. Leaving

aside for the moment, the additional noise that is generated by the
transducer, which is small in practice but nevertheless imposes a
fundamental limit in the technique, the damping of the pendulum has

been altered without an increase in the Nyquist noise force. The
power spectral density of the displacement noise is still given by
equations 5 and 6 where the appropriate ¢ is the value with the servo
system turned off. The rms displacement on the other hand is smaller

and given by

2 = A Qgarvo
rms | mw < .
° i (7)
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vhere Qnrvo is the actively damped Q.Typically, Qservo/Qo <<l where Qm“_ is the internal Q of the suspension material in flexure,

and ons can loosely say the oscillator has been refrigerated to an generally 1/10 of the Q in purs compression, Egrnv the energy stored

effective temperatura as gravitational potential snergy and Bela!t:ic the energy stored in
chf -~ T Q’;_m (8 flexure which is usually much smaller than Egruv'

which is true for t:a integral but unfortunately not in calculating Clearly to achieve a high Q one would like to make Eelaatlc as

the thermal nolse at frequencies far from resonance. small as possible which implies thin support members. However, the
With the above provisos in mind, we make an analysis of the ) th is a strong inverse function of the internal stresses of the

magnitude of the thermal noise in the interferometric antenna material beyond a critical stress, o"x, so that an optimization must
a) _Thermal noise at low frequencies. be performed. The magnitude of the suspended mass, an important para-
The fundamental resonance frequency of the suspension is chosen to be smaller meter in the optimization, is however not only a function of this noise

than the lowest gravitational wave frequency, so that limit of Equation 5 applies. term and must be chosen by an overall minimization of the antenna

Three sources of thermal noise important at low frequencies are con- noise budget.

sidered: dissipation in the flexure of the pendulum support, residual If the mass is supported by a single cylindrical fiber, the over-

gas damping and eddy current damping by unshielded magnetic fields . all pendulum Q is given by

In the presently conceived design, the thermal noise arising from
4{mLo 4L %
Q= Qe (Fnax’ max = Q ot Tmax’ Py (ing) (10)
the dissipation in the flexure of the pendulum suspension makes the max (qu)’i max Y
largest contribution at low frequencies. Although the major part of

where L is the length of the pendulum, m the supported mass, a
the restoring force in a pendulum is gravitational and non-dissipative,

the fiber radius and Y is Young's modulus for the material. If N
a small portion is provided by the flexure of the suspension. Some

fibers are used, each stressed to o ; the overall Q improves as N;’.
of the elastic energy stored in the flexure is dissipated. The over- max

For example, the ratio of the O for a rectangular ribbon of thickness
all Q of the pendulum is given by

E + E N E 2a and width w to that of a cylindrical fiber of radius a is
Q Qut (gtav elast c) " %nat Egtav (9} IR
alastic elastic ( Gva
Typical sample parameters for a 4 fiber quartz suspension at

2

300°K arey, = 102cm (2 second pendulum), m = losgrams, y = 7x10n dynes/cm

V-24
Inax = lo-zYand th(aw) - 104 in flexure. The overall pendulum

v-25
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Q is Jxlos. The diameter of each fiber is close to Zum. Sapphire
might be a better material but less is known about its internal losses

in flexure.

The spectral density of thermal displacement noise at frequencies
above the suspension resonance is given by Eq. 5. Using the above

sample parameters it amounts to

x(£) v 1x10” Y cmy/uzY
bdg —
at 300°K. The strain amplitude noise is
1
neey = 22U 2 KTk g an

L 72137 2 mQro

where 2 is the antenna baseline. The 2 comes from the fact that the
thermal motions of all the antenna masses must be included. For a
Skm long antenna, the low frequency thermal noise limit due to this
cause varies as

n(g) = 4.2x1072%¢2  serain/me’ .

In second generation improvements on a large baseline gravitational
antenna electromagnetic field support suspensions or cryogenic operations
could be contemplated to reduce this noise term but at present the
added complexity is not warranted.

pamping due to Doppler friction by the residual gas is reduced
by operating the pendulum in high vacuum. The Q due to gas damping
is given by

. P aw (123

Q m o
938 ¥ (m_kT) %

LIGO-P830005-00-R

Here CN is the density of the pendulum mass, a the length of a side
of the mass if cubical, la the average mass of the residual gas atoms
and n the number of atoms per cubic centimeter. W is the pendulum
resonance frequency. Eq. 11 applies in the limit where the mean free
path of atoms in the residual gas is larger than a. Using the sample,
parameters T = 300°K, m = 1069-, a =50cm, To = 2 gec pendulum pariod,
a residual gas at 10-6 mm Hg composed primarily of “2 yields a Q
limited by gas damping of 5x109.

Eddy current damping in the unshielded earth's magnetic field
can be a thermal noise source. At low frequencies where the skin
depth is comparable and iarger than the linear dimensions of the pen-
dulum mass, the thermally driven electrical currents in a conducting
mass produce fluctuating magnetic forces on the pendulum. This is
another example of a “colored“ Nyguist force. The Q due to this
mechanism is independent of the volume and given by

2
pawc

Qeddy = o 13)
aBZ
where B is the magnetic field at the mass,g is the conductivity of the
mass in cgs units and c the velocity of light, Using the same parameters
17 -1 :
as above, 0 &~ 5x10 sec ~, typical of good conductors, and a field of
: 4
1/2 Gauss yields a Qu8x10 . Modest magnetic shielding and/or the use

of non-conducting masses, coated by a thin layer of conductor to avoid

electric changing, reduces this damping mechanism , below the level
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of the others discussed so far.

b) Thermal noise at high frequencies.

The thermal excitation of the normal modes of the masses, mirrors,
mirror mounts and optical components in the phase sensitive portions of
the interferometer contribute high frequency noise. Thermal noise from
this source is now being observed in all the prototype interferometric
antennas and is not unexpected given their unoptimized mechanical
designs.

The reduction of this high frequency thermal noise requires that
the lowest oscillatory mode frequencies lie above the gravity wave
frequency, that the modes have a high Q and that there be as few modes
as possible. These requirements argue for simplicity of the design
and monolithic construction of the masses and their associated optical
components. The critical modes are those at the lowest frequency, as
indicated by Egq. 6.

In a good design the low frequency longitudinal modes having
conpona;ts of motion along the optic axis, should dominate. Assuming
that the mirrors are integral with the masses (monolithic construction),
the low frequencies of the comptgssional modes are determined by the
longitudinal sound speed and the linear dimension of the mass along

the optic axis. The oscillation frequencies of these modes are given

) (14)

where c Lis the longitudinal sound speed, a the thickness of the mass

along the optic axis, Y the Young's modulus and p the density of
v-28
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the material. The moving mass in these modes is 1/2m. The thermal
noise displacement density is calculated by using Eq. 6. Summing over

tha modes gives

2%
2 . BkTa p - 1 ;
A = oA v /2 pl1 w3 f<f {15)

odd

A is the cross section of the mass, Q is the value appropriate
to the dissipation of the material in compression.

As an example consider a quartz (fused silica) mass of loﬁgrums
having a cylindrical shape with length equal to the radius of 50cm.
The Q for the compressional modes, if not compromised by the support,
is 105 at room temperaturs. The lowest longitudinal mode frequency
for this mass is 6KHz. The amplitude spectrum at frequencies less
than 6KHz, given by Eq. 15, is x(f)~ 3x10-19cm/Hz;’. The limiting
strain sensitivity in a S5km baseline from this noise source alone
would be h(f) - 6x10°2> strain/nz®.

The modes involving pure shear {no internal volume changes) have
both lower frequencies and lower Q. However in a symmetric and iso-
tropic optical design, the fringe sensitivity to these modes can be
reduced to second order in their amplitudes.

In the lowest frequency pure shear mode, the neutral plane of the oscil-
lation bisects the largest dimension of the mass. The frequency of

the mode is

2 .V Y oy

fsh 7t Ssh Ty ( )

Z(1+9) o (16)
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t is the largest dimension, 2a in the above example, and Ceh is

lowest frasquency flaxural mode for the sampls dimensions given above
the transverse or shear sound velocity in the materials. o is the

is 22 KXtz and therefore not important.
Poisson ratio. The moving mass is the total mass. For sake of compar-

In summary, the most important thermal noise term that figures

ison using the same sample parameters as above; adding that the Poisson

in the gravity antenna parformance is the suspension noise at low
ratio for quartz, o, is 0.17, one finds from Eq. 16, the lowest shear
4 frequencies and this is not a severe constraint in a first generation
mode at 1.7KHz. Assuming a Q in shear of 10, the average amplitude

large baseline antenna of sufficient length. The improvel performance
density of thermal motions of the surface below 1.7 Khz, doe to this

-18 " in a second generation system may raquire modification in suspansion

mode alone is approximately, x(f) = 1.8x10 cm/Hz . The
and mass design.
strain limit imposed by this type of oscillation depends critically

on the optical design, as already mentioned.

The final class of motions considered, flexural vibrations,
involve both shear and compression. A good example of such a mode is
the oscillation, perpendicular to the surface, of a thin mirror
clampad at its edges. These are troublesome in current prototype
interferometer designs, and their suppression indicates monolithic
construction. The normal mode frequencies have been calculated in the
theory of the oscillation of plates., For a circular plate with a clamped
outer edge the normal mode frequencies are given by

fom = o G ))” 82
Here t is the plate thickness and a the radius. The indices n and m
indicate the number of radial and azimuthal nodes of the oscillation.

B8 is a constant dependent on the mode, for the lowest order mode having

one radial node and no azimuthal dependence, B10 = 1.015.

The next mode n = 1, m = 1, has a freguency 2.09 times higher. The



VIBRATION ISOLATION

1.0 Introduction

Two different mechanical noise sources will be considered here:
seismic noise, and gravity gradient noise. By geismic noise is meant
mechanical coupling of the test masses, through their supporting
structures, to the low level vibration of the earth. Gravity gradient
noise is motion due to the fluctuating gravitational forces on the
test masses caused by acoustic density fluctuations in the material
media (earth and atmosphere) surrounding the antenna, or due to the
motion of massive bodies in the vicinity of the antenna.

A recent compllation of earth motion spectra is given by Fix
(1972). Between 0.1 Hz and 10 Hz, the spectrum is approximately
proportional to (£/1 Hz)-z, where the constant of proportionality
varies from 10_5 to 3"10-8 cm/sz. If the spectra continued to fall
with the same slope, even at the quietest places the earth motion ex-
ceeds the expected shot noise floor at all frequencies below 20 kHz.
Thus the test masses must not have a rigid mechanical connection to
the earth, but must instead be mechanically isolated. A simple form of
isolation is a pendulum suspension of high Q, whose transmission is
equal to ((fo/f)z, where ED is the resonant frequency. A 1 Hz suspension

s ahove 250 Hz at

would reduce the seismic noise to below 10~17 cm/Hz
the quietest locations, above 1 kHz at a nolsy site.

The fluctuating gravitational force from density varjations in

LIGO-P830005-00-R
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the earth due to seismic motion has been evaluated by Saulson (1983a).
4
The spactrum of test mass motion calculated there is x = B*(1Hz/f) ,

- ~13
where B runs from 10 15 t:l/llzll2 at a quiet site to 3*10 cm/Hzl/2
-17 2
at a noisy site. Thus this noise term is larger than 10 cm/Hzl/

at Erequencies below 3 to 13 Hz. The gravitational coupling of selsmic
noime to the test massas iz, then, weaker than direct mechanical coupling.
Yat, unlike mechanical coupling, the gravitational force can not be
shielded, so this lacter term represents a true noise floor. (In
principle, a regreassion scheme could remove some of this noise from the
output of the antenna by recognizing the signature of a local tidal

force on the antenna. However, the gravitational forces on the test
masses are only strongly correlated at frequencies where the acoustic
wavelength of the disturbance is large compared to the separation hetween
the test masses. In the proposed system of 5 km baseline, this ia

only true at extremely low frequencies, especially if there is a non-
negligible contribution due to atmospheric infrasound.)

This study has shown that the most serious mechanical noise source
for the antenna is seimmic vibration, followed in importance by Brownian
motion of the test masses. In the rest of this section we will describe
the conceptual design of a feasible teast mass suspension which should

]

reduce mechanical noise to below 10_17cm/Hz at all frequencies
above 70 Hz, with appreciable reductions as well at lower frequencies.
Few aspects of the design are dictated explicitly by the specifications,

but we have tried to make reasonable choices.

v-33
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In our propased design, we have elected to avoid the headaches
associated with cooling the test masses, but are left instead with the
headache of large masses. A second important feature of this design
is to make a cascade of several stages of isolation, rather than lowering
the resonant frequency of a single stage. Even at the quietest site,
an ideal suspension would have to have a pariod of 20 sec (for a pendulum,
this would mean a length of 90 meters!) This simple calculation neglects
internal resonances in the suspension's structural members, which make
it difficult to achieve the theoretical isolation over more than two
decades in frequency. A third aspect of the design is to make use of
active vibration isolation in addition to passive isclation. This is
especially valuable for frequencies near and below 30 Hz, less so above
30 Hz. Active isolation is included because a fairly elaborate servo
control system will probably be required for DC alignment and low-
noise damping of the high Q resonance, so using the sensors and actuators

for broad band vibration reduction comes almost “"for free."

2.0 THEORETICAL ANALYSIS
2.1 Equations of Motion
A schematic diagram of the sort of system we are considering
is given in Figure 1. AL this level of analysis we treat all the motions
as one-dimensional, parallel to the x-axis. M3 is the test mass

itself, while k3 and 53 represent the spring constant and damping
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coefficient of the suspension of the test mass, most likely a pendulum.

H3 is suspended from a second mass, HZ' which is in turn suspended

from Hl. The whole system is, finally, suspended from a frame fixed

to the ground. In addition, two linear actuators are installed, one

between the ground and M., the second between M, and M,.

1 1 2

The equations of motion for the system are:

Hlxl- -kl(xl—xg) - fl(xl—xg) —kz(xl—xz) -Ez(xl—xz) +Fc1-Fc2

M= ok (xymx)) = F)lRy=kg) —kyligoxg) —f5(x,7%y) 4F, (L

H3x3- —kz(x3—x2) - fj(xa—xz)

These equations are simplified as follows. First, for brevity of

= = i 2 _
notation, define u HZ/M1 and u H]/Hz. Also, define w01 kl/Hl'

21 32

Ql-leOI/fl, and the analogous quantities for suspensions 2 and 3. We

consider only the steady-state solutions, so we can make the ansatz

x = x(w)eimt.

Then % = iwx, X = —wzx,>and the system of equations becomes
a set of simultanecus linear equations in the coordinates of the masses.

Further, if we are only interested in the response of the system to

forces from the motion of the ground (ignoring Nyquist force on M]' for
example), then we can express Ay =%y as some transfer function times
Xy
X, - X, = ————EE—~—— x,2 T X
3 2 wog2iitegy 2T 32 (2)
°
3
v-36
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so that only the coordinates x, and x, remain. With these simplifi-

1
cationa the equations (1) reduce to the 2 by 2 matrix equation

(3)

whare

rom Lt a2 degy G20y oy lwag, Ty,
| S R TR o1 0221 5 P
1 2 1
T, " ul -, - lowgy + Te2 ),
12 o, N,
1 fww
T, = (~w?, - 02 ),
2" w e T 5
2
T, = 1 w?eg2 4 1®gy - Top o mg3u32T3 - uagy .
2 0, M, 9, 323
1 2 10“
T = (wé. + oL ).
9 My, O

9

In these equations 'I":1

similarly TcZ - Fcz/xz. Solving the syatem of equations gives the

represents the transfer function l?cl/x1 and

following transfer functions:

T T

*_ q 22

X T2 Ma™

2= Tg"a

X Tt Ta (4
x5 . -T Tzl(T3+1)

x 11T 2T
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To obtain concrete results we have to choose the values of B
parameters: the three resonant frequencies, the 3 quality factors,
and two mass ratios. (The overall mass scale does not affect the transfer
functions.) We know that Q3 must be around 106. Q2 and Ql need not

be as high, since there is isolation between them and "3‘ We somewhat

arbitrarily set Qz-=103 and Ql=10. Inspection of elements 'l‘u and

T22 indicates that the cross—coupling terms have the form mz (in

02"21

2 :
03u32 (in T22)' If H3 is as large as 1 ton, it would be a

great advantage not to have to have H1>>H2>>H3 to make the outer

Tll) and w

stages sufficiently stiff for proper operation of the servo loops.

We obtained satisfactory results with My =1, but with progressively

“¥32

stiffer springs moving outward from M We show the results for w01'2"10

3

Hz, =25%3 Hz, and m03-21'1 Hz,

Yg2
Figure 2 shows the passive isolation of the system, obtained by
solving for the transfer function x3/xg with the feedback terms

T . and Tc set equal to zero. This transfer function is given by

cl 2

equation (4), above. The form of the transfer function is easy to
understand. There is no isolation at frequencies below the lowest
resonance. Just above the highest resonant frequency, the isolation

has a slope of -120 dB/decade characteristic of three resonant isolators
in series. At higher frequencies the slope becomes shallower because
of the finite Q of the resonances. In the band 1Hz<f<10Hz appear the
peaks due to the three resonances, slightly shifted in frequency from

their nominal values due to the coupling to the other resonances.
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2.2 Passive Isolation

The passive isolation of this gystem at 30 Hz 1is computed to be
120 4B, or 6 orders of magnitude in amplitude. At a quiet gite, this
would be nearly sufficient to make the seismic noise contribution smaller
than 10—17 cm/ Hz at 30 Hz, So the simple design is fairly success—
ful, if one is willing to tolerate a very steep increase in the seismic
noise contribution as one goes lower in frequency. Furthermore, it
would not be impractical to move all of the resonances down in frequency
by a factor of 2 or 3, say, and thereby improve the isolation. Still,
even more isolation would yield improved antenna performance in the band
below the highest resonance, since the Brownian motion noise (which is
the dominant noise below 30 Hz if H3Q3-106 tons) has a much shallower
spectrum than the ground noise. In addition, the high Q low frequency

resonance is certain to be troublesome without some active damping.

2.3 Active Isolation

The active vibration isolation scheme which we plan to incor-
porates uses the test mass H3 as an inertial reference element, that
is as a sort of hook to an inertial frame of reference. Measurement
of the relative displacement X%, gives an error signal which drives
a linear actuator Fcz mounted between H1 and Hz. A feedback force is
applied in order to null X Xy0 thus tending to compensate for the
other forces which are being applied to M3 . W¥e have also included
another actuator Fcl' to be driven by the error signal xJ—xl. A
working prototype of a (single loop)} inertial gtabilization system of

V-40
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this sort is described by Saulson (1983b). A slightly different method
of insrtial stabilization is described by Robertson et al. (1982).

The performance of a feedback system is governed by its loop

transfer function. Let the feedback force F 2 be given by
c
’z
F, = a;-Gcz(f)(xs-xz) (5)

where ledz is an overall gain and Gcz(!) is a compensation filter.

From the solution of the squations of motion of tha system (3), we find

I D P U
M

F -
c2 3 TuTaz ™ ()

(xJ’xZ)drivcn

Thus the loop transfer function im

*37%)) ariven I TR T *! -
x.— ™ =
x37%p) LMy e2 T T T

A Bode plot of this function for Gcz(f) = constant is given in Figure
3. The transfer function contains, in series, the resonances Wyq

and Whoe The rasonance Wy appears only in vestigial form--it doss
not cause any net phase shift. A feedback system with such a transfer
function is absolutely stable for all valuss of the gain, although with
vanishingly small phase margin. In a real system, the available gain
will be limited by additional phase lags due to mechanical resonances
in the structural members of the device. Nevertheless, it is possible

to achieve high gain in the frequency band near lHz if the structural
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resonances can be kept at relatively high frequencies, since the roll-
off of gain is nearly £ ° when the phase is nearly -180 degrees.
Judicicus compensation can also improve the phase margin, making this
a well-bshaved servo. For more details, see the paper by Saulson
(1983b). If we assume that the gain must be brought below 1 at fre-
quencies above 100 Hz, then the additional seismic attenuation of tha
active isolation is that shown in Figure 4, and the net seismic trans-
misgion of tha system is that shown in Figure 5.

To achisve even better low frequency isolation, we can usa the

outer feedback loop, whers actuator Fcl is driven by XX - The
loop transfer function is found to be
"3 * ariven _ N1 . T (T3*114Ty,
{xy=xy) My el T T Ta e
That is

where le and T22 contain feedback terms from actuator FC

to say that the functional form of the loop transfer function of the

2°

outer loop depends on the amount of gain in the inner feedback loop.
This makes sense, since the operation of the inner loop does in fact
alter the net transmission of force to H]' A graph of the outer loop
transfer function (with the value of inner locop gain used in Figures
4 and 5) is shown in Figure 6. It has a form similar to that of the

inner loop transfer function, so the comments made above regarding

stability and compensation apply here as well. A further comment is in
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order, though. Highaer gain can be achieved between tha two resonances
in this loop by using a compensation filter which adds enough phase
lag in betwaeen them to bring the phase to nearly -180 degrees. Then
the gain will fall nearly as steeply as f_2 over this range, giving
higher gain at low frequencies for any given crossover freguency.
Figure 7 ghows the loop transfer function with one version of such a
compensation filter. If we again assume that the crossover frequency
equals 100 Hz, then ths attenuation from this loop is that shown in
Figure 8, and the total seismic transmission of the entire system,
including the passive response and the effect of the inner loop, is
shown in Pigure 9. The net improvement of isclation due to the two
active loops over the passive response alone is shown in Figure 10.
There is no net improvement, obviously, at frequencies above the
upper crossover frequency. Furthermore, because of the shape of the
loop transfer function there is a lower crossover frequency below which
there is no improvement either, Figure 11 shows the net motion of the
test mass M, at a moderately quiet sita, where the seismic spectrum

3
lHz 2
is x(£) = 10 emmz? CE .

3.0 PRACTICAL CONSIDERATIONS
The foregoing discussion has shown that it is possible, in prin-
ciple, to attain sufficient vibration isolation above 30 Hz, and substan-

tial isolation to frequencies as low as 1 Hz,with a combined passive-

activa system. However, several important simplifications were made,

“the validity of which we will now discuss.
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3.1 Cross-Coupling

The most important simplification made was the treatment of only
one dimension of motion. A rigid body, such as the test mass HB'
has of course 3 dimensions of translational motion and 3 of rotation.
It is necessary to design a aystem which can simultaneously meet the
applicable vibration specifications in all relevant dimensions.

In principle, cross-coupling need not be a problem, It is easy
to show that if a mass ls suspended by a set of springs arranged with
sufficient symmetry about its center of mass, then each of the six degrees
of freedom is decoupled from the others and can be treated as a one-
dimensional oscillator. The problem is somewhat more complicated
with a pendulum suspension, which is probably required for H3 because
of the difficulty of achieving Q = 106 for a 1 ton mass with a room
temperature spring suspension. A pendulum couples translation along
a horizontal axis into a tilt of the mass about the orthogonal horizontal
direction.

when feedback ls conasidered, the cross-coupling is more serious.
An active system of any sort of suspension which derives an error signal
only from the displacement of a reference mass with respect to a frame
can not distinguish whether it was a horizontal acceleration or a tilt
of the frame which caused the displacement. In such a system, tilt
excitation represents a noise source which feedback does not remove.

A simple model can be made of the shear wave component of seismic
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noise to estimate the magnitude of the problem. The acceleration input
term due to tilte is gnine., where g is the acceleration due to gravity,
and 8. is the tilt of the earth. If at a frequency w the earth's ampli-

tude of vartical motion if ze, then it is easy to show that

<51nB‘>m = — (9)

This is to be compared to the translational acceleration input term
mzya. Now it is known empirically that ya= z.. Therefore, the ratio
of acceleration due to tilt to acceleration due to translation is

approximately

] -4 f
]‘gv_u = ax10 (g (10
8 0

if uy =2%*1 Hz. Thus the gain at 3He, say, is limited to 1000 or
less, which is rather restrictive in the presence of high Q resonances
in the loop gain.

A more elaborate system can get around this limit. First, the
test mass can be supported just above its center of mass, so that it has
a low resonant frequency in the rocking mode. Then the orientation of
the mass can be used as an angular reference (above the rocking fre-
quency), in a similar fashion to the reference arm of Robertson et al.
(1982). spacifically, in addition to the displacement of the center of

mass of M3 with respect to the frame (expressed as an angle ec)’
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one maasures the angular orientation of the mass with raspect to tha
frame, Br' Pure translation leaves Br = 0, while pure rotation about
the support point of the pendulum nk.let-el_. Therefore, the srror
signal for feedback force must be derived from at_er' while an error
signal for feedback torque may be derived from er. Thus, ths fesdback
system requires two sets of differential sensors and two actuators to
separately null translation and rotation.

The requirements for vibration isolation in the directions not
parallel to the optic axis are less severe than for motion along the
optic axis. Unfortunately the requirements are harder to specify since
they depend in detail on ths symmstries of the optical scheme and on
the degree of DC misalignment. In principle, the interferometer can
be made to be sensitive to transverse displacements (or rotations)
of the end masses only in terms of second order in these small quantities.
Without further study of the optics, it is difficult to say whether
a particular design will suffice. One thing that is clear, though, is
that the test mass at the vertex of the interferometer will have to mast
the stringent specification along both horizontal directions, and so
will require two orxthogonal sets of sensors and actuators, along with a
sufficiently symmetrical suspension. For the masses at the ends of the
arms, this may not be required. The symmetry between axes does not
extend to the vertical diraection, in particular if we are required to

use a pendulum suspension for the test masses. A pendulum is much
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stiffer in the vertical direction than the horizontal, so the vertical
direction has one fewer passive isolation stage:z than the horizontal
directions. For the same reason, an inner active loop can not be

wade to work in the same way in the vertical as in the horizontal.

This means that if the transverse isolation requirements are too

severe, the vertical imolation will probably be where the problem is
worst. It may be necessary to make a non-rigid connection between

the psndulum and its support, although here a potentially serious cross-

coupling problem may occur.

3.2 Internal Resonances

A sacond aspect of a real gyastem that was not treated explicitly
in the theoretical discussion above is the existence of internal
mechanical resonances in the structural members. Yet, implicit in
many of tha design choices was the consideration that the total system
performance be as insensitive as possible to the existence of such

resonances. The system does not rely on extremely soft springs, or on

an extremely long pendulum, either of which might have internal resonances

of low frequency. There is only a ratio of less than two decades batween

the lowest resonant frequency and the frequency above which the
system should be shot noise limited. Thus the design does not require
transmission to fall like f_2 in any stage over a very large bandwidth.
(In addition, this means that the outer stages can have rather low Q's

without compromising the performance of the system, since there is no
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need to restrict the t_l asymptotic form of a finite Q resonance to

a very high frequency. The Nyquist noise from the outer stages is
substantially attenuated before it affects the test mass H3' } Even
though the seismic transmission may level off substantially above the
frequency of the lowest structural resonance, the exciting spectrum
is falling rather steeply, so it is unlikely that the high-frequency
region will be contaminated by seismic noise.

The problem of the levelling off of the isol;tion due to internal
resonances is more serious in the presence of anthropogenic sources
of vibration, such as human speech or the sound of airplanas. In
contrast to the steeply falling seismic spectrum, thess latter sources
often contain substantial power up to frequencies of 1 kHz or higher.
Fortunately, highly refined techniques have been developed (by the
gravitational wave bar detector groups, among others) for passive
isolation at these higher frequencies, It will be important to employ
low-pass acoustic filter stacks to attenuate high frequency noise.

The performance of the feedback loops does depend strongly on the
frequency and Q of the lowest few structural resonances, since the loop
gain must be balow unity at all of the peaks in order to agssure
stability. It is only at frequencies below 30 Hz, however, that the
performance of the whole system depends strongly on the gain in the
active loops. The assumption of a crossover frequency at 100 Hz that

was made in the discussion of theoraetical system per formance is not
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overly ambitious, but even if it does not prove attainable the damping
of the high Q pendulum resonance can still be accomplished. Over and
abova this goal, the more broad-band isolation at low frequencies that
can be attained the bettaer, down to the floor set by Nyquist noise and

gravity gradient noise.

3.3 Construction

Nesting of the stages is a natural arrangement for several reasons.
The outer stages, Hl and H2 , can probably be suspended by springs, so
in a nested arrangement springs can be attached symmetrically about
the masses to make the different directions of motion decoupled. Also,
a nested system can bes made quite compact, which has the advantages of
high frequencies for structural resonances and also of economy in the
construction of the vacuum housing which surrounds the system.

A disadvantage may be awkwardness in initial construction and alignment,
although remote adjustment of all critical spacings and angles will
probably have to be provided in any case.

Building a system with the masses and resonant frequencies speci-
fied in the design presents no particular troubles. The Q-lO6 of HJ'B
suspension will probably require some care in the construction. The
problem to ba kept under control is flexure in the structure holding
the pendulum, which could lead to too much internal damping in the
matarials. The Q's of the other stages can be quite low, of order 10
to 100, without impairing the isolation or adding significant Brownian

motion noise to the test mass.
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3.4 Sensors
In order for the feedback system to be successful, it is neces-
sary that the displacement sensor not introduce a significant amount
of noise. Amplifier noise in the sensor that drives the inner feed-
back loop (calibrated in terms of motion sensitivity) introduces mechani-

cal noise of the sams magnitude on M Batween H2 and "3 there is the

e
attenuation of M_'s suspension, approximately equal to 1000 at 30 Hx.

3
Thus if we want this noise to be insignificant, we need sensor noise
to be less than 201074 ca/ns'/?. Giffard (1980) designed a dif-

farential cavity resonator transducer which is a good prototype for
the sensors for this system. The scheme is to construct two ldentical
RF resonant cavities, arranged so that as the test mass moves one
cavity is shortened while the other is lengthened. The cavities are
driven by an oscillator whi ¢ is tuned slightly off the resonant
frequency of the cavities (in the balanced state). Motion of the mass
is detected as a change in the ralative reflection coefficients of

the two cavitiss as one moves closer to resonance and the other moves

further away. Giffard finds that the noise is given by

T x 5
x LA (%)l’ =2 ) A2,

ms -15 3¢
Bandvidthl’ 10 "“cm/Hz ¢ 100K 1l cm Qu

where TN is the amplifier noise temperature, P is the oscillator
power, Xx is the effactive cavity length, and Qu is the unloaded
quality factor of the resonant cavities. A reasonable design involvaes

a carrier frequency of 10 GHz, and unrefrigerated GaAsFET amplifier -

vV-59
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with a noise temperature of 100K, and cylindrical cavities 3cm long
by 4cm in diameter driven in the TEOll mode. This mode is desirable
because it is possible to attain values of Qu=2'104, while allowing a
small gap between the walls of the cavity and the moving end plate.
With these design parameters we can attain the required displacement

sensitivity if the oscillator power is around 300 mW. This seems

quite feasible. (Giffard achieved a comparable sensitivity, although

he used a different cavity design which involved a gap of only 10 microns

between the two end faces of each cavity.)
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Electromagnetic fields

Electric and magnetic fislds cause noise principally by exerting
force on the mirrors and the suspended end masses of the antenna., We
plan to include electrostatic and magnetic shields to minimize the
effect of stray fields, but the estimates in this section show that,
even without this precaution, the noise introduced by electromagnetic
fields is significantly less than the noise introduced by other noise

sources in the system.

Electric fields

Electric fields in conducting vacuum chambers typically are
“ ].0-3 V/cm. Thase fields result from variations in the work function
of surfaces and occur even when all surfaces in a system are constructed
of the same material because the work function of one crystal face is
different from that of another,

Temporal fluctuations in these fields are caused by impurity
migrations and variations in adsorbed gas layers. There is little
information in the literature about the correlation time of these
fluctuations, except that at room temperature it seems to be longer
than a few seconds and at cryogenic temperatures the fields may be
constant to better than '\'10_12 V/cm for several hours.

The ealectric force Fe on a suspended mass with an exposed surface

area A is given by

F = —FE A (1)
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where E is the fluctuating electric field at the surface.

Assuming that the power spectrum of the field fluctuations ias
gimilar to that of the flicker effect in vacuum tubes and the surface
effects in semiconductors, both of which stem from slow large scals
changas in the surface properties of natariais, the electric force

power spectrum may be modelled by

2
2 o _2<F>1 {2)
FAE S )

whare <F2> is the average fluctuating force squared and 10 is the cor-

raelation time of the fluctuations.

If the gravity wave frequency is much greater than (l/ro) and also
is much greater than the resonant frequency of the suspension, the dis-
placement power spectrum becomes

2
2 FE(E) <E>a2
x ) e 512-9521°f6 3)

Using the sample antenna parameters of m'»lD6 grams, ANBxlOJCIz.
assuming a correlation time of 1041 second and an electric field of

_3 —
E 10 7 v/em = (10 5/3) statvolts/cm, the displacement power spectrum

becomes

5.0 1014
3

xz(f) ~ cmz/Hz

For example then, an antenna with 5 km long interferometer arms would

experience a strain amplitude noise of
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-23
h(f) ~ 1;2——%2——— strain/Hz

f

3

We note that even at 1 Hz this is three orders of magnitude

smaller than the effect of thermal noise on the suspended mass.

Magnetic fields
Geomagnetic storms caused by ionospheric currents that are driven
by the solar wind and cosmic rays create fluctuating magnetic fields at
the surface of the Earth. The power spectrum of the magnetic field
fluctuations in temperate regions at frequencies greater than about
10-3 Hz can be characterized crudely by a function similar to that used
for the electric field fluctuations, Bq, 2, with a correlation time
of the order of 1 minute and a field amplitude of approximately 10_5
gauss. Large pulses with amplitudes ~ 5x10~3 G are observed occasionally;
the risa time of these larger pulses typically is a few minutes,
Fluctuating magnetic fields cause motions of the end masses on
their suspensions as well as excitation of internal modes in the masses.
The entimates made below are based on the approximation of no field
penatration into the conductors or conducting coatings on dielectrics.
In this limit the magnetic stresses (eddy current forces) are a maximum.
We neglect the interaction of ferromagnetic impurities in the masses
with the field fluctuations, this has been a problem in precision mechani-
cal experiments but can be controlled by the proper choice of the

mass material.
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The compressional excitation of the mass due to magnetic stresses
with frequency components below the lowest compressional resonance

frequency of the mass is given by the displacement spectral density

2 . B2 A2 )
x 327ImZES 1 £2
o o
where T is the correlation time of the field fluctuations and
fo the resonance frequency of the lowest compressional mode.
For the sample parameters used previously and a lowest compressional

mode frequency of 6KHz, the amplitude spectral density due the assumed

magnetic field fluctuation spectrum becomes

1024 3

x ({f) ~ —F cm/Hz f < fo

A negligible effect.

Magnetically driven motions of the suspension require an estimate
of the gradient of the magnetic pressures across the mass with frequency
components higher than the suspension resonance frequency. The displace-
ment spectral density for this case is given by

<p2>2p2¢2

2
x (£ - an 'm?c? tf*
o

t is the linear dimension of the mass along the optic axis. For
the sample parametars

ax10” 23

f2

% £ >

x(£} cm/Hz

£
suspension
which is again a negligible quantity.
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Noise due to Cosmic Rays

The principal component of the high eneargy particle background
at the surface of the Earth is muons with kinetic energies greater than
0.1 GeV. A muon that passes through or stops in one of the antenna
masses imparts momentum, thereby causing a displacement of the mass.

The result of this section is that the muon noise is not a factor
in determining tha performance of a long baseline antenna.

At sea level the integral flux of muons incident on an antenna

mass at a zenith angle 6 is given approximately by

Jxlu-z cosze

2
(Eo T (E—Eo)cosa)z muons/cm” sSr sec (1)

NI (E,8 ) ~
for energies larger than 0.1 Gev. Energies are expressed in Gev.

Eo is the energy loss by muons in the zenith column of the atmosphere,
approximately 3 Gev.

Muons lose energy in matter almost entirely through electro-
magnetic interactions so the energy loss per column density is only
weakly dependent on energy for relativistic muons. For example, 1
GeV muons lose 5 Hav/gm/cmz, while 10d GeV muons lose 30 Mev/gm/cmz.
In the following calculation we assume the energy loss is independent
of the muon energy. For ease of estimation assume a spherical mass
of diameter D. The average rate of x momentum imparted to the mass

from one hemisphere is given by

~3 /2w
<:dpx = 3x10 ~ { 1 )nDJD sinosin28c0526d9d¢ {(2)
ac 4c a

=0 $=0
AE/o is the energy loss per mass column density and p is the density
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of the antenna mass.

The average ratae of muon hits is then

an _ e 2?42

2
ac i cos Osin¢d¢ (3)

@ by

The average x momentum per hit, Eq. 2/Eq. 3, is

D AE
eD AE

4c "o ) il

The average hit results in a displacement of the antenna masa mounted

on the suspension of
Lpp AE
Ax i ( H (5)

Choosing the sample parameters D \50cm, a suspension period of 2 seconds,

a mass of 106 gm with densgity p = 2,2 gm/cm3 and an energy loss of the
20

muons of 5 Hev/gram/cnz, one arrives at a typical displacement Ax ~1x10 “ cm.

The average hit rate is 30 hits/sec. An event that could cause a dis-
placement of ].O-19 cm should occur about once a month. Neither of
these displacements are of any consequence in a 5 km baseline antenna.
If the antenna output is measured over times that include many
muon pulses, as it would be in a search for periodic sources or a sto-
chastic background, the noise can be treated as a stationary distribution.
Under the assumptions that: the muon events are random, the fre-

quency of hits is much greater than the resonant frequency of the sus-

pension, and, for ease of calculation, that the magnitude of the momentum
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impacts is the same for all muons, the spectral amplitude density of

displacement of the antenna end masses is given by

5
dn
x(f) = dp> <E€° cm/Hz% (6)
ma
4E Y -21
(5 (N (E)) 3x10

= Q" [
v,!wzclfz

Again, negligible in a 5 km baseline antenna.
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Summary of Noise Sources

The following three figures show the total noise spectrum
h(f), the sum of the spectra due to all of the noise sources dis-
cusged in the preceding section. Two of the figures display in
detail the noise in an antenna of length 5 km. The third figure
shows how the total noise spectrum depends on antenna length.

One should bear in mind that the sample parameters used in
these graphs, derived from the prior calculations, have values
we consider technically feasible in a first generation long base-
line antenna system, In these projections of antenna performance
none of the noise terms are set at limits which are fundamental in
the sense that they cannot be reduced by improvements in the
technology or by a new concept.

Figure 1 is a graph of the noise as a function of frequency
in a 5 km antenna, under the assumption that the antenna is op-
timized at any given frequency by making the storage time tst
Thus, it shows the noise performance that can be achieved at each

frequency with an antenna of the physical characteristics (length,

end mass suspension, vacuum and laser power) specified on the graph.

The uppermost curve, labelled "10", is the sum of the individual
noise spectra labelled "1" through "9" which are identified in the
key in the upper right hand corner of the figure.

Above f = 100 Hz, the dominant noise term is the Poisson noise

=1/€.
or



in the photodetection labelled *1". It is determined by the assump-
tion of 100 watts of circulating optical power in the antenna.
Batween 20 Hz and 100 Hz, the strongest noise source is the Brownian
motion of the end masses dus to the finite Q of their suspensions
{curve "4"). Near 100 Hz, the displacement of the mirrors due to
the thermal excitation of the internal normal modes of the end
masses (*5") is nearly as strong as these other two noise sources.
Finally, below 20 Hz the noise is dominated by seismic noise which
couples to the end masses through their suspensions (marked "7%).
Noise terms which are negligible at all frequencies with the assumed
parameters include index fluctuations in the residual gas in the
vacuum system (2" or "3"), forces due to varying electric fields
in the end stations ("6"), the random gravitational force background
(“8"), and the quantum mechanical measurement noise ("97).

Figure 2 is nearly the same as Figure 1, except that here it
is assumed that the storaqe t¥me is fixed at tstor = )} msec, independent
of frequency. In other words, the graph shows the noise spectrum
with a 5 km antenna with 60 bounces (30 spots on each mirror in a
delay line or a Fabry-Perot finesse of 60) with the assumed parameters.
The relative importance of the various noise sources is nearly the
same as for the case represented in Figure 1. 1In this example the
Poisson noise term dominates for all frequencies above 70 Hz. Also,
in this case the internal thermal vibration noise of the end masses

is never greater than one tenth as large as the dominant noise term

at any frequency.
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The total noise spectrum for antennas of four different langths
is shown in Figure 3. Here, as in Figure 1, we make the assumption
that the antenna is optimized at any given frequency by setting
tstor = 1/£. On each curve is marked at geveral points the number
of bounces (or finesss) required to satisfy this assumption.

At f = 3 kHz, all of the example antennas of 1/2 km or longer
are limited by Poisson laser inteneity noise. A 50 meter antenna
has ﬁora noise because of the larger relative contribution of the
white noise from internal vibrations of the end masses. At frequen-
cies substantially below 100 Hz, all of the examnle antennas are
dominated by stochastic forces, principally seismic noise. In this
regime the sensitivity improves linearly with antenna length, and
does not depend on the storage time, 1In the mid-frequency range
of 100 Hz to 1 kHz, the length enters by determining the croass-
over point between the stochastic force limit and the Poisson limit.
Note that in order to achieve the limit shown on this graph in
the mid-frequency band, a 5 km antenna would need to store the
light for several hundred passes. As a general rule the optics
bacomes more complex and the quality demands on it more stringent
as the number of bouncea or the finesse increases. This fact must

ba weighed in comparing the performance in these examples.
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COST ESTIMATES FOR
A GRAVITY WAVE ANTENNA
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ABSTRACT

Volume I presents cost estimates for the fabricaction and installation
of the evacuated enclosures that form the linear elements of typical
gravity wave antennas, the end stations required for those antennas,
and the vacuum pumping equipment required to achieve the specified
level of vacuum within the enclosures and end stations. The cost
estimates are for a single antenna and are presented graphically in
parametric form. The single antenna i3 a component of a gravitational
wave antenna system which, at a minimum, will consist of two antennas
at continental separati&n. The cost savings resulting from common
engineering and facilities have not been explicitly estimated. The
primary parameter in these cost estimates is the diameter of the
evacuated tubing which forms the evacuated enclosures. In additiom, a
breakdown of fixed costs (i.e., independent of length) and length-

dependent costs are presented.

The cost estimating mechod is described. References, data and work
sheets supporring the cost estimating process are incorporated as

appendices in Volume II of this report.
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1.0. TINTRODUCTION

Prof. R. Weiss and his associates of the Massachusetts Institute of
Technology (MIT) Dept. of Physics plan to design and construct a large
gravity wave antenna (GWA) as one component of a large GWA system
consisting, at a minimum, of two such antennas at continental separation.
As envisioned, the GWA would consist of laser interferometers operating
between masses suspended at the GWA corners and separated by baseline
lengths on the order of 5 to 10 km. An initial concept consisted of a
10 km square GWA with all four sides and both diagonals active. This
large GWA was subsequently judged to be too ambitious and abandoned in
favor of the less extensive antennas shown in Figure 1. Figure 1
shows plan views of three GWA's: a Minimum GWA, an Upgraded GWA, and
an Extended GWA.

The National Science Foundation (NSF) funded the initial phase of the
proposed work -- to establish preliminary cost estimates for the
construction of a GWA. To give credibility to the cost trade-offs and
estimates that would be generated in this initial effort, Prof. Weiss
solicited input from commercial organizations experienced 1in the
several areas of technology that would be involved in the design and
construction of the GWA. He selected Arthur D. Little, Inc. (ADL) to
investigate three specific areas: 1) the evacuated enclosures that
form the sides and diagonals of the GWA and which contain the inter-
ferometer optical beams, 2) the end stations which house the sensitive
masses acting as terminals of the interferometer, and 3) several of
the basic optical components required for the interferometers —- beam

reflecting mirrors, high power lasers and electro-optic beam modulators.

In addition, he selected Stone and Webster Engineering Corp. (S&W), to
support and augment the evacuated enclosure system design and cost
estimation of ADL, particularly with respect to fleld construction

considerations and costing, and to generate their own cost estimates

.for the associated structural support and environmental protection

portions of the enclosure system and the end stations. They have also

[
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conducted a study to identify potential GWA sites. This approach vas

planned to produce realistic cost estimates, while freeing the MIT

FPPrans OF GraviTy WAVE AiTENMNAS

-

group to pursue the more critical scientific and technological concerns

of the baslc GWA concept.

This report presents the results of ADL's estimation of the cost of

UpPcrADED
— fabrication, installation and vacuum pumping equipment for the evacuated
M/N/MUM CwA enclosures and the end stations of a single GWA. The cost savings
Sknu W resulting from common engineering and reuse of capital facilities for
additional GWA's have not been explicitly estimated.
Section 4.0 of this report presents the cost estimates for the evacuated
8D enclosures and their vacuum pumping equipment. Section 5.0 presents
the same for the end stations. Section 6.0 cowbines the results of
WFICAL END both for each of the GWA configurations considered. Our work on the
[— STATIONS basic optical components has been reported orally to Prof. Weiss et
al. separately.
Tvpicar TsotATtion
Varve
_-7 ¥PicaL Evacoaren
Encrosvrs
10 ks Exrenoer
GwA
——

FIGURE 1
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2.0. TECHNICAL BACKGROUND

To establish a suitable foundation for our cost estimates, we considered

three configurations for the GWA based on the overall system requirements

and expected performance. Prof. Weiss and his MIT GWA group established
the probable layout of three progressive GWA's: the Minimum GWA, the
Upgraded GWA and the Extended GWA. Fach of these GWA's employ laser
interferometers to dynamically measure the linear separation between
suspended masses at each corner of the GWA. This scheme, measurement

of the relative movement in the direction of each of the legs and also

along a diagonal, will provide the appropriate information for successful

operation of cthe GWA.

Because of scattering and "seeing" effects, the interferometers, and
hence their beams, need to operata in a relatively high vacuum.
Accordingly, evacuated end stations will have to be provided at each
corner and evacuated enclosures along the sides and the diagonal of
the GWA. Additionally, because line-of-sight is required in all
directions between all cormers, the entire GWA must lie within a
single plane. In order to obtain the desired operational sensitivity,
Prof. Weiss has predicated a GWA between 5 km and 10 km on a side. a
GWA in this size range would require a substantial length of evacuated
tublng to enclose the optical paths. Moreover, this tubing would
require alignment, structural support and environmental protection
over its enctire length and would have to include appropriate vacuum

pumping provisions.

The end stations necessary for any GWA of this general configuration
would each require a large evacuated vessel with attendant structural

support and vacuum pumping provisions.

LIGO-P830005-00-R

3.0. PROJECT FORMULATION

Soan after starting work, ADL project personnel were briefed by the

MIT GWA group on the overall concept of the proposed GWA. Subsequent

discussions resulted in further definition of the system and assisted

in the identification and clarification of system parameters to be

used as guidelines in generating the output cost estimates. The

guidelines established and mutually agreed to are as follows:

A,

The diameter of the tubing forming the evacuated enclosure
should remain unspecified between 12 and 48 inches unril
implications of the interferometer operation or some other

factor determines the proper diameter.

The GWA's will be 5 km to 10 km on a side. At this size,
fixed costs are to be examined to determine 1if they are
small enough that the cost-per-unit-length can be used for
interpolation within the size range in scaling costs to

other sizes.

The maximum operational pressure within the evacuated

6 to 10-7 Torr range,

enclosure system will be in the 10~
while the end stations may require a better vacuum; to as

low as 10-6 Torr.

The detailed configuration, material used, method and

location of fabrication and means of installation of the
evacuated enclosure tubing and the end station vacuum
vessels are unrestricted until clear-cut technical, fabrication

or cost implications dictate otherwise.

The preferred means of pumping the high vacuum within the
evacuated enclosure tubing system and the end stations is by
lon-type pumps because they eliminate all sources of mechanical

vibration, minimize operating and maintenance problems and
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costs and readily provide remote sensing of vacuum system Consequently, these three task efforts were performed in parallel.
performance. : The fourth task was undertaken separately and at a later time than the
first three. Each task was led by an individual project team member
F. Cost estimates are to be generated separately for the and close intertask communications were established and maintained.
evacuated enclosure tubing (including associated vacuum Each of the major task efforts is discussed in the following sections.
pumping equipment) forming the legs and diagonal of the GWA
and for the end station vacuum enclosures (including their
additional vacuum pumping equipment) required at the cormers

to house the suspended masses.

Using the above guidelines, we subdivided the ADL project into four
individual tasks:

First: dinvestigate the design, configuration, fabrication,
installation and all other pertinent factors relative to and
affecting the cost of the tubing for the evacuated enclosure

system.

Second: {investigate the vacuum requirements on the evacuated
enclosure system and the pumping and associated equipment

required to produce and maintain that vacuum level.

Third: consider the system operational requirements relative
to the evacuated enclosure system and associated vacuum
pumping equipment including structural support, environmental
compatibility, initial and operational alignment,
installation and maintenance access for the enclosure systeu,

electrical power requirements, etc.
Fourth: investigate the design, configuration, fabricatiom,
ingtallation and all other pertinent factors relative to and

affecting the cost of the evacuated end stations.

The first three tasks above are interdependent; the findings and

considerations relative to one task area influence those of another.

A\ Arthur D. Little, Inc. A\ Arthur D. Little, Inc.



4.0. EVACUATED ENCLOSURE

4.1 TUBING SYSTEM

The evacuated enclosure forming the legs and diagonals of the GWA,
like any vacuum enclosure, will be most economically constructed cf
round tubing or pipe because of the required internal vacuum. Because
of the diameter (12 to 48 inches) and the extensive length of tubing
required for the three GWA's shown in Figure I, a massive amount of
material will be required, even for a very thin tube wall, and the
attendant material cost will be large. Consequently, the design of
the evacuated enclosure tubing requires an optimization for minimum

material usage.
4.1.1 Structural Design

The optimum material for the tubing was not readily apparent. However,
practical considerations quickly reduced the material options to
three: stainless steel, mild or ordinary carbon steel and aluminum.
Stainless steel, although relative expensive, is strong, stiff and
traditionally used in high vacuum systems because of its low outgassing

(easily cleaned and good corrosion resistance) qualities arnd good

weldability. Mild steel, although strong, stiff, weldable and relatively

inexpensive, is seldom used in high vacuum systems because of its poor
outgassing characteristics (susceptibiliry to corrosion and difficult

cleaning). Aluminum, while not so strong or stiff, is light weight,

has good weldability and corrosion resistance under controlled condirions,

is moderately expensive on a per weight basis and is becoming more
common in high vacuum systems as better cleaning techniques are

developed.

Because of the different densities and structural properties of cthe
three candidate materials, different optimization solutions for
minimum material designs of the evacuated enclosure were anticipated.

Conventional vacuum vessel deaign practice applies the requirements of

LIGO-P830005-00-R

the ASME (American Society of Mechanical Engineers) Boller and Pressure
Vessel Code; Section VIII, Pressure Vessels; Division 1. The require-
uwents of this code were employed 1in establishing suitable tubing
designs. The basic design criterion is tube buckling under external
pressure (internal vacuum) and a factor of safety of three was used.
Under cthis criterion, stiffness, not strength, is the important
material property and the option for increasing the equivalent wall
stiffness of the tube by use of external stiffening rings was included.
Required stiffening ring proportions were also defined using the ASME
code. With this method, safe designs were derived for all three
materials for straight tubing without stiffening rings and for tubing

with stiffening rings at various spacings.

Subsequently, a number of design solutions were obtained that met the
code stiffness requirements for the three materials (stainless steel
and mild steel solutions were essentially identical) at four discrete
diameters (12, 24, 36 and 48 inches). These solutions incorporated
different spacing of stiffening rings. Each solution yielded a
minimum wall thickness from which the volume and mass of required
material were calculated per km length. When plotted (Figure 2),
these data graphically display the relationships between the dependent
variables (wall thickness, volume and mass of material per km) as
functions of the independent parameters (type of material, tube
diameter and spacing of stiffening Eings). This plot 1s based on a
40-foot module, the longest tube section readily transportable by
conventional over-the-highway trucks. The tocal number of 40-foot

tube sections required for the three GWA's are tabulated below:

Table 1.
TUBING REQUIREMENTS
Total Tube Number of
GWA Plan Length 40-fr. Sections
Minimum GWA 10.0 km/32,810 fr. 820
Upgraded GWA 17.07/56,007 1400
Extended GWaA 34.14/112,013 2800
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An initial procedure for manufacture of this tubing was developed and

ugsed for the first cost estimates of the tubing of the evacuated
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enclosure system. The manufacturing sequence starts with procurement
from the producer’'s rolling mill of sheet stock of the appropriate
thickness and width in lengths of 40 feet. The sheet stock is next
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rolled to the appropriate diameter and the longitudinal joint automati-
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widths cannot accommodate the attendant circumference, tube sections
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are joined end-to-end by automatic seam welding to produce 40-foot
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lengths. Flanges are then rolled onto each end of the tube and the
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appropriate number and size of stiffening rings are welded on at
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‘ppropriate spacing along the tube. At this point, the tube 1s leak
checked, repaired if required, and the interior thoroughly cleaned to

1
/0

high vacuum quality. A seal cap is then placed on one eund and the

other end installed into a specially designed vacuum pumpout facility

48
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where it 1s evacuated while being baked out by externally applied

1
8

heat. After satisfactory vacuum pressure level is achieved within the
tube in the special pump~out facility, a seal cap is automatically
applied to the open end and the tube 1s back filled to a slight

1
é
67
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overpressure with inert gas.

The on-site installation concept for this procedure was based on

10
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receiving the tube sections vacuum clean and sealed and then
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installing them clean with no further on-site cleaning.

SIZE AVD WEIGHT OF VACUUM TUBE ElcloSURE

Five separate categories of costs were identified and estimated:

Q Q 1) tube raw material costs;

2) fixed and variable costs assoclated with tube fabrication;

[

3) fixed and variable costs for fabrication and attachment
of stiffening rings;

123.0
QLMY
loa.s
82.0

/43.5
il
‘;/

. 25
.

&l15 00/15—

35/
lop-
30_/‘

4) miscellaneous costs for inspection, leak testing,
cleaning, vacuum bake-out, sealing, etc; and

12
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20 Tatriae EsTimare OF
5) transportation to the site over a nominal 1500-mile CosTt OF FAsRICATED 70A€
distance via 40-foot over-the-highway tractor-trailer
rigs. Secrions Qe AQ Fr LeNGTH
18 1 Deciveren Ar Sire £eaDY
The costs in these several categories were estimated by personnel Foe JosTaccATon)

experienced in appropriate fabrication techniques and operations
involved and were spot checked against known values where possible.
As an example, a atudy conducted by Dow Chemical Co. in 1977 (and
updated in 1981) covering installed costs of small diameter corrosion-
resistant piping systems contained several good check points for costs
of carbon steel and stainless steel pipe. Likewise, the costs incurred
at the Stanford Linear Accelerator Center (SLAC) ia 1964 for a sizeable
quantity of 24-~inch-diameter aluminum tubing were found to agree with
ADL generated costs when extrapolated to mid-1982 dollars by the
appropriate inflation factor. Raw material costs were established,
for 20-ton lots, to be $1.60 per pound for aluminum, $1.00 per pound
for stainless steel and $0.25 per pound for mild steel in the mid-1982

time frame.

These initial cost estimates were based on the production of the 5600
sections that would have been needed for the initial full 10-km square
GWA (since abandoned) and are judged to be accurate to within about

$302Z. They are shown graphically in Figure 3. These plots show

Cost Per SecTion <# 1000) —

estimated costs per 40-foot section versus the number of stiffening
rings in that 40 foot section for the three materials of interest and

the four sizes in the 12- to 48-inch-diameter range.

These data reveal several interesting comparative relationships. In
each size, the stainless steel tubing is substantially more costly
than aluminum which in turn 1is more costly than mild steel. Also,
there are significant cost savings in using a large number of stiffening
rings, especially for the large-diameter tubing. These savings are

less for the smaller tubes and slightly reversed for 12-inch-diameter

tube. (This reversal effect may be lost in the inaccuracy of these

o T T v v
tes.) Based t 8
estimates.) Based on the lengths required per Table | and these (@] 4 Nomece OF Stircame OGS

costs, the range of total cost of tubing for any of the GWA's shown in
1 FIGURE 3
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Figure 1 substantiates the early concern that the vacuum enclosure
costs would likely be a significant element in the total GWA facilicy

cost, especlally if the larger diameter tubing is necessary.

4.1.3 Final Concept

At this time in the project, work on the vacuum study task produced
good evidence that outgassing problems would be substantial at the
required vacuum level if mild steel tubing were to be used for the
evacuated enclosure. Evaluating these potential problems against the
estimated cost savings, as shown in Figure 3, the MIT GWA group, with
concurrence by the ADL project team, decided to delete mild steel from

further consideration.

The vacuum study effort also uncovered substantial evidence that
aluminum was being used more frequently in high vacuum systems,
especially for large systems where the cost savings of aluminum over
stainless steel, as projected in Figure 3, would be substantial. This
is made possible by the development of automatic welding techniques
and equipment which routinely produce leak~tight welded joints and by
the introduction of advanced surface-cleaning methods which reduce
subsequent outgassing to acceptably low rates. Both factors are
reported in recent high vacuum technology literature and were substan~
tiated in fact during discussions with and a visit to the SLAC. Based
on this evidence and encouraged by the projected cost savings over the
use of stainless steel, the MIT GWA group, with concurrence by the ADL
project team, selected aluminum as the material of choice for the GWA

and, as such, the basis for subsequent cost estimates.

Reducing the material options to only one greatly facilitated the cost
edtimating effort and subsequent work was directed toward considera-
tions pertinent to the fabrication of aluminum tubing only. The
initial manufacturing procedure was rethought in terms of the newly
defined cleaning procedures for aluminum for use in high vacuum

systems, the use of automatic welding methods and the technical and

15
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economic advantages of establishing facilities necessary to undertake
selected operations at the GWA site. As a result, the initial
manufacturing procedure was modified. This modified procedure was
used as the basis for developing the final cost estimate for aluminum

tubing.

The modified manufacturing procedure includes procurement of aluminum
sheet of the appropriate thickness, width and length, rolling to a
tube and automatic welding of the longitudinal and transverse seams as
before. The appropriate stiffening rings are then welded onto the
tube at the proper locations and the tube is inspected, leak-checked
and repaired, 1if required. After the open ends are blocked and
protected, the finished tubes are transported from the tube fabrication

facility to the GWA site as before and stored at the site.

A cleaning facility would be constructed at the site and, just prior
to movement near and placement in its final location, each tube would
be thoroughly cleaned according to rigid procedural specifications and
the open ends sealed with reusable seal caps. Each tube section would
be then placed adjacent to the string of tubing already installed,
attached to an automatic joint welding unit, aligned and the two ends
to be joined stripped of their seal caps. The joint welding unit
would have been programmed to automatically mill the two ends clean,
square and to the proper profile, move the new tube into contact and
proper alignment with the existing tube and perform a complete
gas-backed full-penetration seam weld traverse around the joint. The
automatic joint welding unit is a standard commercial product
available from and developed by several organizations for jolning of
piping and tubing for field installation of large diameter, long,
continuous piping systems. This new procedure changes the original
cost structure by eliminating several steps done earlier at the tube
fabrication facility and by modifying the site installation procedure
significantly. Additionally, an opportunity was afforded to improve
the accuracy of the costing process and to base the fixed cost

apportionment on the more realistic lengths of tubing required for the

three GWA plans per Table 1.

16
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It should be noted that the cleaning facility, the automated welding
machinery and the tube tooling, handling and transporting equipment

required for the first GWA can be moved to and used at the sites of a

second and succeeding GWA's. It {s expected that moving and reestablish-

ment cost will be low relative to the total value and that this will
result in significant cost savings (i.e., the majority of the fixed
costs) for any additional GWA beyond the initial GWA.

A recosting was performed for evacuated enclosures of aluminum tubing
utilizing much of the original cost data and methods but employing a
revised procedure for fabrication and installation as itemized in

Figure 4. The results of the fabrication portion of this recosting
are presented graphically in Figure 5. The format used is similar to
that used in Figure 3 except that cost curves for the other materials

have been deleted and curves for associated raw material costs have

been included. We judge these cost estimates to be about *20% accurate.

The fixed costs estimated for the special equipment, tooling, jigs,

etc. required in the fabrication of the aluminum tube are relatively

small. They range from $125,000 for 12-inch diameter tube to $275,000

for 48-inch diameter tube (see pages A-28 through A-31 in Appendix A).
When apportioned over the reduced number of 40-foot sections required
for the Minimum GWA, 820, the per section fixed costs vary from S152
for 12-inch diameter to $335 for 48-inch diameter. These per section
coats are 16.2% and 5.4 of the minimum fabrication cost per section

for the respective diameters. If apportioned over the 2800 sections

‘nelded for the extended GWA, the corresponding per section fixed costs

are reduced to $45 and $98 which are 4.8% and 1.6Z of the respective

minimum fabrication costs. Based on the overall cost estimates having

an accuracy of about $20Z, the variations of fixed cost percentages
between 16.2Z7 and 4.8%1, and between 5.4% and 1.6% fall within this
inaccuracy band. We judge that these fixed costs related to tube
fabrication are thus small enough that they can be lumped together

with the variable costs so that the resulcting costs-per-unit-length

are valid for any length of tubing required. Accordingly, for purposes

17
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of this preliminary cost estimate, we show only single values for
fabrication cost per section of tubing, independent of which size GWA

is under consideration.

By selecting the appropriate number of stiffening rings to minimize
the fabrication cost for each tube diameter, the costs shown in Figure
5 ‘are replotted in Figure 6 as minimum cost versus tube diameter.
Figure 6 permits easy interpolation for any gelected tube diameter
within the guideline size range and clearly shows that the raw material
costs constitute a significant fraction (approximately half) of the

total fabrication costs.

The remainder of the total tubing cost, the shipping, cleaning and
installation portion, is shown graphically in Figures 7A, 7B and 7C
using the same format as in Figure 6. Three separate plots are used,
one for each of the three GWA's shown in Figure I. The fixed costs
related to cleaning and installation are substantial and, when appor-
tioned over the different vacuum enclosure lengths of the three GWA
plans, affect the total cost per section. This applies only to the
initial GWA, however, because a substantial portion of these fixed
costs can be saved on subsequent GWA's as discussed earlier. Figures
7A, 7B and 7C display the several identifiable individual cost
elements which make up the total installation cost as an aid to
understanding the overall cost estimate. As can be seen, the fixed
costs for on-site facilities and capital equipment —- mainly cleaning
facilities, automatic welding equipment, leak detecting units, tube
handling and maneuvering equipment, etc. —— although relatively small
compared to the overall costs, are still large enough to fnfluence the

total installed costs beyond the inaccuracy band for the estimates.

The cost information contained in Figure 6 and in Figures 7A, 7B and
7C is combined in Figure 8 to show the comparative estimated total

cost for the evacuated enclosures on a per umit length basis. These
estimated total costs for the three GWA's include fabrication of the

aluminum tube and its installation properly prepared and cleaned for

A\ Arthur D. Little, Inc.
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10 1
pumping and maintaining a high vacuum. By comparing the total
t COMPARATIVE * installed costs shown in Figure 8 with the not-installed costs of
;\ 2 9 E3TiImMATED T0TAL COST Figure 3, it is evident that cost reductions do result from the
Q F_OE FQB,Q/CA TED,CLfANfD ’ utilization of the modified fabrication and installation procedure.
\ £ INSTALLED Arom. 70BE
e E a1 S The differences in total cost-per-length between the three CWA's shown
-0 in Figure | 1s seen to be relatively small. These cost differences
- % IR - appear to be negligible in view of the level of accuracy for all of
- N TUT T TT o mmmTTT rmmn e mmes memmeem e - these estimated costs which is judged to be about *20Z. However, we
________ wo 71 ) I perceive that this relationship will not hold for GWA's substantially

-.__;_OPGRADED.GNA -7_ s R,

e _EXTENDED (:_‘WA B 4 A

smaller than the minimum GWA. Accordingly, we recommend that these
costs-per-length should not be extrapolated for use with GWA's less
than about 3 km on a side. All costs are expressed in mid-1982

dollars. Work sheets used in this task are included as Appendix ' in

Volume II of this report.

4.2 VACUUM PUMPING SYSTEM

Concurrent with the effort relative to the evacuated enclosure described
in the preceding section, another member of the ADL project team
investigated the implications of the high vacuum requirement and the
vacuum pumping equipment necessary to produce and maintain that high
vacuum. The results of this effort are presented in the following

subsections.

All cost estimates presented in this section are judged to be accurate
to about +25% and are expressed in mid-1982 dollars. Work sheets and
calculations generated for this task are included as Appendix B in
Volume II of this report.

4.2.1 High Vacuum System

As noted earlier, the guideline level of the high vacuum requirement

T 1 T T — T \ —
o] 12 o4 36 48 had been set at 100 to 1077 Torr. This is considered "high vacuum"
Tose DiameTer CINCHGS) in general vacuum technology and, as such, requires certain types of

FIGURE 8
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vacuum pumps and assoclated equipment and imposes certain system
limitations. The types of pumps available for high vacuum include
diffusion pumps, lon-type pumps, turbo-molecular pumps and cryo-pumps;
their operating characteristics and relative merits are well known.

However, as stated earlier, the MIT GWA group established the guideline

that ion-type pumps would be used to maintain the high vacuum.

Several important system requirements imposed by "high vacuum" neces-

gitate that surface outgassing be well controlled (i.e., use of
appropriate material, proper surface condition, good cleanliness and
temperature maintained), and leakage be minimized (i.e., use of welded
construction and/or metal-to-metal gasketed jolnts wherever possible

and absolute minimum use of elastomeric seals).

A preliminary analysis of the first-order relationship between the

vacuum enclosure tube diameter and the pumping requirements established

that the number of evenly spaced pumps required will vary inversely
with the tube diameter while the total required pumping capacity for a
given GWA size will vary directly with the tube diameter (1.e., the
Also, the required capacity for each pump

A "strawman"

outgassing surface area).
will be proportional to the square of the tube diameter.
design based om this preliminary analytical understanding revealed
that the actual outgassing conditions will be very important to the
design of the evacuated enclosure and its pumping system and that
system pump-down times may be very long (on the order of 500 hours).

Attaining acceptable outgassing rates without system bakeout is an
important goal; it will be difficult but achievable. Accordingly, an
early requirement of the vacuum system tagsk was to determine realistic
and achievable outgassing rates. An extensive literature search was
conducted and communication with recognized high vacuum technology
experts established. One such person was a staff member at the SLAC,

who had direct experience with the cleaning and use of aluminum in

high vacuum applications.
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Initial results of this effort led to the decision to delete mild
steel from the list of candidate materials and to retain aluminum
along with stainless steel. The direct result of the outgassing
investigation is that an outgassing rate on the order of 1.6 x 10-ll
Torr liters/sec.-cm® is considered to be practically achievable for
properly cleaned aluminum surfaces. The cleaning method which was
used to produce this outgassing value is shown in Table 2. Undoubtedly,
some modifications of this cleaning procedure will be required for

practical use with 40-foot long sections of large diameter aluminum

tube; however, the type and extent of such modifications have nof been

investigated in this sctudy.
Table 2

RECOMMENDED PROCEDURE FOR CLEANING OF ALUMINUM
FOR USE IN HIGH VACUUM SYSTEMS

(1) Degrease in freon TF vapour (45°C) 5 min
(2) Ulctrasonic cleaning in freon TF (20°C) 5 min
(3) Degrease in freon TF vapour (45°C) 5 min
(4) Cold tap water rinse 2 min
(5) Degrease in Al 3 (70°C) 2 oin
(6) Cold tap water rinse 2 min
(7) Deoxidize inm nitric acid 2 min
(8) Cold tap water rinse 2 min
(9) Etching in Alox (60°C) 5 min
(10) Cold tap water rinse 2 min
(11) Remove smuts in nitric acid 2 min
(12) Cold tap water rinse 2 min
(I13) Cold distilled water rinse 2 min
(14) Hot distilled water rinse 2 win

(15) Drying in dry air (120°C)
Total time 52 min
Reference page B-46 of Appendix B.
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At nearly this same time, the MIT GWA group was able to resolve the

vacuum level requirement. As a design guideline they established the
- average pressure throughout the evacuated enclosure to be equal to or

less than 1.4 x 10_6 Torr at equilibrium operational conditions.
Additionally, it was determined that initial pump-down times on the
order of 500 hours (about 20 days) would be compatible with reasonable

start-up and operational plans.

With these newly defined pressure and cutgassing rate values available, N(JMM& OF Hicax ‘/ACUUM
the evacuated enclosure vacuum pusping system was analyzed in more ’
Pomes LReoueep Pxr
detail. An analytical expression relating the average pressure within 5 4 > - 4
A
the system ro the outgassing rate, diameter of the tubing, spacing N T LfNGTH V‘S'
betwsen pumping locations and a conductance factor for the pump was \ 48" PUMP/NG SPfGD
derived as follows: E
N
8 3 Averace Feessore » 14 15 Tman
. -1 3
T oe o oar L (L )2 SLoLy “ Oovrsassive RATE 26210 Toan
145.2 ' D a D 3 cmt s
q
vhere P = gverage pressure (Torr), §
" = outgassing rate (Torr liter/sec cm?), Q 2 1 2
L = sapacing of pump stations (cm), iy
D = {ipnside diameter of tube (cm), ()
a = QP/D’, a conductance factor for the pump inlet [
. geometry (liter/sec cm?), %
and QP = capacity of puamp (liter/sec). § I1 -t
Numerical solutions of this relationship using several sizes of pumps
results in the values plotted in Figure 9, which show the number of
pumps per kilometer of evacuated tube as a function of pump speed for
[}
four tube diameters. Note that the smaller tube sizes require a v v v v v [o
(=] 100 200 <00 €00 8oo %00
larger number of pumps, particularly for the larger pump sizes. The > P NG S ?/ ) .
1T [FoMpP/ —
reason is that the higher flow resistance of the tube overbalances the » reco (’ 3
outgassing from the tube wall even though the total outgassing is FIGURE 9

smaller because of a smaller tube area.
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The information provided by Figure 9 can be combined with that from a
plot of estimated costs for single installed ion pump units versus the
size of ion pump, Figure 10. The results, the total estimated system
costs per km length for complete, installed, high vacuum pumping
systems of various size pumps for each tube dilaweter, are shown in
Figure 11. The estimated installed costs used in Figures 10 and 11
include a tee section of the main evacuated enclosure tube, s pump
isolating gate valve, a roughing pump-out port, the ion pump and its
pover supply and cootrol unit along with the necessary miscellaneous
flanges and hardware. The pump size, which results in the minimum
total system installed cost per km length for each tube diameter, can
be selected from Figure Il and replotted in Figure |2 as the estimated
minimum total cost per km length for an installed high vacuum (ion)
pump system versus the vacuum enclosure tube diameter. Note that
these costs favor the larger tube diameters, again reflecting the high

flow resistance effect for the smaller tube sizes.

Table 3 below combines the length of evacuated tubing required for
each GWA (see Table 1) with the estimated minimum cost per kilometer

for the high vacuum pumping system (per Figure 12) for each tube

diameter:
Table 3
ESTIMATED TOTAL COST OF INSTALLED

HIGH VACUUM PUMPING SYSTEM

Tube Diameter
GWA Plan 12 in. 24 {a. 36 in. 48 in.
Minfmum GWA  $256x10° 165 146 147
Upgraded GWA 437 282 249 251
Extended GWA 874 563 498 502
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4.2.2 Rough Vacuum System

Before ilon-type pumps can take over the high vacuum pumping task, the
entire evacuated enclosure must be rough pumped down to a pressure of
10‘2 to U.')-3 Torr. At this reduced pressure range, ion pumps can be
"started” and the rough pumping system can be valved off from the
system. TIon pump manufacturers recommend that ion pumps be started at
the lower end of this pressure range and experience confirms this
practice. Accordingly, a rough vacuum pumping system capable of
evacuating the entire system from the inert gas protective backfill
pressure (slightly above atmospheric pressure) down to 10-3 Torr must

also be included in the vacuum system costs.

An analysis of this problem shows that a relatively few large capacity
pumping units, equally spaced throughout the system, will be
necessary. Figure 13 presents the spacing between pumping units in
kilometers for a given pump size and as a function of the total gystem

pump-down time for four diameters of tubing.

Because of the high-volume flow throughput required to pump the large
gas volume over a high pressure ratic in a reasonable amount of time,
a Roots-type blower compounded with an oil-sealed mechanical pump have
been selected as the basis for cost estimating. 1In addition, costs
have been included for the necessary accessories including gate
valves, vibration-isolating pipe sections, pipe fittings, vacuum
gaging equipment, motor starter controls, structural framework, etc.
and for the labor of assembly, wiring and check-out of individual
rough pumping units. The results of this costing effort are presented
in Figure 14 as estimated total cost of one installed roughing pump
vunit versus capacity of that roughing pump unit. Note that the cost
for roughing pumps is quite linear with pumping speed but favoring the
larger pump units. Consequently the minimum cost for the rough vacuum

pumping system will be a small number of large pumpa.
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Combining the costs from Figure 14 with the pumping requirements of
Figure 13, produces the estimated cost per km length of installed
roughing pumps versus time for rough pumping each tube diameter, as
shown in Figure 15. As can be seen, the cost curves increase drastically
for very short pump-down times but become relatively flat beyond about
100 hours. Consequently, the cost for the rough pumping system to be
selected depends significantly on cthe rough pumping time that is
considered acceptable. In discussions with the MIT GWA group, it was
decided that 50 hours for rough pumping was an appropriate time.
Accordingly, estimated costs for the rough pumping system have been

generated as shown in Table 4 below:

Table 4

ESTIMATED TOTAL COST OF INSTALLED
ROUGH VACUUM PUMPING SYSTEM

Tube Diameter

GWA Plan 12 in. 24 {n. 36 in. 48 1n.
Minimum GWA  5120x10° 78 82 107
Upgraded GWA 205 133 140 183
Extended GWA 410 266 280 365

4.3 OTHER COMPONENTS

In addition to the tubing that forms the lfinear elements of the GWA
and the associated vacuum pumping equipment, certain other items must
be included in the toral cost of the evacuated enclosure system.
These include expansion sections in the tubing, 1solating gate valves
at the terminals of each leg or diagonal, supports and rough alignment
means for the tubing, measuring and adjusting methods for fine alignment

and the protective housing for the evacuated enclosure with attendant
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‘ support facilities and services. Of these items, as mutually agreed
.’;\ during a 1 July 1982 meeting, ADL estimated the cost for the expansion
\’% gections, gate valves and fine alignment items while S&W directed its

307 .. EsTImATED COST OF efforts to the tube supports, rough alignment means and the protective
.IA/STALLED 20()6:‘///\/6 housing with appropriate facilities and services. A general memo on

the overall GWA facility and a related ADL letter to Stone and Webster
Pome Vacoom Sysrem

Fer (JnvrT LenaTH

Engineering Corp, 5 August 1982 are contained as Appendix C in Volume
11 of this report. The work performed in the three areas by ADL {is

discussed in the following subsections.

Pomp Syst.,/ km

48" Dya. . . 3
e — PWP From Armos. flesss 75 10 Jor £ 4.3.1 Expansion Tube Sections
L~ By Porary Btower (1073 1o 1072 Tk
e ie i . BAckeD By OiL SEALED MECHANICAL
_- ————eeeoee__Prsrort Pomr ( 102 Tore 75 A)"MaSP."e'RIz)

The aluminum tube will expand and contract along its length relative

to the ground-based foundations supporting it because of changes in

temperature of the tube or the earth. In order to accommodate this

expansion/contraction, axially compliant bellows sections must be

inserted periodically in the tubing. The spacing of these bellows

sections depends upon the amount of comntraction/expansion movement
each can accommodate and the maximum worst case expansion/contraction

motion expected in the tube.

The conventional engineering approach tc this situation requires that
each rigid length of tube be solidly anchored to an earth foundation
at its midpoint and then supported with axial compliance and transverse
guidance at regular intervals (spacing determined by allowable sag of
tube between supports) along its length on either side of the midpoint

anchor up to the bellows section. The maximum axial compliance

required of any tube support will be for the support adjacent to the

0

T T T y 1 bellows section. This support must accommodate one-half of the total
oo - h 200 300 expansion/contraction of the rigid length of tubing. Additionally,
RFovsH FPovrmpbown 7Time (HOU'QS) > v the bellows section may have to have its own axially compliant support

0

A . _ . : and transverse guidance so as not to sag too much itself. SaW will
- . - incorporate the requirements of the total support system in its cost
estimating effort while ADL has investigated the bellows sections as

FIGURE 15
part of the evacuated enclosure cost estimation.
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As ‘8 first-order approach to the total axial expansion/comtraction to
be expected, a worst case temperature differential between the
aluminum tubing and the earth foundation was assumed. It was assumed
that the tube could vary between 50°F hotter and 70°F colder than the
earth under some operational combinations. Using the differential
expansion of aluminum versus granite bed rock of approximately 6.7 x
10_6 per “F and a maximum temperature difference of 120°F, the total
expansion/ contraction will be about 0.8 part per thousand. This
amounts to approximately 3/8 inch per 40-foot length of tube or about
4.8 inches for any 500-foot length of the tube.

An investigation of bellows sections available in the diameters of 12
to 48 inches which are suitable for internal high vacuum and leak
tight reveals that only stainless steel is recommended. Aluminum is
not considered satisfactory for formed bellows, and this is substanciated
by the difficulties experienced at the SLAC with aluminum bellows
sections in their long aluminum evacuated tubing section. Use of
stainlesa steel bellows sections will require a stainless steel-to-
aluminum transition joint which could be either of welded, bonded or
bolted metallic-wire-seal configuration. A preliminary search for
welded or bonded stainless steel-to-aluminum transition joints revealed
that standard joints are produced in sizes no larger than 12 inches
and special joints no larger than about 18 to 20 inches. Consequently,

a bolted transicion joint was used as the basis for cost estimatiom.

As input to this preliminary cost estimation, prices were obtained
from a recognized manufacturer (Badger Expansion Joint Co.) for
stainless steel bellows sections having a total axial compliance of 5
inches. Badger quoted $600, $850, $1250 and $1600, for 12-, 24-, 36-,
and 48-inch diameter sections, respectively. The quoted prices
include the bellows and the labor for welding a transition joint to
each end of the bellows and helium leak checking of the whole assembly.
The transition joint is to be supplied by others. In order to account
for the estimated cost of the two transition joints required for each

bellows section and the labor for installation of the bellows section,
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the quoted unit price has been doubled. The cost of an installed
individual bellows expansion section vs. tube diameter 1is shown

graphically in Figure 16.

Using a spacing of 500 feet, based on the 5-inch compliance, an
approximate number of bellows expansion units required for each of cthe
three GWA's can be determined. These quantities, when combined with
the estimated unit cost per Figure 16, generate the estimated total
costs shown 1in Table 5. These estimated costs are judged to be
approximately #251 accurate. Work sheets supporting this effort are

included as Appendix D in Volume II of this report.

Table 5

ESTIMATED TOTAL COST OF
INSTALLED BELLOWS EXPANSION SECTIONS

No. of Bellows Diameter
Length of Expansion
GWA Plan Tubing Sections 12 1in. 24 36 48
Minimum GWA 32,810 fe. 66 $79x103 112 165 21l
Upgraded GWA 56,007 113 136 192 283 362
Extended GWA 112,013 226 271 384 565 723

4.3.2 1Isolation Valves

The MIT GWA group and the ADL project team mutually agreed that
isolating gate valves located at the ends of each GWA leg and diagonal
should be included in the overall cost estimate. These valves allow
each major element of the evacuated enclosure system to be isolated
from the remainder of the system for purposes of maintenance, diagnostic

testing, contamination control, etc. These valves also permit any of
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251 the GWA end stations to be 1isolated from the remainder of the
evacuated system for equipment service or exchange, debugging,
! £ D Co
~ STIMATE, STs OF trouble-shooting, sub~system testing, etc.
Y
.9 *
\;: Beriows EXPANSION SECTIONS

Additionally, employing automatic, fast-acting, remotely controlled

W
0

gate valves, ensures that major portions of the evacuated enclosure

can safely remain fully or partially evacuated and free of external
Becrows Expansion SccTioNs
Are STA/NLESS STecr
weeben 70 Aromivom .
TRANSIT 00 TJOInTs AND
Have 5.0 JvcH Torac

AxX1AL COMPLIANCE

contamination should any part of the evacuated encleosure fail

catastrophically or rupture accidentally. Application of this

1\
0]

philosophy to the three GWA plans shows that four gate valves are
required for the Minimum GWA and six for the other two: one at each

end of the two legs, and one at each end of the diagonals.

N
Q

There are many sources for high vacuum gate valves in sizes compatible
with the smaller diameter range of interest. However, only one
manufacturer of high vacuum gate valves covering the full range of
diameters was identified, VAT of Switzerland. Accordingly, for

consistency over the entire diameter range, prices for the appropriate

™~
W

ADL-088-481-5000

CosT OF TUSTaLLed TanDiidtAL. BBt 2.00WS EXPANSI0N SEC TION

valves were obtained from one of VAT's U.S. distributors. Prices were
obtained on two levels of valve quality: one suitable down to 10-8
— Torr having a Viton gate seal and a metallic bellows stem seal; the

other, usable down to 10-7 Torr, using Viton for both the gate and

-~
Q

stem seals. All valves are of stainless steel, and thus require a
bolted flange comnection to the aluminum tubing, and are equipped with
remotely controlled pneumatic valve operators. There is an approximate

102 price differential between the two quality levels and the more

)
u-

costly would appear to be required for the GWA facility by virtue of
the higher vacuum that may be necessary in each end station. The
prices for valves of both quality levels versus the valve diameter are

shown graphically in Figure 17.

(4]

T T T T T T L

12 24 36 48
Toae Diameree (TucHes) —»

0

Using the number of isolation valves indicated on the GWA plans of
Figure |, combined with the estimated cost of such valves per Figure

17, generates the estimated total costs shown in Table 6. These
FIGURE 16
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prices are judged to be accurate within approximately #10Z. Work
sheets associated with this effort are included as Appendix E in

Volume II of this report.

Table 6

ESTIMATED TOTAL COST OF ISOLATION VALVES

No. of Tube Diameter
Isolation
GWA Plan Valves 12 in. 24 36 48
Minimum GWA 4 $36x103 100 208 280
Upgraded GWA 6 54 150 312 420
Extended GWA 6 54 150 312 420

4.3.3 Fine Alignment Provisions

The fine alignment requirement of the evacuated enclosure system is
imposed by the need to center on the interferometer optical beams
within the tubular sides and diagonals of the GWA. The fine alignment
scheme selected will define the optical beam diameter and direction by
a series of aperture plates for "stops") aligned on a common straight
line-of-sight axis within the tube. Interferometer optical beam
definition 1is necessary for two reasons. It eliminates grazing
incidence of the beam with the inside surface of the tube and the
resultant reflections into the interferometer detector, and it minimizes
the effects of beam apodization (variations in the beam radial energy
distribution due to eccentricity of the beam with respect to its
defining aperture stop). The diameter of the aperture plates f{s
dependent on the beam diameter required for proper interferometer
performance and will in turn set the inside diameter of the tubing.
Radial space is necessary between the optical beam outside diameter,
as defined by the aligned aperture plates, and the tube inside wall to

trap and disperse the off-axis rays that reflect with grazing incidence
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off the tube inside wall. The magnitude of this radial space, and
hence, the tube diameter over and above the beam diameter, is a
trade-off decision against the distance between aperture plates and
other factors which have not yet been determined. Likewise, the
required alignment precision for the aperture plates is depeandent on

yet undetermined factors.

In the interest of proceeding with “strawman" designs as a basis for
preliminary cost estimation, the MIT GWA group set the required
alignment precision to be | cm over a 10-km length of tubing. A
concept was developed by ADL whereby the aperture plates are supported
within, positioned by and adjusted relative to the tube. To limit the
range of adjustment needed between the tube and the aperture plate to
meet the I-cm requirement, a 3-cm alignment specification has been
imposed on the tube external support and guidance system incorporated
within the S&W portion of work. (See letter in Appendix C.) This
3-cm alignment specification appears to be within current construction
capability and practice. Alignment to l-cm precision requires an
optical reference beam in a reascnably good vacuum to minimize "seeing"
disturbances caused by thermally induced refractive index changes
within the atmosphere. Accordingly, the fine alignment scheme will
function entirely within the evacuated enclosure with the aperture
plates transversely adjusted by remotely-operated, metallic bellows-
sealed, through-the-wall micrometer-type actuators. A means of
incorporating an optical alignment target on or related to the aperture
plate and a method to provide an optical reference (laser projector)

and an alignment detector are also required.

The staff at SLAC, faced with a similar alignment requirement, developed
a system which worked satisfactorily and is still in operation. This
alignment system uses a series of insertable Fresnel lenses, each
accurately pcsitioned at an alignment location. The Fresnel lenses
are inserted, one at a time, into a laser alignment beam. The resultant
diffraction pattern incident on the photodetector at the opposite end

is a sensitive indicator of the eccentricity of that lens, and hence
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the tube at that location. This SLAC alignment scheme, instrumen-
tation developed for it, its operation and the actual results of 1ita
use are presented in detail in Chapter 22 of "The Stanford Two Mile
Accelerator" (published by W.A. Benjamin, New York City, 1968).

For purposes of this preliminary GWA cost estimation, an extrapolation
of the SLAC alignment scheme was used. The major cost to the SLAC in
1964 was approximately $250,000 for about 260 Fresnel lenses requiring
about 50 different lens patterns. No cost 1is available for their
single laser projector and photo-multiplier-tube detector system or
for the articulated mechanical mounting device required for each lens.
These additional items, based on a visual assessment of the actual
hardware items involved, would at least double and possibly triple the

$250,000, bringing the total cost to about $650,000.

Extrapolating this 1964 cost to mid-1982 by the same inflation factor
which applied for the 24-inch diameter aluminum tube (see Section
4.1.2), approximately 385 over 18 years (an average of 7.8% per
year), results in a present~day cost of $2.6 million. In applying
this $2.6 million value to the GWA estimation, note must be taken that
the SLAC used one alignment station every 40 feet (about 260 alignment
stations in 2 miles) and the overall alignment precision was *1 mm.
For the planned GWA, the required alignment precision 1s one tenth
this value (%1 em). This tends to balance the fact that the path
lengths requiring alignment are from one and a half to over four times
longer. Likewise, the GWA will not require alignment stations as close
as every 40 feet, which partially compensates for the two or three
complete alignment systems required im a full GWA. Duplication of
alignment hardware over two or three complete alignment systems will
result in some economy not available to the SLAC as will the improvement
over two decades of basic technology which will be applicable -- such
improvements as computer generation of Fresnel lenses or similar

optical components, better lasers, more sophisticated detectors, etc.
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Considering all of the above factors, a best estimate at this time and
at this stage in the GWA definition for the cost of a GWA fine
alignment syatem has to be on the order of $1.5 to 2.5 million. This

estimate is judged to be only * 50 accurate under the circumstances.

A significant portion of this cost will be required to cover one-time-only
expenditures such as for development of the laser projector and
detector units and for programming the Fresnel lens designs. These
will be non-recurring costs for the next and any subsequent GWA's and
will result in substantial savings in their budgets. We estimate that
this will total about $0.5 million. The remainder is apportioned
equally to the differences in length of the GWA's and the number of
legs. Some variation is also attributed to the fact that the alignment
gections inserted into a 4B-inch diameter vacuum tube will cost
somevhat more than those for a l2-inch diameter tube, although the
actual difference is likely less than the inaccuracy of the basic
estimated value. Table 7 below shows a reasonable estimate of these
costs apportioned per the above discussion. Work sheets associated

with this task are included as Appendix F in Volume II of this report.

Table 7

ESTIMATED TOTAL COST FOR
INSTALLED FINE ALIGNMENT SYSTEM

Tube Diameter

GWA Plan
12 1in. 24 in. 36 in. 48 in.
Minimum GWA s1.50x10° 1.57 1.65 1.75
Upgraded GWA 1.67 1.77 1.88 2.00
Extended GWA 2.00 2.14 2.30 2.50
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4.4 COMPILATION OF EVACUATED ENCLOSURE COSTS

The preceding subsections discuss the technical basis and methodology
used to estimate costs for the significant elements of the evacuated
enclosure system for the three GWA plans shown in Figure 1. Cost
estimates for some of these system elements have been presented
graphically on a per unit length basis as a function of tube diameter.
Estimated costs for the remaining elements of each of the three GWA's

have been presented for specific tube diameters in tabular form.

A compilation of the estimated costs (in mid-1982 dollars) for all
elements of the evacuated enclosure system for each of the three GWA's
is presented as a function of tube diameter in Figures 18A, 18B and
18C respectively with each of the cost increments identified. Figure
19 displays the total compiled estimated cost for each of the three
GWA's on a comparative basis as a function of tube diameter. These
compiled total cost estimates are judged to be approximately £25%
accurate and the work sheet assoclated with this task is included as

Appendix G in Volume II of this report.

The estimated total costs presented here cover only the fabricated and
installied evacuated enclosure and its directly associated accessory
items; the aluminum tubing with expansion bellows sections, isolating
gate valves at appropriate locations, integral fine alignment capabilicy,
and rough and high vacuum pumping equipment. Costs for the evacuated
enclosure ancillary items such as the protective housing and the

structural support system are not included here.
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5.0 END STATIONS Table 8.
OVERALL DESIGN GUIDELINES FOR GWA END-STATIONS

The evacuated end-station enclosures found at the ends of each leg of

the GWA will house the optics and vibration isoclation systems, the

latter of which are used to reduce seismic noise. The end-station o Number to be Built: 3 or 4
pressure vessel will consist of a cylinder with its longitudinal axis 0 Material: 1304 Stainless Steel
aligned vertically. An objective of the end-station design is expected
- o Ports:
to be the attainment of a vacuum of between 1()-6 and 10 8 Torr in the - 3 for Leg Enclosures (12 to 48-inch dia.)
end stations for the following reasous: = 2 for Viewing ( 8-inch dia.)

- 1 42-inch Access Door
- ~12 Pumping Ports in Base Structure

[} Reduce gas damping to maintain a "high-Q" 1in the

suspension system which minimizes thermal noise in the o Design Considerations for Experiment Support
gravity wave frequency band; and - Maximum baseplate deflection due to vacuum: 0.4 inches
. - Maximum dynamic range of leveling servos: 0.4 inches
o Minimize radiometer effects. -6 -8
o Vacuum Level: 10 to 10 ~ Torr
Because of the vacuum requirement, the stations must accommodate a o Sealing Method: Metallic seals
200°C (392°F) bakeout temperature. Therefore, our conceptual designs ° Maximum Pumping Time: 500 hours
were aimed at reducing material stresses during bakeout, and wminimizing
-] Vacuum Pumps:
the surface area and interstices that could be contaminated during - Roughing Conventional*

periods when the enclosure would be open. As such, we examined two - High Vacuum Ion-type

basic design approaches that seemed to meet the above objectives and o Bakeout Temperature: 392°F (200°C)
the approach with the minimum cost was identified. Because labor and
o Wires and Wire Penetrations:
machining costs could vary considerably from one design to the other, . - S0 power leads
the design with lowest weight does not necessarily insure that it is - 25 shielded signal leads
- 25 other non-shielded leads
the lowest cost design nor the easiest to maintain for the life of the - Feedthroughs on bottom plate or dome.
experiment.
o Inner Member Sizes (all cubic in shape):
- Central Mass: 28-inch edge (outside surface only)
Because of the short time available and the limited budget for the - Frame 1: 52-inch edge (inner and outer surfaces)
- Frame 2: B82-inch edge (inner and outer surfaces)
end-station cost study compared to other aspects of the cost study, - Frame 3: 102-inch edge (inner and outer surfaces)
wmany engineering approximations and judgements were used that result
: o Ocher Enclosed Devices:
in less accuracy in the final estimate. - 3 Dielectric-coated Mirrors (~28-inch dia., max.)

~ Approximately 6 Servo-driven Motors and Capacitive

S rs for Al{i t
5.1 DESIGN GUIDELINES ensors ror gnmen

Table 8 is a summary of the overall concept design guidelines that we

followed in developing cost estimates for the end stations. Because
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of the limited nusber of end stations to be built (i.e., 3 or 4) and
the possibility of a vacuum of 102 Torr, we decided that the units
would be constructed of rolled and welded 304 stainless steel sheets
for the side walls and a preased or spun stainless steel torispherical
head. We developed cost estimates for the bottom surface assuming
that it could be either a flat plate (approach-1) or a torispherical
dome (approach-2) similar to the head.

5.2 DESIGN CONCEPTS

Figures 20 and 21 are conceptual drawings of two approaches that we
evaluated in developing cost estimates for the end stations. The
concepts are labeled as "Approach-1" and "Approach-2," and are identical

above the baseplate. Each approach assumes that the chambers are

supported off of a concrete base structure. The baseplate for Approach-1

is a heavy, but simple, flat plate that was sized based on the maximum
deflection criterion identiffed in Table 8. We expect that this
approach would be the easiest to maiantain in a clean condition appro-
priate to the end station vacuum requirements. Approach-2 includes a
bottom flanged dome that is nominally the same as the head except that

it also contains at least three internal support legs for the experiment,
several external pads to support the enclosure base, approximately 12
10-inch pumping ports, and a flanged plate that will accommodate up to
100 vire feedthroughs.

5.2.1 Thermal Considerations

The 392°F (200°C) vacuum bakeout requirement will lead to considerable
motion of the baseplate relative to its concrete support during the
heating and cooling process. If the base 1s supported at a 6-foot
radius, the tank radius will expand by approximately 0.33 inches
during the heating process. Therefore, in each design approach, the
base should be fixed ar one point, and the remsinder of the structure

designed to allow radial motion due to thermal effects.
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In Approach-1, the end stations can be secured st the center and the

END '57?4 TION %&55UF5 ‘/ES.S.EL CO’VCEPTS baseplate allowed to slide radially on independent steel pads accurately
AFPROACH - 2 imbedded in the concrete base. In approach-2, the enclosure base will

be rigidly secured to one pad and the remsinder of the pads allowed to

slide relative to the fixed pad.
ASME RATED
TORISPHERICAL. HEAD Variations in the alignment of the experiment package due to diurnal,
(TOP & BOTTOM) seasonal, and shorter perfod vibrations in the earth will be accommodated

by the leveling and alignment servos within the experiment housings.

+53 (M)
m 5.2.2 Alternative Concept

A third, and potentially less expenaive design approach was considered

(1vr)

-—~32

that consisted of a thin (~Il-inch thick) base plate rigidly clamped

throughout tp a massive concrete base. With such an approach, the

i
!
N
©
H
Y

|

plate deflections arising from the vacuum-induced pressure differential

would be restricted by the clamping scheme. The idea was discarded
ExPERIMENT |

PrG ,

because strains associated with the bakeout temperatures would put

severe stresses on the concrete pad. Concepts aimed at eliminating
this concern soon made the whole approach cumbersome and more costly

) et n—-.S(HuJ) and complex than the approaches previocusly presented.

~——— 26

5.1 END-STATION ENCLOSURE COSTS

"~ e <53 (M;‘) Two methods were employed in developing cost estimates for the vacuum
NCRE
l b‘ e ;/ i -~ C?’ED;;;?)L enclosures shown in Figures 20 and 21. The Eirst method was to employ
‘ Richardson's "Process Plant Construction Estimating Standards; Vol. 4,

TO

MPS Process Equipment” to cost out each component required for the two

approaches. Costs for handling and shipping were also included.

Details are included in worksheets presented in Appendix H of Volume

I1.
NOTE { DESIGN IS SAME AS -
APPROACH - | EXCEPT FOR The cond approach was t bmit the sketches sh in Fi 20 d
sSe oac 0 sSubm & sSketche shown n ures an
BOTTOM DOME. eP &

21 to a potential pressure vessel vendor to cobtain a rough estimate
FIGURE 21
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for fabricating each unit. The results obtained by each method were

then compared and differences adjusted using engineering judgement.

Both costing methods led us to recommend that the approach shown in
Figure 21 (i.e., Approach-2) be employed. We felt it to be approxi-
mately $40K less expensive than Approach 1 shown in Figure 20 for the
fabrication of each end station. The difference results largely from
the high weight and cost for the thick baseplate in Approach-1. We
did not feel that the increased inner surface area in Approach-2 and
increased difficulties in keeping the interior surfaces clean were

major factors.

The cost for shipping the units was based on a 2000-mile trip using a
calculation procedure recommend in Richardson's guide. The costs were
then increased from those normally calculated based on weight alone,
to account for the fact that the vacuum enclosures mounted on a
flat-bed truck would constitute a "wide load" and exceed the height
restriction of 13 feet 6 inches on most major highways. Therefore,
based on discussions with movers, shippers, and fabricators, we felt a
factor of two increase in shipping costs would be reasonable at this

time.

The cosats for installing and cleaning the units are very difficult to
estimate unless a detailed man-loading study is conducted and costs
for the specific labor categories, local wage structure (i.e., union
or non-union), on-site engineering supervision and per diem costs are
included. To gain insight on these potential costs, without doing the
detailed work, we conducted discussiona with vendors and arrived at a

"best engineering estimate."

The results of this cost procedure are presented in Figure 22 for a
single end station as a function of the port diameters which are

consistent with the diameters considered for the enclosures discussed
earlier. It should be noted in Figure 22 that the installation costs
also include the costs for installing the 100 liter/sec end-station
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roughing pump, but not the 12 high vacuum (i.e., ion-type) pumps.
These costs are covered in section 5.4. In summary the enclosure

costs are judged to be accurate to approximately *545,000.

5.4  VACUUM SYSTEM

A project goal is to achieve a vacuum level of as good as 10-8 Torr
within the end stations of the GWA. As a result, a considerable
amount of high vacuum pumping capacity ({i.e., ion-type pumps) is
required in the tube sections adjacent to the end stations to reduce
the gas load on the end stations created by the tube enclosures. The

number of ion pumps mounted in the line will vary with tube length,

tube diameter, GWA plan and end station vacuum level. For completeness

in this study, we derived a first order estimate of the differential

costs for ion pumps as a function of these parameters.

As discussed in section 4.2, the average vacuum level in the various

tube enclosures has been identified as 1.4 x 10—6 Torr. In the lowest

cost enclosure design, discussed in that section, pumps would be
installed at a spacing of approximately 1 km. At high vacuum levels,
the end station pumping requirements will necessitate either of the

following designs:

(1) The installation of several high vacuum pumps in the
end stations themselves and several pumps in the
enclosures immediately adjacent to the end stations

("non-optimum" design); or

(2) The imstallation of several pumps in the end stations
and several pumps (fewer than in case (1)) in the
enclosures spaced optimally to minimize the total
number of pumps, while maintaining an average vacuum
level of 1.4 x 10-6 Torr in the enclosure tubes (i.e.,

"optimum" design).
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These options evolved because it is physically impossible to mount all
pumps required to meet the total gas load on the end stations within
the end stations themselves. For the major gas load on the end
stations, when they are operating in the vacuum range of 10-7 to 10-8
Torr, is from the tubes themselves which are assumed to have an
average vacuum of 1.4 x 10"6 Torr. Therefore, the second design
approach would distribute pumping capacity along the line to allow
each ion-type pump to function most effectively. For the purposes of
this study, we have assumed that only 12 ion-type pumps can be installed
in the base of the end stations and that the rest will be located on

the tubing enclosures.

To facilitate the computation of overall GWA costs, the costs for

vacuum pumping capacity required only for the addition of end stations

will be presented. These costs are identified as differential costs

over and above those discussed in section 4.2 for the tubing enclosures

and consist of:

(1) end station costs (excluding foundation and extermal
building structure),

(2) end-station roughing pump costs, and

(3) the ion-type pumps required in addition to those
already recommended for the tubing enclosures.

Total vacuum pumping costs for the three GWA's previously defined are
then determined by adding the costs identified in section 4.2 to the
differential costs identified in this section.

5.4.1 Rough Pumping System Costs

The requirements for a roughing pump system to reduce the end-station
pressure from atmospheric pressure (760 mm of Hg) to approximately
10-3 mm Hg (i.e., 10.'3 Torr) are independent of the roughing pump
calculations presented in section 4.2 for the tube enclosures as long
as the time requirements are the same. For the case in which both the

tubes and end stations must be pumped to lO_3 Torr in 50 hours, no
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additional roughing pumps are required within the tubes in any GWA

configuration due to the addition of the end stations.

Based on calculations provided in Appendix H of Volume II, the candidate
end station design shown 1in Figure 21 contains an enclosed volume, V,

of 2201 cubic feet (6.24 x 10“ liters). A 50-hour pump-down transient
from atmospheric pressure to 10-3 Torr, governed by the equation

In (Pf/pi) - - qpt/V. leads to a rough pumping rate of q = 47 liters/sec.
In this equationm, Pe and p, are the final and initial pressures

respectively and t is time.

As a safety factor, this value will be assumed to be 100 liters/sec.
and an installed cost of approximately $17,000 per end station for

roughing pumps will be assumed based on Figure 14 in section 4.2, 1In
reality, a pump of this size would reduce the end-station pressure to

approximately ].0_3 Torr in 24 hours.
5.4.2 High Vacuum Pumping System Costs

Preliminary analytical estimates indicate that many additional ion

pumps are required if all the pumps are installed in or directly
adjacent to the end station (design 1) as opposed to being distributed
along the line in an optimum manner (design 2). The detailled calculations
are contained in Appendix H. A comparison of the different number of
pumps in each case is briefly summarized in Table 9 for the case of a

8 Torr in the end stations and an average vacuum of 1.4 x

vacuum of 10~
10-6 Torr in the tube enclosures for the Minimum GWA Array. Each pump
is assumed to have a pumping capacity of 750 liters/sec, the latgést
size that is readily available. The ratfos indicated in tin. last
column of Table 9 are assumed to also hold to first order at vacuum

levels of 10~ and 10~° Torr.
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Table 9
DIFFERENTIAL* ION-TYPE PUMP REQUIREMENTS
FOR "NOR-OPTIMUM" AND "OPTiMUM" LOCATION OF PUMPS

(End Station Vacuum = lO_8 Torr, Minimum GWA)

No. of Pumps at No. Pumps
Non-Optimum at Optimum Ratio
Pipe Diameter Pump Pump Non-Optimum

(Inches) Spacing Spacing Optimum

12 64 33 1.94

24 110 44 2.50

36 176 57 3.09

48 232 66 3.52

*Differential requirements are additional pumps to meet only needs
dictated by the addition of the end stations. All values for tubing
enclosures (section 4.2) should be added to these values to obtain
total numbers of ion pumps.

Ion pumps of the capacity studied cost approximately S$18.4K each
(installed). Therefore, the results of the analysis indicate that
there 1s a great cost savings potential if the optimum spacing is
employed. As a result, we addressed only the scheme that resulted in
an optimized number of pumps in the costing effort presented below.
It should be noted, too, that during a final design of the GWA, the
pump capacity could be varied and pump numbers, sizes, and spacing
further optimized on cost; while in this summary 750 liter/sec pumps

were assumed in each case.

Figure 23A presents a summary of the analytical results for the
Minimum GWA, and Figure 23B presents the same results for the Upgraded
and Extended GWA's. Each figure indicates the differential numbers
and costs for an "optimized" spacing of 750 liters/sec. pumps. The
figures portray the results as a function of vacyum level, tube

diameter, and type of GWA. It is important to note that the differential
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costs for the "Upgraded" GWA (i.e., an additiocnal 7.l-km leg at 45
degrees) and the "Extended" GWA (i.e., two 10-km legs and an additional
L4.1-km diagonal leg) are the same because the vacuum needs of a GWA
that is longer are assumed to be met by the pumps required for che
tube itself, which are already included in the analysis in section
4.2.

5.4.3 Summary of Vacuum Pump Costs

Figures 23A and 23B indicate that a reduction in end-station vacuum
requirements from lO-8 to 10-7 Torr results roughly in a four-fold
saving in differential ion pump requirements. However, there is no
saving in roughing pump requirements. Furthermore, by going from the
Minimum GWA to either the Upgraded or Extended GWA, a differential
cost increase factor of approximately 1.7 holds for ion pumps at each
vacuum level. Roughing pump costs only vary by approximately $17K,
between the minimum and upgraded GWA's, because of the addition of one

end-station enclosure in the upgraded GWA.

We judge the accuracy of the above cost estimates to be approximately
230 percent if the numbers and sizes specified are employed. However,
we feel that in the detailed design of a GWA, the optimized design
would include pumps of varying sizes distributed in an optimized
manner along the enclosures. Therefore, we judge that the costs wight
be reduced. As a result, a cost estimating accuracy, relative to a

final optimized design, would be approximately +30 to -35 percent.
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6.0 SUMMATION OF GWA COSTS

The fabrication and installation costs for the evacuated enclosure and
its vacuum pumping equipment have been generated in Section 4.0 and
are presented in Figure 19 for the three GWa plans as a function of
tube diameter. Additionally, im Section 5.0, the fabrication and
installation costs for the individual end stations are displayed in
Figure 22 and the incremental costs for their vacuum punmping equipment
are shown in Figures 23A and 23B over a range of end station vacuum
levels for the Minimum GWA and for the Upgraded or Extended GWA
respectively. These separate costs have been summed appropriately to
produce total estimated costs for each of the GWA plana. These are
presented graphically as a function of tube diameter in Figures 244,
24B and 24C for one Minimum GWA, one Upgraded GWA and one Extended GWA
respectively. Each figure shows the estimated total cost for maintaining
the end stations at either of two different vacuum levels; at lO—8
Torr or at 10_6 Torr (approximately the same vacuum level as within
the majority of the evacuated enclosuge). Also, each figure indicates
the relative magnitude of the evacuated enclosure cost with respect to

the total cost.

The costs shown in Figures 24A, 24B and 24C and in all preceding
figures do not include the costs of structural support and protective
housing for the end stations, evacuated enclosures and their vacuum
pumping equipment. Additionally, costs for all other buildings,
services and appurtenances of the GWA facility have not been addressed
by ADL in this study and, hence, are not incorporated in this report.
They will be included in the S&W report. Similarly, costs for the
suspended masses, interferometer optics, Instrumentaticn, etc. within
the end stations have not been included in the ADL effort and are not

contained in this report.
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2.0 SURFACE SITES
2.1 CRITERIA FOR SELECTION OF CANDIDATE SURFACE SITES

Selection of candidate surface sites was based on the criteria
given below.

2.1.1 Topography

Each arm of the antenna must provide a straight line of sight for
the laser beam. Therefore, each arm must be flat or uniformly
sloping along its S km length. This can be achieved most easily
by building the antenna on relatively flat or uniformly sloping
ground, where a minimum of site grading is required. Where this
is not possible, high ground can be excavated and low ground can
be filled, at added cost, to provide the appropriate vertical
alignment of the antenna. However, to minimize the cost of
construction, areas requiring cuts and fills of more than about
10 feet were avoided.

2.1.2 Land Use

Attempts were made to minimize interference with existing surface
transportation networks. To qualify as a candidates site the
proposed antenna must not interfere with traffic, because this
could arouse local opposition to the construction of the antenna.
Crossing of unpaved roads and of a few light duty paved roads was
permitted. Crossing of oil and gas pipelines, railroads and
canals was avoided. Areas which include state or national parks,
wildlife refuges, Indian reservations, population centers, and
mining or o0il fields were excluded from consideration. Areas
that are intensively farmed were also avoided.

Candidate sites should be located near a source of electric
power, and should preferably be located near a source of cooling
water for operating equipment. Developed sites with buildings
that might be shared as a headquarters area for an antenna would
also be preferable.

2.1.3 Seismicity and Vibrations

A strong earthquake might damage the vacuum pipe. Areas subject
to strong ground shaking may also be subject to higher than
average microseismic activity which might shake the mirrors and
interfere with the performance of the antenna. The active
seismic zones of the United States are shown in Figure 2.1-1
t1-4). Sites within these zones were generally not considered in
the siting study, unless they were near the edge of the zone.

Other potential sources of ground vibrations are railways,
highways, airports, vater waves, water falls, heavy
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manufacturing, mining, and military operations such as bombing
and artillery ranges. No actual ground vibration measurements
were available or were made for this study. Sites were excluded
from further consideration if they were within 1 mile of a
primary highway or railway, or 3 miles from a commercial or major
military airfield. Known bombing or artillery ranges were
avoided, as were large water bodies and areas of heavy
manufacturing and mining.

2.1.4 Floods and Drainage

Areas that appear to be subject to flooding were excluded from
consideration because of potential damage to equipment and
interruption of access. Also, areas where it would be difficult
to construct the antenna across known drainage paths such as
major creeks, rivers or washes were avoided. Large marshes and
swamps were avoided because of difficult access and probable need
for costly foundation improvement.

2.1.5 Accessibilty

If an area was found to contain multiple candidate sites, the
more accessible sites were considered for further study. Areas
that were more than 10 miles from the nearest paved road were
excluded. Areas that were hundreds of miles from major
population centers were also excluded, because they would be too
far from the labor supply required for construction.

2.2 PROCEDURE

Consideration was first given to areas controlled by the federal
government, which administers large tracts of land throughout the
United States. Use of government land would eliminate the need
to purchase an easement or right-of-way across private lands. It
was also considered 1likely that many government installations
would have electric power and potable water on site. Federal
installations considered include military reservations, national
engineering laboratories and agricultural experimental stations.
Many of these installations would have the additional potential
benefit of controlled access to the site. Locations of the
installations were obtained from a current atlas of the United
States, (5!

The government installations that were considered for siting a
surface antenna are listed in Table 2.2-1, and their locations
are shown in Figure 2.2-1. From this figure it is apparent that
most of the larger installations lie in the western United

States. There was some concern that potential sites if the east

might be overlooked, and so all land in the following eastern

states was considered: Maine, Vermont, New Hampshire,
2-2



Massachusetts, Rhode Island, Connecticut, New York, New Jersey,
and North Carolina.

There was also some concern that many of the government

administered areas in the west were military areas to wvhich it
might be impossible to obtain access. Therefore, private lands
in Colorade and Nebraska were also considered as candidate areas.

Other specific areas for investigation were suggested by MIT.
These included:

- Plains of San Augustin in New Mexico, the site of the
Very Large Array of radio telescopes operated by the
National Radio Astronomy Observatory (NRAO).

. Owens Valley in California, the site of a radio
observatory operated by the California Institute of
Technology.

. Clark Dry Lake in Ccalifornia, the site of a radio

observatory operated by the University of Maryland.

There are a number of extensive playas or dry lake beds in
Southern California, and a few of these were also selected for
investigation.!3’ These include Bristol Lake, Cadiz Lake, Coyote
Lake, Danby Lake, Palen Dry Lake, Searles Lake, and Soda Lake.
Rosamond and Rogers Lakes were also considered as part of the
review of Edwards Air Force Base.

The candidate areas were checked to determine whether they vere
within or near the seismically active zones shown in
Figure 2.1-1. Existing maps and reports showing the distribution
of earthquakes were consulted to obtain more information
concerning the seismicity of these areas ($-11})  Figure 2.2-2 is
an example of such a map, with candidate sites superimposed.

Existing United States Geological Survey (USGS) topographic maps
were examined to determine whether each candidate area contained
one or more candidate sites with suitable topography and of
sufficient size to accommodate a S km long L-shaped antenna.
Most maps were available at a scale of 1:24,000 (1 in. equals
2,000 ft), but a few were only available at a scale of 1:62,500
(1 in. equals 5,208 ft). A template drawn to the appropriate
scale was used in evaluating possible antenna orientations.

Results of this initial screening are summarized in Table 2.2-1,
which indicates whether a site was found to be suitable or
unsuitable. The primary reason for site unsuitablility is also
given in the Table.
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The candidate sites were identified by state, name of the USGS
topographic map, and probable antenna orientation. For a number
of sites, a profile was drawn of the existing ground surface
along the more steeply sloping arm of the antenna, in order to
estimate the heights of cut and fill required to produce a
uniformly sloping grade for the antenna.

From the topographic maps, estimates were made of foundation
material (soil or rock), availability of water and electric
power, potential for flooding, and distance to the nearest
highways, railroad and airports. Where electric power lines were
not shown on the maps, electric utility companies were called and
asked to identify power lines in the area. Distances to the
nearest commercial air routes and military air operations areas
were obtained from published airway maps covering U.S. air space
below elevation 18,000 feet.‘12)

The antenna alignment selected for discussion was drawn on a USGS
topographic quadrangle (1:250,000 scale). Finally, the
seismicity of the area within an approximately 40 mile square,
centered on the alignment, was investigated using a computerized
earthquake file prepared by the National Atmospheric and Oceanic
Administration. 13! Events in this file took place within the
period 1900-1979 and were reported by at least 5 monitoring
stations. Output consists of date, time, latitude and longitude,
and magnitude or Modified Mercalli epicentral intensity of the
earthquake.

2.3 DESCRIPTION OF CANDIDATE SITES
Thirteen of the areas 1listed in Table 2.2-2 were considered

sufficiently promising to warrant further investigation. These
areas are:

. Alamosa Area, Colorado

. Bristol Lake, California

. Edwards Air Force Base, California
. Eglin Air Force Base, Florida

. Fort Bliss, New Mexico

. Fort Stewart, Georgia

. Great Salt Lake Desert, Utah
. Idaho National Engineering Laboratory, Utah

. Luke Air Force Range, Arizona
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- Lynndyl, Utah

. Plains of San Augustin, New Mexico
. San Cristobal Valley, Arizona
. White Sands Missle Range, New Mexico

This section provides a brief description of the candidate
surface sites, based upon the available literature.

2.3.1 Alamosa Area, Colorado

There are a number of areas in eastern Colorado that have
moderately sloping terrain. However, the area with the flattest
topography is the plains between the San Juan Mountains and the
Sangre de Cristo Mountains in the southern part of the state.
The area selected for investigation lies north of Alamosa, and
south of Hooper. The lands in this area are privately owned and
are  used for farming. Representative USG5 topographic
quadrangles of the area are Harrance Lake, Hooper Southeast,
Hooper East, Moffat North, Mount Pleasant School, and Shed's Camp
(1:24,000 scale). The candidate site that was selected is
located on the Hooper Southeast quadrangle.

The site is located approximately 7 miles north of Alamosa and
approximately 100 miles southwest of Colorado Springs.
Figure 2.3-1 shows the site location. The arms of the antenna
would intersect at approximately latitude N. 37°35' and longitude
W. 105°47°'30". One arm of the antenna would bear N. 5° W. The
ground surface along this arm ranges between approximately
el 7530 and 7533 ft. The other arm of the antenna would bear
approximately S. 85° W. The ground surface along this arm ranges
between  approximately el 7530 and 7543 ft. This alignment
intersects unimproved roads at three locations, based upon the
available topographic information.

Electric power is available from a Public Service of Colorado
power line along State Route 17. The existence of canals and
flowing wells indicates there should be an adequate source of
water. There are no woods on site.

There are no recorded earthquake epicenters within 20 miles of
the site. The nearest highvay is State Route 17, and the nearest
railroad is the Denver and Ric Grande Western. Both are located
approximately 1 mile to the west. There are no sources of water-
induced vibration in the area. The area appears to be under low
level air route V484 from Alamosa to Gunnison, Coleorado. This
air route has a minimum enroute altitude of 14,600 ft. The
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nearest airport is the Alamosa Municipal Airport, located
approximately 11 miles to the south.

There does not appear to be any danger of flooding at this
candidate site.

2.3.2 Bristol Lake, California

There are a number of extensive playas or dry lakes in Southern
California. Among these are Bristol, Cadiz, Coyote, Danby,
Owens, Palen, Rogers, Rosamond, Searles, and Soda Lakes. These
playas are generally located between latitudes N. 33°30' and
N. 36° and longitudes W. 115' and W. 118°30'. These playas might
be considered attractive because of their flat topography.
However, the playas are lower than the surrounding land. During
rainy seasons. runoff from the surrounding mountains flows to the
playas and forms temporary lakes. Although the extent and depth
of these temporary lakes varies according to the rainfall, it is
not uncommon in a wet year to have a temporary lake last for six
to twelve weeks.

For this reason it would appear preferable to site the antenna on
higher ground some distance from the playa. An example of such a
site is one adjacent to Bristol Lake (see Figure 2.3-2).

The Bristol Lake site is located approximately 37 miles northeast
of Twenty-Nine Palms, between the towns of Saltus and Cadiz. It
is located on the east side of the lake at approximately latitude
N. 34°30' and longitude W. 115°34'., One arm of the antenna would
bear S. 24° E. between el 680 and 690 ft. The other arm would
bear S. 66° H. between approximately el 625 and 680 ft. This
places one end of the antenna approximately 1.9 miles south of
the Atchison, Topeka, and Santa Fe Railroad. Access to the site
is presently via a paved road from US 66 to Cadiz and then via an
unimproved road. This alignment minimizes but does not eliminate
interference with drainage toward the lake. The alignment
crosses at least two washes or intermittent stream beds.
Drainage structures would have to be provided to allow water to
pass across the alignment.

Southern California Edison Co. provides electric power to the

 town of Cadiz, approximately 2 miles northeast of the site.

There is no known source of fresh water at the site. A mineral
recovery operation utilizing brine wells and evaporation ponds is
located at the west side of Bristol Lake.

Commercial air route V538 passes over the south end of the
antenna. The minimum enroute altitude along the route is
10,000 ft. Military training routes VR289 and IR 250 pass over
the site, which is also immediately west of the Bristol Military



air operations area. The nearest airfield is 37 miles to the
southwest, on Twenty-nine Palms Marine Corps. Base.

The site is in the southeast part of California, away from the
highly seismic areas shown in Figure 2.2-2. There have been
5 earthquakes reported within 20 miles of the alignment. The
closest earthquake occurred on May 20, 1932, and had a local
magnitude of 3.5. The epicentral location is reported as
N. 34.500° and W. 115.666°, approximately 4 miles west of the
alignment. The largest reported earthquake within 20 miles of
the alignment occurred on December 14, 1970, and had a local
magnitude of 4.0. The epicenter is reported as N. 34.300° and
W. 115.716°, approximately 18 miles southwest of the alignment.

2.3.3 Edwards Air Force Base, California

Edwards Air Force Base is located approximately 65 miles
southwest of Bakersfield along Route 58. The area is generally
flat with several playas (dry lakes) and little'vegetation.
Rogers and Rosamond playas on the Base are fully utilized as
airfields and are not suitable sites for an antenna. A candidate
site was selected between Buckhorn Lake and the southern boundary
of the Base. The site location is shown in Figure 2.3-3.

The arms of the antenna would intersect at approximately latitude
N. 34°47' and longitude W. 117°58'. One arm would bear N. 58° E.
along ground ranging in elevation between 2315 and 2,325 ft. The
other arm would bear N. 32° W. along ground ranging in elevation
between el 2290 and 2325 ft. In this orientation, the antenna
would cross one light duty road and two unimproved roads. A test
track exists one-half mile north of the northeast arm. The
intersection of the arms would be located approximately
0.25 miles northeast of a tracking station. Several dwellings
are located one mile to the south, outside the Base.

There are many wells in the area. The site is located within a
special use air space, and Edwards Air Force Auxiliary North Base
is located approximately 6 miles to the northeast. Military
training route VR 232 passes approximately 1 mile north of the
site.

The greatest potential source of ground vibration at this site is
seismicity. The site is located approximately 12 miles northeast
of the San Andreas fault zone (see Figure 2.2-2). Approximately
120 earthquakes are listed as having occurred within 20 miles of
the site. The largest event within a 20 mile radius was a local
magnitude 5.0 event that occurred in 1952 at N. 34.516° and
W. 118.183°, This epicenter is approximately 20 miles southwest
of the site. The available data indicate that the area around
Edwards Air Force Base is seismically active, and therefore ig
probably unsuitable for siting the antenna.
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2.3.4 Eglin Air Force Base

Eglin Air Force Base is located east of Pensacola, Florida, and
north of Fort Walton Beach. The base is near the Gulf of Mexico,
but is separated from the Gulf by a barrier island and the
Intracoastal Waterway. The Base extends approximately 55 miles
in the east/west direction and approximately 17 miles in the
north/south direction. A candidate site was selected for study
near the west end of the Base, approximately 20 miles east of
Pensacola and approximately one mile east of State Route 87. The
site is approximately 5 miles north of the Gulf of Hexico, and is
located on the USGS Ward Basin and Harold SE Quadrangles
(1:24,000 scale). The site location is shown in Figure 2.3-4.

The site can accommodate an L-shaped antenna with arms 5 km long.
The intersection of the arms would be located at approximately
latitude N. 30°31' and longitude W. 86°53'. One arm would extend
due north along ground ranging between elevations 105 and 140 ft.
Cuts of 10 ft or less and fills of 15 ft or less would be
required to provide a uniformly sloping ground surface along this
arm. The other arm of the antenna would bear due east, along
ground vhich varies in elevation between 110 and 120 ft. There
is no potential for flooding at this site.

Auxiliary Air Field No. 7 is located approximately 2 miles
northeast and Auxiliary Air Field No. 10 is located approximately
3 miles west of the antenna at its closest approach. Potential
sources of vibration are military aircraft activity at the
adjacent Auxiliary Air Fields, and activity at Eglin and Hurlbert
Air Fields located 5-10 miles to the east, The entire base is
located within air space designated as the Eglin Military
Operations Area.

Potential sources of water induced vibrations are the Yellow
River, located 2.5 miles to the north, East Bay located
approximately 4.3 miles to the southwest and the Santa Rosa Sound
located 7.3 miles to the south. No earthquakes have been
recorded within 20 miles of the site.

The antenna would cross one light duty road, and 10 unimproved
roads. An electrical power line is located along Route 87,
approximately 1 mile west of the site. Water is probably
available from wells that could be drilled in the area, but the
quality of water is not known. The site is wooded and clearing
would be required.

2.3.5 Fort Bliss Military Reservation, New Mexico
Fort Bliss Military Reservation is located approximately 17 miles

south of Alamogordo, New Mexico and extends as far south as El
Paso, Texas, a distance of approximately 65 miles. HMost of the
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Reservation is located in New Mexico. Fort Bliss contains
extensive areas of low relief, and it may be possible to identify
a number of potential sites having reasonable topography for a
5 km long L-shaped antenna. The main unknown is the extent of
military activity at Fort Bliss. Much of the Reservation is an
anti-aircraft range. To minimize potential vibration from
military activity, a site should be located far from firing areas
and bomb targets. A site was selected at the location shown in
Figure 2.3-5. This location is reasonably close to a highway and
railway, and thus may be far from firing areas. No bomb targets
are shown on the topographic maps.

The candidate site is approximately 30 miles north of E1 Paso and
approximately 4 miles west of US Route 54 and the adjacent
Southern Pacific Railroad. Figure 2.3-5 shows the site location.
There are lookout towers located approximately 2 miles southwest
of the site. The road leading to the towers is used as a landing
strip.  Additional information would have to be obtained
concerning the current and projected use of this area by the
military.

The detailed topography of the site area is given on the USGS
Newman Northeast quadrangle (1:24,000 scale). The intersection
of the arms would be located at approximately latitude N. 32°10'
and longitude W. 106°18'. One arm would have a bearing of
approximately S. 1° W. The ground surface along this arm would
range from approximately el 4,075 to 4,080 ft. The other arm
would have a bearing of approximately S. 89° E. The ground
surface along this arm would range from approximately el 4,080 to
4,093 ft. The antenna would cross two unimproved roads. Present
access is by unimproved road directly from Route 54, or by 1light
duty road from US Route 54 to the lockout towers, and then by
unimproved road north to the antenna. There are no woods on
site.

El Paso Electric Co. provides electricity along the road from
State Route 54 to the observation towers 2 miles south of the
site. A water main is also reported to exist along this road.
There are also windmills and other sources of water in the area,
as shown in Figure 2.3-5, and it should be possible to drill a
well to obtain a water supply for construction and operation of
the antenna. The quality of water obtained from the existing
groundwater sources is not known.

The site is located in the Rio Grande Rift Zone. However, no
earthquakes have been recorded within 20 miles of the site. As
previously mentioned, the effects of military operations on
ground vibrations at the site are unknown. There are no known
sources of water induced vibration near the site. Traffic along
Us Route 54 and the Southern Pacific Railroad, some 1.8 miles to
the east should not cause significant vibrations at the site.
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According to published air maps, Condron Airfield is located
approximately 8 miles northeast of the site. The nearest
commercial air route is V19-94, approximately 3 miles to the
south. This route has a minimum enroute altitude of 9,000 ft.

2.3.6 Fort Stewart Military Reservation, Georgia

Fort Stewart Military Reservation is located in the eastern
portion of Georgia, immediately west of Savannah. It extends
approximately 30 miles in the east-west direction and
approximately 16 miles in the north-south direction. State
Route 119 divides Fort Stewart into an eastern half and a western
half. State Route 144 passes through the southern portion,
roughly parallel to the southern boundary of the Reservation.

A candidate site was selected in the western half of
Fort Stewart, between Route 144 and the southern boundary of the
Reservation. This is approximately two miles west of the Fort
Stewart headquarters area. The site location is shown in
Figure 2.3-6. This site is located on the USGS Taylors Creek and
Walthoursville quadrangles (1:24,000 scale). Taylors Creek flows
east through this area, and a number of streams flow in a north-
south direction to join the Creek. There are also a number of
marshy areas on site. The entire area is wooded. Ground surface
elevations in the area range from approximately el 50 ft along
the eastern portion of Taylors Creek to approximately el 75 ft in
the higher western areas.

The sité can accommodate an L-shaped antenna with arms 5 jm long.
The alignment selected for study would have the intersection of
the arms located approximately one mile south of Route 144 at
latitude N. 31°54' and longitude W. 81°42'. one arm would bear
approximately S. 20° E., crossing Taylors Creek and two of its
tributaries. This arm would also cross two light duty roads and
one unimproved road. The other arm would bear approximately
S. 70° W. and would cross two tributaries of Taylors Creek and
two unimproved roads. Electric power is probably available at
the headquarters area two miles to the east. A well can be
installed to obtain water at the site.

The site is located within the South Carolina-Georgia seismic
zone., However, no earthquake epicenters have been reported
within 20 miles of the site. The largest earthquake nearby was a
Modified Mercalli VI event along the Savannah River approximately
35 miles to the northeast. The nearest airport is Wright
Airfield located approximately five miles esast of the site. This
airfield has a runway length of 5,000 ft. Large areas of
airspace on the west and south sides of Fort Stewart are reserved
for military air operations, suggesting that there may be
intensive aircraft activity in the site area. The nearest
potential source of water-induced vibrations is Taylors Creek.
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The nearest major population center is  Savannah, located
approximately 35 miles to the northeast.

If it can be demonstrated that the antenna can be located within
about 0.3 miles of State Route 144 without experiencing excessive
vibrations, then it may be possible to use an old railroad grade
as the alignment for one arm of the antenna. The intersection of
the arms would be located at approximately latitude N. 31°55' and
longitude W. 81°41'. The arms would have bearings of S. 40° E.
and S. 50° W. This orientation would cross Taylors Creek on the
existing embankment, eliminating the need for a special crossing
of the Creek.

2.3.7 Great Salt Lake Desert, Utah

The Great Salt Lake Desert is located in the northwest corner of
Utah between longitude 113° W. and 114° W., and between latitudes
39940' N. and 41°40' N. The entire area is part of the floor of
ancient Lake Bonneville, and has very 1little relief. Highway
access to the region is by Interstate 1-80, which extends west
from Salt Lake City to the Nevada border and passes through the
middle of the Desert. Tracks of the Western Pacific Railroad
parallel I-80 on the south side of the highway.

Although the Great Salt Lake Desert includes Hill Air Force
Range, Wendover Air Force Range, Desert Test Center and Dugway
Proving Grounds, all of which are U.S. military installations,
consideration was instead given to non-military land along I-80
because ‘it has equally suitable topography and because it is more
accessible from the existing highway. The area along I-80 west
of the Lake Side Mountains and east of the Bonneville Salt Flats
was selected for study.

The land surface in the area of I-80 generally slopes downward to
the north and west, reaching its lowest elevation locally at the
Bonneville Salt Flats, which has an average elevation of
4,214 ft. Kaiser Aluminum and Chemical Corporation operates a
mineral recovery operation on the Bonneville Salt Flats using
brine wells and evaporation ponds. Ground slopes in the flatter
areas in the area of 1I-80 are typically less than 1 foot per
mile.

The ground surface on the Bonneville Salt Flats generally
consists of carbonate muds that have either a soft puffy surface
or a hard compact surface. In some places, the muds are overlain
by gypsum sand dunes.!!4' Runoff from the surrounding mountains
flows onto the ancient lake bed and flows toward the Bonneville
Salt Flats. Shallow ponds of water form in the lower areas
during the winter, and the permanant ground water level in these
areas is high.
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Essentially the entire area west of Grayback Hills and east of
the Bonneville Salt Flats contains potential sites for the
antenna. It is recommended that the antenna be located on the
east side of this area in order to minimize the possibility of
flooding during winter, and to place the antenna closer to Salt
Lake City area in order to reduce distance to construction work
force, supply areas and transportation centers.

Two areas were selected for study as possible sites. These are
the Aragonite NW quadrangle south of I-80 and the Knolls and
Knolls 2 SE quadrangle north of 1-80. The sites are
approximately 30 miles east of the Bonneville Salt Flats, on
lands administered by the U.5. Bureau of Land Management and the
State of Utah.!!3' The site location are shown in Figure 2.3-7.
One area on the Aragonite NW quadrangle can accept a 5 km
L-shaped configuration with the intersection of the arms at
approximately latitude N. 40°39‘ and longitude W. 113°10'. One
arm would bear N. 13° E. between el 4,257 and 4,260 ft. The
other arm would bear N. 77° W. between el 4,254 and 4,260 ft.
This area lies approximately 0.8 miles east of a mud flat having
an average bottom elevation of approximately 4,242 ft. The mud
flat is approximately 3.5 miles long by 2 miles wide and is
probably a temporary lake during winter months.

The Knolls and Knolls 2 SE quadrangles can accommodate antenna
arrangements larger than 5 km. A possible orientation would have
the intersection of the arms at latitude N. 40°45' and longitude
W. 113°22'. One arm would bear due north at approximately
el 4,218 ft. The other arm would bear due east between el 4,218
and 4,220 ft. This area is denoted as a mud flat on the
topographic maps and may be subject to shallow flooding during
the winter months. It may be necessary to construct the antenna
on a low embankment in this area. Although this area is low it
is still higher than the level of the Great Salt Lake which,
according to the topographic maps, stood at approximately
el 4,195 ft in October 1969.

Access to the sites is by I-80 from Salt Lake City, located 75 to
85 miles to the east. Each of the sites requires construction of
an access road from I-80. The site on Aragonite NW can only be
reached by crossing the Western Pacific Railroad. The center
point of the L would be located approximately S miles south of
I-80. The center point of the other site would be located

approximately 1 mile north of the highway.

Neither of the sites has a supply of fresh water available in the
immediate vicinity. Reports on ground water quality beneath the
Bonneville Salt Flats to the west indicates that the total
dissolved solids content of the water ranges from approximately
70,000 to 330,000 ppm.!16) Therefore, it will probably be
necessary to import water for construction, cooling and drinking
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use, or to treat locally available water for those uses. A Utah
Power & Light Co. electric power line extends along I B0 in the
site area.

The sites are not located in an active seismic zone. Two
earthquakes are listed as having occurred within 20 miles of the
site in 1966, but no data are reported concerning their magnitude
or epicentral intensity. Commercial air route V32-253 passes
directly over the site north of I-80 and 3.4 miles north of the
other site. Both sites are located approximately 10 miles from
apparent bomb craters at the south end of Hill Air Force Range.
The site south of I-80 may be influenced by waves in the
temporary lake located approximately 0.8 miles awvay.

2.3.8 Idaho Natiocnal Engineering Laboratory, Idaho

The Idaho National Engineering Laboratory is the site of the
national nuclear reactor testing station, operated by the U.s.
Department of Energy. The Laboratory is located 40 miles west of
Idaho Falls along Route 20 on the Snake River Plain, a high
plateau built up of basalt lava flows. The general location of
this candidate site is shown in Figure 2.3-8.

The site is located on USGS Circular Butte quadrangle
(1:24,000 scale). One possible orientation of the antenna would
have the intersection of the arms at approximately N. 43°49' and
W. 112°38'. One arm would bear due west at approximately el
4,790 gt. The other arm would bear due south between
approximately el 4,787 and 4,790 ft.

Access to this area is by unimproved roads off Route 88 which
runs along the west and north borders of the site. Dry channel
Big Lost River runs on the opposite side of Route 88, and a canal
crosses the south arm approximately 0.8 miles from the end.
Power lines run throughout the site. The antenna alignment
crosses four unimproved roads. Large buildings and railroad
tracks are located approximately 2.5 miles north of the site.

The site is located in uncontrolled air space up to 14,500 ft
elevation, and no commercial air routes cross the site. The Mud
Lfke-ﬂest Jefferson County Airport is located approximately 5
miles northeast and presents little problems from large aircraft
because its longest runway is 3,330 ft.

Thg site is not located in an active seismic zone. No earthquake
epicenters have been reported within 20 miles of the site.
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2.3.9 Luke Air Force Range, Arizona

Luke Air Force Range extends from Yuma, Arizona, on the west to
the Sand Tank Mountains on the east, a distance of approximately
135 miles. The most promising site on Luke Air Force Range lies
on the north side of the Range between the towns of Stoval and
Dateland. This site is approximately 65 miles east of Yuma.
This candidate site is 5 miles south of interstate I-8 and the
adjacent Southern Pacific Railroad. It is 3.5 miles southeast of
the Stoval Airfield (see Figure 2.3.9). A road would have to be
constructed from the site to I-8, possibly by way of the access
road to the Stoval Airfield and Pimeria Well.

The candidate site is located on the northeast corner of the
Mohawk Mountains NE quadrangle (1:24,000 scale). One possible
alignment would have the intersection of the arms at
approximately latitude N. 32°42' and longitude W. 113°34'. One
arm of the antenna would bear approximately S. 21° E. along the
el 400 ft contour, and the other would bear approximately
N. 69° E. between el 400 and 447 ft. Estimated heights of cuts
and fills along the antenna alignment are approximately 2 ft,
based upon the existing contour information. An Arizona Power
Co. electric line extends along Interstate 8 in the site area.
Pimeria Well is located approximately 2.5 miles WNW of the
intersection of the arms. It should be possible to drill a well
at the site to obtain a water supply. The quality of water in
the area would have to be investigated to determine whether
treatment of the water is required. The area is not wooded.

There are no highways or railroads located within 5 miles of the
site. Therefore, these are not potential vibration sources.

Two earthquakes have been reported in the Mchawk Mountains,
approximately 11 miles south of the antenna alignment. One event
occurred in 1958 and had a magnitude of 4.9. The other event
occurred in 1942; no magnitude or epicentral intensity has been
assigned to this event. No other earthquakes have been reported
within 20 miles of the site.

Two other potential sources of vibrations are military aircraft
operating over Luke Air Force Range, and activity at nearby
airfields. The extent of military aircraft activity is unknown
at this time. Activity at Stoval Airfield is probably limited to
small aircraft, because the length of the largest runway is only
4000 ft. The Dateland Airfield, located 6 miles to the north,
has a 6500 ft long runway which is oriented toward the site.

There does not appear to be any danger of flooding at this
candidate site. The antenna would be located on high ground and
would not intercept any major perennial or dry stream beds. San



Cristobal Wash is located approximately 0.4 miles from the end of
the southeast arm of the antenna.

2.3.10 Lynndyl, Utah

The Lynndyl area is located in the Sevier Desert, approximately
95 miles southwest of Provo along US Route 6. The Sevier River
flows southwest through the area, and an extensive irrigation
network has been developed around the town of Delta,
approximately 15 miles southwest of Lynndyl.

A candidate site for an antenna with arms 5 km long has been
identified west of Lynndyl (see Figure 2.3-10). This area is
shown on the USGS Lynndyl gquandrangle (1:62,500 scale.) The arms
of the antenna would intersect at approximately latitude
N. 39°34" and longitude W. 112°27'. One arm would bear
S. 35° E., parallel to an unimproved road leading from
US Route 6. The existing ground surface elevation along this arm
ranges between el 4,780 and el 4,790 ft. The other arm would
bear S. 55° W. along ground which ranges in elevation from
4,760 ft to 4,790 ft. The antenna would be located approximately
1.8 miles northwest of US Route 6 and the adjacent Union Pacific
Railroad. There are two railroad sidings at Lynndyl.

Access to the site is presently by unimproved road from
US Route 6. Electric power is available approximately 0.2 miles
from the east end of the antenna. Water wells are located 1 mile
from the east end of the antenna, and windmills are located
approximately 6 miles northwest of the intersection of the arms.
This land is administered by the Bureau of Land Hanagement and
the State of Utah.¢15)

The site is located approximately 10 miles west of the
Intermountain Seismic Belt. Two earthquakes have been reported
within 20 miles of the site. One had a body a magnitude of 3.4
and occurred in the East Tintic Mountains, approximately 19 miles
NE of the site. The other had a body magnitude of 2.8 and
occurred in the Canyon Mountains, approximately 17 miles SE of
the site. An intensity VII earthquake occurred slightly mdre
than 20 miles northeast of the site. This event occurred north
of Jericho in 1900, and was the largest reported event in the
area. The nearest source of water induced vibrations is the
Sevier River, located approximately 3.2 miles to the southeast.
The nearest airport is Delta Municipal Airport, located 3.5 miles
to the south.

Commercial air route V21 crosses the antenna alignment. The
minimum enroute altitude of this route is 10,300 ft, Commercial
air route V257 crosses the southwest arm of the alignment; this
route has a minimum altitude of 11,000 ft.
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2.3.11 Plains of San Augustin, New Mexico

The Plains of San Augustin are located 60 miles west of Socorro
along Route 60 between Datil and Magdalena. The candidate site
is  located on the following USGS topographic guadrangles:
Augustin Well, Lion Mountain, Lion Mountain NW, and Arrowhead
Well (1:24,000 scale). The site location is shown in
Figure 2.3-11.

The Very Large Array (VLA), a radio telescope operated by the
National Radio Astronomy Observatory, (NRAO), is located in this
area. The telescope consists of a Y-shaped configuration of
tracks with arms 13, 13, and 11.8 miles long. Varying
arrangements of 28 mobile radio antennae are placed along this
configuration. The NRAO has cbtained a right-of-way for the VLA
from public agencies and private land owners. The width of the
right of way is typically 500 to 600 ft.(17)

A candidate site for the antenna is located 8 miles northwest
from the vertex of the VLA. This location was selected for study
because the antenna alignment does not cross light duty roads.
The intersection of the arms would be located at latitude
N. 34°12' and longitude W. 107°41'. The bearings of the arms
would be N. 40° E. and S. 50° E. between el 7,000 and 7,030 ft.
Route 60 is located 4.8 miles south at its closest approach to
the alignment.

The alignment crosses 3 unimproved roads. There are several
windmills and wells located in the area, so it should be possible
to obtain water onsite by drilling a well. Electric power lines
serve the VLA headquarter area approximately 8 miles away.(18}
The area is located in an uncontrolled air space up to 14,500 ft
mean sea level, with the closest airport being Socorro 60 miles
to the east. The nearest commercial air route is V264,
approximately 5 miles to the north. The minimum enroute altitude
for this route is 12,000 ft. The site is not located in a
seismic zone. No earthquakes have been reported within 20 miles
of the site.

A land ownership map of the VLA site area‘!’! covers
approximately two-thirds of the candidate site. The lands appear
to be owned by the State of New Mexico and private landowners.
2.3.12 San Cristobal Valley, Arizona

This site was selected as a back-up to the site on Luke Air Force
Range, in case access ta the Range is prohibited. The site
location is shown in Figure 2.3-12.

The site is located between the towns of Stoval and Dateland,
Arizona, approximately 65 miles east of Yuma, Arizona. It is
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north of Interstate 8 and south of the Gila River, on elevated
land above the Gila River flood plain. Based on a summary map in
the National Atlas of the USA,(29%) jt appears that the Bureau of
Land Management administers scattered tracts (approximately 25-50
percent density) in this area.

The site is located on the USGS Texas Hill and Dateland
Quadangles (1:24,000 scale). The intersection of the arms would
be located approximately 3 miles west of Dateland, and
approximately one mile north of Interstate 8, at latitude
N. 32°47' and longitude W. 113°36'. The bearings of the antenna
arms would be approximately N. 26° E. and N. 64° W. The NE arm
would extend from approximate el of 410 to el 430 ft. The ground
surface along the NW arm is at approximately el 410 ft. The
antenna alignment crosses one unimproved road.

Access to this area is presently by unimproved road from
Interstate 8. An Arizona Power Co. electric power line extends
along Interstate B in the site area. The site is 1.2 miles south
of the flood plain of the Gila River, and it should be possible
to drill a well to obtain a supply of water at this location.
The quality of groundwater in the area is unknown.

Two earthquakes have been reported in the Mohawk Mountains,
approximately 20 miles south of the antenna alignment. One event
occurred in 1958 and had a local magnitude of 4.9. The other
event occurred in 1942; no magnitude or epicentral intensity has
been assigned to this event.

Both Interstate 8 and the Southern Pacific Railroad are located
approximately one mile south of the antenna alignment. The
Dateland Airfield is located approximately 2.8 miles east of the
site and Stoval Airfield is located approximately 3.5 miles to
the southwest. Activity at these airports is probably restricted
to small aircraft. The site lies below commercial air route V66,
which has a minimum enroute altitude of 4,000 feet in the site
area. Other aircraft activity in the site area would be that
associated with the Luke Air Force Range located approximately
two miles south of the proposed antenna location. The Gila
River, and a drain located approximately 0.8 miles west of the
site, are potential sources of water induced vibrations.

2.3.13 White Sands Hissile Range, New Mexico

The White Sands Missile Range is located in southern New Mexico
between Las Cruces and Soccoro. A possible site is located
approximately 30 miles southwest of Alamogordo along U.S.
Route 70. The site location is shown on Figure 2.3-13.

The site is located on USGS Lake Lucero SE and Lake Lucero SW
quandrangles (1:24,000 scale). The intersection of the arms
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would be at latitude N. 32°36' and longitude W. 106°23'. One arm
would bear due east between el 3,935 and 3,975 ft. The other arm
would bear due south between el 3,925 and to 3,935 ft. Route 70
is one mile east and a light duty road is located 0.2 miles west
of this site. The antenna would cross one unimproved road.

Electric power and water appear to be accessible. At this site,
power lines run along Route 70 and windmills are located
throughout the area. Saunders Ranch is 1.6 miles southwest of
the intersection of the arms, and the S. K. White Ranch is
1.25 miles west of the southern end.

Fort Bliss Anti-Aircraft Range is east of the site. A bomb
target is located seven miles east and block house targets are
located nine miles east-southeast of the east end of the antenna
location. The site is located in uncontrolled air space, and
there are no commercial air routes in the area. Alamogordo and
Holloman airfields are 15 miles to the east. The site is in the
Rio Grande Rift Zone. However, no earthquakes have been reported
within 20 miles of the site.
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2.4.2 Organizations Contacted

Organization

Public Service Company
of Coloradoe

Southern California
Edison Company

Ft. Bliss Military
Reservation

Utah Power &
Light Company

Arizona Public
Service Ca.

National Science

Foundation

National Radio
Astronomy Observation

Location and

Contact Telephone No.
Commercial Alamosa, CO
Sales (303) 8B2-3015
Commercial Twenty-Nine Palms, CA
Sales (714) B875-4290
Physical Ft. Bliss, TX
Plant (915) 568-2121)
Engineer
Commercial Tooele, UT
Sales (801) 882-2238
Commercial Gila Bend, AZ
Sales (602) 683-2271
Dr. L. Oster, Washington, DC
VLA Program {202) 357-9857
Director
J. Marymore Charlottesville, VA
Legal (804) 296-0211
Relations
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TABLE 2.2-1

GOVERNMENT INSTALLATIONS CONSIDERED

Fort Lewis Hilitary Reservation
Yakima Firing Range Military Reservation
Hanford Works (USDOE)

Beale A.F.B.

Fort Ord Military Reservation

Hunter Liggett Military Reservation
China Lake Naval Weapons Center

China Lake Naval Weapons Center

Fort Irwin Military Reservation
Edwards Air Force Base

Twentynine Palms Marine Corps Base
Camp Pendleton Marine Corps Base
Miramar Naval Air Station

National Parachute Test Range

Yuma Proving Ground

Luke Air Force Range

Nellis Bombing & Gunnery Range Complex
Dugway Proving Grounds

Desert Test Center

Hendover Range

Hill Air Force Range

Idaho National Engineering Laboratory
Rocky Mountain Arsenal

Fort Carson Military Reservation
Sandia Military Reservation

White Sands Missile Range

Fort Bliss Military Reservation
Lackland RAir Force Base

Fort Hood Military Reservation

Fort Sill Military Reservation

Naval Ammunition Depot

Fort Riley Military Reservation

Camp Ripley Military Reservation

Fort Leonard Wood Military Reservation
Fort Chaffee Military Reservation
Fort Polk Military Reservation

Eglin Air Force Base

Fort Rucker Military Reservation

fFort Benning Military Reservation
Fort McClellan Military Reservation
Redstone Arsenal

Arnold Engineering Development Center
CGak Ridge National Laboratory

Fort Campbell Military Reservation
Blue Grass Army Depot

Fort Knox Military Reservation

1 of 2

47,

49.
50.
51.
52.
53.
54.
55.

57.
58.
59.

61.
62.
63.
64.
65.

TABLE 2.2-1 (Cont)

Jefferson Proving Ground

Crane Naval Weapons Support Center
Camp Atterbury Military Reservation
Fort McCoy Military Reservation
Camp Grayling Artillery Range

Fort Drum Military Reservation

Camp Edwards Military Reservation
Fort Dix Military Reservation
Aberdeen Proving Grounds

Quantico U.5. Marine Corps Reservation
Fort A.P. Hill Military Reservation
Camp Peary Military Reservation
Fort Eustis Military Reservation
Fort Pickett Military Reservation
Fort Bragg Military Reservation
Fort Jackson Military Reservation
Savannah River Plant (USDOE)

Fort Gordon Military Reservation
Fort Stewart Military Reservation
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Alabama

Arizona
Arizona
Arizona
Arizona

Arkansas

California
California
California
California
California
Csiifarnia
Californ:a
California
California
Californi
Catifornia
California
California
California

Colorado
Colorado
Colorado
Colorado
Connecticut
Florida
Georgia
Georgia
Georgia

tdano
idano

Staye

Indiana
Indiana
Indiana
Kansas

Kentucky
Kentucky

Louisianna
Maine

Maryland
Maryiand

Massachusetts
Michigan
Minnesota
Missouri
Nebraska

Nevada

New Hampshire
New Jersay
New Maxico
New Mexico
New Mexico
New Mexico
New York

Marth Carclina

TABLE 2.2-2

Al ATE AREAS FOR

lns;lllg;uon Qr Ares

Anniston Army Depot

Fort Rucker Military Reservation
fFort McCilelland Militsry Ressrvation
Redstone Arsens!

Luke Air Force Range
San Cristoba! valley
Somerton Ares

Yuma Proving Ground

fort Chaffee Military Reservation

Beale Air force Base

8ristol Dry Lake {East Shore}

Camp Pendieton Marine Corps Base
China Lake Naval Weapons Center
Clark Dry Lake Radio Observatory
Edwards Air Force Base

Fort Irwin Military Raservation
Fort Ord Military Reservation
Hunter Liggatt Military Reservation
Miramar Naval Air Station

Nationai Parachute Test Range
Owens Vailey

Saline Vailey Dry Lake

Twentynine Palms Marine Corps Base

Alamosa Ares

D.0.T. Experimental Train Track
fort Carson Military Reservation
Rocky Mounts«n Arsena|

Entire State

Eglin Air Force Base

fory Benning Military Reservation
Fort Gordon Military Resarvation
Fort Stewart

idaho National Engineering Laborstory
U.S. Sheesp Experiment Station

1of 3
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TABLE 2.2-2 {Cont)

In ilation or Are

Camp Atterbury

Crane Nava! Weapons Suppart Center
Jafferson Proving Ground

Fort Riley Military Ressrvation

Blue Grass Army Depot
Fort Knox Wilitary Reservation

Fort Polk Military Reservation
Entire State

Aberdean Proving Ground
National Agriculturs! Research Center

Entire Stata

Camp Grayling Military Reservation
Camp Ripley Military Resarvation

Fort Leonard Wood Military Ressrvation
Entire State

Neilis Bombing and Gunnery Range Compiex

Entire State

Entire State

Fort Bliss Military Reservation
Sandis Military Reservation
Plains of San Augustin

Whits Sands Missle Rangs

Entire State

Entire State
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Reason for
Unsuigabitivy
Topography, land use
Topography
Topography
Topography, land use

Seismicity
Bombing/Firing Range
Topography
Topography, Land Use
Tapography
Seismicity
Seismicity
Topagraphy
Topography, Land Use
Topography, Ssismicity
Land Use

Seismicity
Insufficient Space
|naccessibla
Topography

Land use

Topography
Topagraphy
Topography, tand Use

Topography
Topography

Topography

Reason for

Unsuigaby gy

Topagraphy, Land Use
Topography
Topography
Topography, Lasnd Use

Too developed
Tapography

Topograghy
Topography, Land Usa

Insufficient Space
insufficient Space

Topography, Land Use
Topography
Topography, Drainage
Topography
Topography, Land Use

Topography, Drainage
Land Use

Topography, Land Use
Topography, Land Use

Topography
Topography, Lsnd Use

Topography, Land Use,
Drainsge



TABLE 2.2-2 (Cont)

Suitable (S)
i i
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Reaason for

State Insgaliagion or Ares r Unsuitability
Okiahoms Fort Sili Military Reservation u Topography
Okiahoms Naval Ammunition Depot u Topagraphy
Rhode Isiand Entire State u Topography, Land Use
South Carolina fort Jackson Miiitary Reservation u Topography
Sauth Carolina Savannah River Plant v Tapography, Land Use
Tennessee Arncid Engineering Development Center u Topography
Tennessee Fort Campbell Military Reservation v Topography
Tennesses Oak Ridge Nationat Laboratory u Topagraphy
Texas Fort Hood Military Reservation ] Topography
Texas Lackland Air Force Base Training Annex u Insufficient Room
Utah Desert Range Experimental Station U Topography
Utah Grest Salt Lake Desesrt S -
Utah Lynndyi 5 -
vermont Entire State u Topography, Land Use
virginia fort Eustis Military Reservation u insufficient Space
virginia Fort A.P. Hill Military Reservation u Topography
virginia Fort Pickett Military Reservation U Topography
virginia Quantico Marine Corps Air Station u Topography
washington Fort Lewis u Seismicity
Washington Hanford Reservation u Topography, Land Use
Washington Yakima Firing Center u Bombing/Firing Range
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3.0 SUBSURFACE SITES

There are a number of advantages in constructing an antenna of this type
in a deep tunnel or mine. The antenna would be naturally isolated from
many vibration sources, such as aircraft, railway and highway traffic.
Temperatures at depth fluctuate much less than at the ground surface.
The need to provide buildings to house support facilities might also be
reduced.

For these reasons, a survey of existing mines and tunnels was performed
to determine whether one or more of these facilities would be a suitable
site for an L-shaped antenna with arms 5 km long. If no passages of
this length exist, the study would identify the longest potentially
suitable passages that might be available.

3.1 SITING CRITERIA FOR CANDIDATE SUBSURFACE SITES

The criteria for evaluating subsurface sites differs significantly from
those for the surface sites. The major considerations for the
subsurface sites are line-of-sight distances and configurations of
passages. Additionally, other factors have been investigated.

Many mines are horizontally extensive, but few contain passages with
substantial line-of-sight passages because this offers no inherent
mining advantage. Most mineral deposits have irregular configurations,
and the mines conform to those configurations. The mine site survey was
directed toward those deposits which tend to form as planar ore bodies.
Mineral occurrences that could be grouped in this category would include
lead, zinc, copper, gypsum, salt, potash, limestone, trona (impure
sodium carbonate), and coal. 1,2 3

3.1.1 Passage Dimensions

Mine operators were asked for details concerning the existing
underground passages. Additionally, operators were asked about the
possibilities of modifying existing passages to give line-of-sight
passages. The cross-sectional area of passages was also considered.

3.1.2 Passage Configuration

The right angle or near right angle configuration of the two passages
was discussed. This configuration was not limited to the horizontal
plane.

3.1.3 Type of Access

The type of access for transport tunnels, such as railroad, highway, and
water is apparent. For mines, the type of access was discussed. Access
to a mine can be by a horizontal passage (adit), inclined passage
(decline or incline), or a vertical passage (shaft). Additionally,
limitations were discussed that would have to be considered for movement
of antenna equipment and material; for example, lengths of pipe to be
used for the antenna.



3.1.4 Ground Stability and Groundwater Flow

Since mines are frequently located in .reas of geological disturbances,
such as mountainous regions, questions were asked concerning ground and
rock stability. Groundwater flows and potential for water problems were
also discussed.

3.1.5 Hining Activity
The projected levels of short-term and long-term mining activities were
investigated. The possibility of utilizing disused mines to house the

antenna was investigated.

The issue of projected mine activity is a complex one. Mine operators

routinely make short-term projections about mining activities. Long-
term projection are much more difficult to make since the operation of a
mine is based upon the profitability of the operation. For many

minerals a modest price change can cause the owner to change areas of
mining activity or put the operation on standby status. A mine shutdown
would not be as significant to a mine with a horizontal access passage
as it would be to a mine with shaft access.

Also, projections of mining activity apply directly to the matter of
mine maintenance. If a mine is situated in particulary stable rock,
such as limestone, ground stability considerations are relatively
unimportant. In mines with more complex geology and associated rock
stability problems, mine maintenance is a major consideration and could
represent a significant cost.

Maintenance costs of passages in an inactive mine would be higher than
in an active mine due to the added costs of mobilization of equipment
and personnel.

Depending upon the rock type and its acoustical characteristics, ambient
vibration levels would probably be lower in a disused mine.

This question of projected mine activity and integrity of the passages
has to be assessed carefully and on a mine by mine basis.

3.1.6 Depth Below Surface
Depths of passages below the surface were investigated.
3.1.7 Vibration and Seismicity

Depending upon the magnitude of the mining operation, techniques
employed, proximity to potential host passages, rock type, and other
variables, local mining activity may or may not produce significant
vibration. The consideration of regional seismicity would be of the
same importance as for surface sites. Zones of seismicity are shown in
Figure 2.1-1. Most of the mines considered in this study are not found
in these seismic zones.

LIGO-P830005-00-R

3.1.8 Potential for Passage Modification

The possibility of passage modification including alteration of size or
extension of length was discussed with the mine operators. The
responses ranged from ‘"not possible" due to rock stability or mineral
claim boundaries to "possible" with the unit cost of excavation being
the only real consideration.

3.1.9 Disposition Towards Participation

The willingness to provide a mine site for the antenna was discussed
u%th those mine operations that met the majority of criteria already
d}scussed. OFf all of the criteria to be met in this study the length of
time required to construct and operate the antenna was the most
difficult consideration for the mine operators. Hast operators were
favorably disposed toward providing a site for a short time period.
However, for the anticipated length of time for this experiment, only a
few mines were interested. As it happens, these mines are among the
most extensive of the underground facilities considered.

3.2 PROCEDURE

The mine site investigation began with telephone discussions with
representatives of federal and state agencies and concluded with
specific discussions with individual mine operators. Federal and state
agencies contacted are listed below.

. The‘ U.S. Bureau of Mines has responsibilities in mineral and
mining Vstutxstics, mining technological research, ainerals
specialists, and other services related to the minerals
industry.

. The U.S. Corps of Engineers has a direct involvement in major

geotechnical projects concerning surface and subsurface
facilities and was a source of subsurface information.

. The U.S. Bureau of Reclamation is involved in tunneling

operations for major water supply projects, particularly in the
western states.

. The U.S. Hine Safety and Health Administration (MSHA) is
d1rectl¥ responsible  for administering Federal mining
reqgulations and inspecting all surface and subsurface mines.

- Contacts were made with various state mine inspectors. These
inspectors have direct knowledge of all mining operations
within their respective states.

Ipf@rnution provided by the federal and state agencies confirmed that
mining operations were the only type of underground development that
might offer the opportunity of locating a suitable long-term subsurface
site for the antenna. Telephone calls were made to mining companies
that might operate mines of any substantial extent. Information
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pertaining to the criteria in Section 3.1 was obtained. Discussions
with company personnel indicated quickly that only a limited number of
underground operations could be considered for the antenna.

At this point in the subsurface survey, a list was assembled compiling
the underground mines that might house the antenna. The mines and
subsurface facilities are grouped by state (see Table 3.2-1).

3.3 DESCRIPTION OF CANDIDATE SITES

The candidate sites have been grouped into two categories: sites which
meet many of the criteria and sites that can be considered for further
investigation.

Mining operations can be found that have one passage with a length
exceeding 5 km. However, as Table 3.3-1 indicates, there are no
underground mines in the United States that have two orthogonal passages
5 km in length. This paucity of potential underground sites is a
general reflection of attempts to minimize significant underground
hauling distances. There is a point in mine development where it makes
economic sense to sink a new shaft or drive a new opening from the
surface in order to reach outlying portions of the mineral deposit.

Also, thers are few developed mineral deposits that are soc planar and
undisturbed that significant line-of-sight distances can be excavated.
There are a few mines that, due to specific mining considerations or
surface ownership, have two passages S km in length, but these are not
linear for a significant distance. Basically, underground mine passages
are developed to best accommodate the local geclogical condition such
as, local faulting and offset of the ore body, competency of the
immediate rock, changing economics of mine development, and exploitation
of portions of the ore body which might be mined at a profit.

Those mines that are listed in Table 3.3-1 have met the criteria of
certain mine passage size, orthogonality or near orthogonality, ground
stability, groundwater control, and general vibration levels. Portions
of most of these mines are actively mined. For the purpose of this
report, the mines are grouped by decrements of 1 km.

Only six of these mines appeared to warrant further investigation. The
other mines were eliminated due to reasons such as limited life of the
mine, serious long-term ground stability conditions, and major cost of
maintaining those passages that would house the antenna. The locations
of these six mines are shown in Figure 4-1. The mines and their current
status are given below:

. Cleveland Mine, Ohio - active mining

. Randélph Mine, Missouri - active mining

. Nash Draw Mine, New Mexico - active mining
. Barberton Mine, Chio - inactive
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. Jonathan Hine, Ohio - inactive

. Mullins Mine, Kentucky - inactive
The following briefly describes the six mines that were considered:
3.3.1 Cleveland Mine

The Cleveland Mine is located in Cleveland, Ohio, at the mouth of the
Cuyahoga River and extends under both the city and Lake Erie. This is a
salt mine operated by the International Salt Company. With the present
mine configuration, the operators could provide two orthogonal passages,
each 1.7 km in length and apparently line-of-sight (see Figure 3.2-2).
Access to the mine is by vertical shaft, with the mine about 1,765 ft
below land surface. The salt is mined by the room and pillar method.

The salt is mined from passages 45 ft wide and 18 to 22 ft high.
Pillars are 105 ft square, and are left to provide permanent support.
The salt is blasted and mined by diesel-powered equipment and
transported to underground hoisting facilities. The mine temperature is
a constant 72°F.

Rock stability is not a major problem, although portions of the mine
roof are supported with rock bolts. The mine is dry, so dewatering is
not a consideration. The present mineral claim boundaries limited the
possibilities of passage extension to about 0.2 km in one direction, and
about 0.7 km in the other direction.

3.3.2 Randolph Hine

The mine is located near Kansas City, Missouri. This is a limestone
mine operated by Midwest Mining Corporation. It would be possible to
provide passage 1.6 km in length and another 1.4 km in length (see
Figure 3.2-3). Portions of this mine have been developed as a
subsurface industrial and business complex. RAccess is at street level,
and the developed area has roads, utilities, and rail directly into the
mine. There are a number of businesses located in the complex,
including a post office, warehouses, and small manufacturing plants.
The mine has been developed by quarrying horizontally into a limestone
bluff. The mine is 140 ft below the surface. The passages are 65 ft
wide and 12 to 16 ft high. The mine is supported by pillars which are
90 ft square. The temperature ranges from 58 to 62°F. The northern
portion of the mine is actively being excavated by drilling and blasting
methods.

Due to the proximity of the mine to the surface, groundwater does enter
the mine. The small quantities of incoming water are removed via a
drainage ditch and sump system. Since entrance to the mine is
horizonital and the whole mine is at that elevation, the chances of
flooding are nonexistent.



3.3.3 Nash Draw Mine

The Nash Draw Mine is located near Carlsbad, New Mexico. This mine was
developed to extract potash, and is operated by the Duval Corporation.
The longest orthogonal line-of-sight passages that are currently open
are each 1.5 km in length (see Figure 3.2-4). The potash deposit is
reached by vertical shafts extending approximately 1,100 ft below the
surface. The potash is mined by the room and pillar method with
passages 30 ft wide and 6 to 8 ft high. The pillars provide permanent
support. The mine temperature is a constant 6B8°F. There is some
possibility at this mine of extending the passages through mining and
pillar alteration. The mine is dry with no groundwater problems. The
location of mineral claim boundaries is such that passage lengths could
be doubled without difficulty.

Duval Corporation indicated as this report was going to press that it
wishes the Nash Draw Mine to be withdrawn from further consideration as
an antenna site.

3.3.4 Barberton Hine

This inactive mine is owned by PPG Industries. The mine was deactivated
in 1976 and all equipmeht, with the exception of the hoisting system,
was removed. The mine produced limestone for glass production. The
mine is near Akron, Ohio. Access to the mine, a room and pillar
operation 2,600 ft below the surface, is by vertical shaft. Two
orthogonal passages, one 0.6 km and the other 0.8 km, could be used.
The passages are 32 ft wide and 17 ft high. The mine is completely dry
with only minor water leakage at the shaft collars. The rock stability
is very good with only some precautionary rock bolting at previous
stationary equipment sites. The company has no plan to reopen the mine
as the company ceased using limestone in their glass production in 1975.
Mineral claim boundaries are sufficiently distant so that passage
lengths could be doubled without difficulty.

3.3.5 Jonathan Mine

This inactive mine was previously operated and is still owned by the
Columbia Cement Company. The mine, a limestone producer for cement
production, is located near Zanesville, Ohio. The Eirm now mines
limestone from a quarry in proximity to the underground mine. The mine
has been developed by the room and pillar method. There are two
orthogonal passages, each with a length of about 0.8 km, that might be
suitable for the antenna. The mineral claim boundary distances are such
that the passages could potentially be lengthened an additional 0.6 km
in both directions.

Access to the mine is by horizontal adit entry. Thickness of the
overlying rock is at least 150 ft. Rock stability is moderately good
with the whole mine roof secured with rock bolts on § ft centers. The
mine has no groundwater problems. The passages are 20 ft high and 30 ft
wide with pillar dimensions ranging from 25 ft by 25 ft to 50 ft by
100 ft.
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3.3.6 Mullins Mine

This inactive mine was previously operated and is currently controlled
by Kentucky Stone Company. The mine is located near Mt. Vernon,
Kentucky, and produced limestone during its 23 year lifetime before
ceasing production 1979. It was mined by the room and pillar method.
The present configuration would allow the placement of two 0.6 km
orthogonal arms of the antenna. The passages could potentially be
extended an additional 0.6 km before encountering mineral rights
boundaries,

Access to the mine is by horizontal adit passages. The mine is situated
in the side of a steep hill with a minimum thickness of overlying rock
of ar least 200 ft. The rock stability is very goed with no need for
rock bolts. There are no water problems; minor seepage is handled by
ditch and sump. The passages are about 25 ft high and 50 ft wide with
pillar dimensions of about 50 ft by 50 Fft. Vibration monitoring has
been done only in conjunction with blasting.

3.4 REFERENCES FOR MINE SITES

3.4.1 LITERATURE CITED

. Engineering and Mining Journal, *"International Directory of
Hining and Mineral Processing Operations". New York, Ny,
19682.

2. Coal Mining Directory, "Mining Informational Services", New

York, NY, 1982.

3. Mineral Commodity Summaries, U.5. BUREAU OF MINES, WASHINGTON,
DC, 1983.

3.4.2 Organizations Contacted

Location and

Agency, Company, or Hine Contact Telephone No.
Allied Chemical Corp., C. MaclLinden, Chief Green River, WY
Alchem Mine " Mining Engineer 307/875-3350
AHAX Chemical Corp., R. Kirby, General Carlsbad, NM
Eddy Mine Manager 505/885-3157
AMAX Moly Corp. Chief Engineer Golden, CO
Henderson Mine and Tunnel 303/234-9020
AMAX, Lead & Zinc J. Peters, Chief Clayton, MO
Division Mining Engineer 314/626-4221
ASARCO, Inc. Vice President, New York, NY
Hining 212/669-1000
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Agency, Company, or Mine

Contact

Bethlehem Mining Co.

Black River Co., Inc.
Black River Mine

Bunker Hill Co., Inc.
Bunker Hill Mine

Coal Age Magazine

Carbon County Coal cCo.

Cargill Corp.,
Cayuga Mine

Cominco American, Inc.
Magmont Mine

CONOCO, Coal Division
Consolidated Coal Co.
Consultant

FHC,

Westvaco Mine

IMC, Ltd.,

Esterhazy Mine

International Minerals
& Chemicals Corp.,
IMC Mine

Mississippi Chemical Co.,
Mississippi Mine

Mississippi Lime Co.,
St. Genevieve Mine

Mississippi Limestone
Producers Association

L. Shutty, Manager of
Underground Mining

R. Kuhneman, Mine
Superintendent

M. Swanson, Mine
Hanager

D. Brezovec,
Mining Specialist

D. Rauton, Hine
Manager

G. Peterson, Mine
Manager

P. Sweeney, Chief
Geologist

D. Petrie, Director
of Coal Mining

W. Furtall, Asst. Mine
Hanager

Robert Thoms

M. Fenton, Mine
Superintendent
E. Sidler, Chief

Engineer

R. Hougland, General
Hanager

J. Walls, Manager
L. Fieg, Mine

Manager

N. HcDonald, President

Location and

Telephone No.

Ebbensburg, PA
B814/472-8102

Butler, KY
606/472-7721

Kellogg, ID
208/784-1261

New York, NY
212/997-2196

Lander, WY
307/325-9471

Lansing, NY
607/533-4221

Bixby, MO
314/626-4231

Morgantown, WV
304/983-2251

Acton, PA
412/746-3400

Baton Rouge, LA
504/769-5277

Green River, WY
307/875-2580

Esterhazy,
Saskatchewan
306/745-3931

Carlsbad, NM
505/887-2871
Carlsbad, NM
505/887-5591

St. Genevieve, MO
314/883-5731

St. Louis, MO
314/635-0208

Agency, Company, or Mine

Contact

Horton Salt Co.,
Chicago Hine

Horton Salt Co.
National Crushed Stone
Association

PCA, Inc.,
PCA Mine

Peabody Coal Co.

Jack Parker Consultants

PCA, Ltd.,
Rokainville Mine

St. Joe Minerals
Co., Inc.

Society of
Hining Engineers

State Mine
Inspectors

Tennessee Chemical Co.,
Gordonsville Mine

Union Carbide Corp.,
Bishop Hine

U.S. Gypsum Co.

J. Head, Chief Mining
Engineer

F. Elder, Senior Nining
Engineer

E. Renninger, President
T. Donaldson, Mine
Hanager

S. Sorrell, Director of
Hining Engineering

Jack Parker, President

H. Wooley, Chief
Engineer

P. Meyers, Chief
Geologist

T. O'Niel, Editor
A. Hanson

Hine Inspector

L. Kimmel, Director
R. Gatti

Mine Inspector

D. Hanna
Hine Inspector

Chief Mining Engineer
M. Sherman, Mine
Superintendent

Mining Engineering
Division

LIGO-P830005-00-R

Location and

Telephone No.

Chicago, IL
312/621-5804

Paynesville, OH
216/354-9901

Washington, DC
202/342-1100

carlsbad, NM
505/887-2844

Pittsburgh, PA
618/398-7950

White Pine, MI
906/885-5445

Rokainville,
Saskatchewan
306/645-2870

Bonne Terre, MO
314/244-5261

Boulder, CO
303/973-9550

Knoxville, TN
615/673-4581

Pittsburgh, PA
412/439-7460

Columbus, OH
614/466-4248

Rock Springs, WY
307/362-5222

Gordonsville, TN
615/496-3331

Bishop, CA
619/387-2501

Chicago, IL
312/321-4000



Agency, Company, or Mine

Contact

U.S. Steel Corp.
U.S. Committee of
Tunneling Technology

U.S. Bureau of Hines

U.S. Bureau of
Reclamation

U.S. Corp of Engineers

F. Neely, Chief Mining
Engineer

J. Wagner, Chairman
J. Presseu, Gypsum
Specialist

W. Miller, Mining
Research

J. Burlison, Mining
Hanagement Services

D. Kostick, Salt
Specialist

M. Jolley, Copper
Specialist

R. Schmidt, Div. of
Research

D. Bolstad, Div, of
Research

J. Paron, Limestone
Specialist

J. Paone, Experimental
Studies

J. Searls, Potash
Specialist

D. Barna, Div. of
Mining Technology

S. Guys, Engineering
Research

C. Wang, Mining Research
K. Schulman,
Water Conveyance Branch

Planning Division of
Civil Works

Location and
Telephone No.

Uniontown, PA
412/430-2249

Washington, DC
202/334-3136

Washington, DC
202/634-1206

Washington, DC
202/634-1233

Carlsbad. NH
505/885-8881

Washington, DC
202/634-1177

Washington, DC
202/634-1071

Minneapolis, MN
612/725-3455

Spokane, WA
509/404-1610

Washington, DC
202/634-1185

Brucetor, PA
202/634-4740

Washington, DC
202/634~1190

Washington, DC
202/634-1233

Washington, DC
202/343-4054

Washington, DC
202/634-1268

Denver, CO
303/234-4379

Washington, DC
202/272-0115

Agency, Company, or Hine

Contact

U.5. Mine Safety &
Health Administration

Vulcan Materials Co., Inc.,
Frederick Mine

White Pine Copper Co., Inc., Mining Engineering Dept.

White Pine Mine

J. Coldwell,
Regional Office

C. Ellis,
Central office

North Central Office

Mine Superintendent

LIGO-P830005-00-R

Location and

Telephone No.

Topeka, KS
913/205-2636

Washington, DC
202/235-2146

Vincennes, IN
812/882-0696

Frederick, KY
606/266-1176

White Pine, MI
906/885-5111
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TABLE 3.2-%

CANDiDATE AREAS FOR SUBSURFACE SITES

Min r Facily

Lakeshore Mine
Suparior Mine

Bishop Mine

Hendarson Mine
Henderson East Tunne!

Bunker Hili Mine
Lucky Friday Mine

U.S. Gypsum Co.
Mississippi Lime Mine
Chicsgo Mine

Prairie du Rocher Mine
Vulcen Mine

Shoais Mine
Chicago Metro Sewer Comm.
Cos!| HMines - geners!|

Sperry Mine

Oravo Mine

Black River Mine
Princeton Mine
Mullins Mine
fredearick Mine

Jefferson Isiana
Avery Isiand

wWhite Pine Mine
Detroit Mine (Intarnational Satt)

c n 1

0.2 km x 0.2 km
0.1 km x 0.3 km

0.6 km x 1.0 km - the long passage is & hauiage tunnsl

0.2 km x 0.3 km
16.3 km = Curvature of earth haulsge tunnel with no
significant Orthogonal passage

0.8 km x 0.9 km = one passage is a hsulage tunnel
0.4 km x 0.8 ka

maximum of 0.6 km x 0.6 km in the Isrgest of their six mines
0.7 k@ x 0.7 km

1.6 km x 1.6 km - to be sbandoned; significant rock
stadbility probiems, very sxtensive msintenancs

0.3 km 4 km

x 0.

0.4 km x 0.4 km

0.4 km x 0.4 km

0.8 km x 1.4 km = lack of avaijability {sewer system)
0.2 km x 0.2 km

0.3 km x 0.3 km

0.3 km x 0.3 ka

0.4 km x 0.5 km

0.6 km x 0.6 km

0.5 km x 0.5 km - disused mine

1.0 ks x 1,1 ka

0.3 km x 0.9 km - the iong passsge is a hauiage tunnei
1.0 km x 1.0 km

line=of-sight,
the mines and pssssges are actively used.

States not !istad do not conta:n any mines or subsurface passages that couid be considersd for the antenna.

State

Missour)

New Jersey

New Maxico

New York

Ohio

Pannsylvania

South Dakotas

{1) Unitess otherwise noted, the distances indicated ars
52) Uniess otherwise noted, the mines and passa
3)

1 0of 3

TABLE 3.2-1

CANDIDATE AREAS FOR SUBSURFACE SITES (Cont}

Mine or Facility

Randolph Mine (Great Midwast Mining)
Buick Mine

St. Genevieve Ming

Magmont Mine

viburnum Mine

Fletcher Mina

Brock Mine

Heath Mine

Sterling Hill Mina
£ddy Mine

Nash Draw Mina (Ouvai Corp.)
Migssissipp:t Chea. Mine

MC Mine

PCA Mine

Retsof Mine (Internations! Salt)
Cayuga Mine{Lansing)
Saneca Mine

Cileveland Mine {Internationa! Salt)
U.S. Corp. of Engineers

Jonathan Mine

Fairport HWine

Barberton Mine

Zanesviile Mine

Paynssvilie Mine

Bethishem Corp.

Peabody Coat! Co.

CONOCO

Consol idated Coal Co.
U.S. Stes) Co,

U.S. Corp. of Enginesers

Homescake Mine

|

1.4 km x 1,6 km

0.3 km x 4.0 km - the {ong passage s a haulage tunnel

0.6 km x 0.6 km

0.3 km x 2.0 km - one passage :5 a hauiage tunnel

0.1 km x 1.5 km = the long passage is a haulage tunnai

0.6 km x 2.0 km - hsuiasge passages

O.4 km x 0.7 km

0.3 km x 1.0 km = vhe iong passage is a hsulage tunnel

0.7 km x 0.1 km

0.7 km x 0.8 km - mine on standby status,

to be reactivated with i1mproved sarkat

1.5 km x 1.5 ka

0.4 km x 0.4 km - abandoned, hoisting squipment removed

0.2 km x 0.2 &M = nO Interest by management

0.2 km x 0,3 kB =~ no intarest Dy Mmanagement

1.0 km x 1.0 km

0.9 km x 1.0 km

0.6 km x 0.7 km

1.7 km X 1.7 km

Underground sheiter study

0.8 km X 0.9 km

0.6 km x 0.9 km - disu mine

0.6 km X 0.8 km - disused mine

Q.7 km X 1.1 km

0.6 km X 0.9 km

0.5 km x 0.5 ka - the mout extensive configuration in the:r mines
0.2 km x 0.3 km -~ the sost extensive configurati:on in the|r mines
0.7 km X 0.5 km - the most ve configuration in their msines
0.4 km X 4.2 Kkm - the long p is & haulage tunnsi

0.1 km X 0.3 km - the most ve configuration in thair mines
underground shelter study

0.3 km x 0.4 km = hsulage passages

line=of-sight.
are sctively used.

States not |isted 40 NOt contain any mines Or subsurface passages that could be considersd for the antenns.

2 0r
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TABLE NO. 3.3-]

DECREMENTAL LIST OF SUBSURFACE SITES

Sites

None
None

Length

5.0 km or longer
4.0 km to 5.0 k=

s1ace

Tennassee

Uean

virginis
weshingtan
west Virginta

wyoming

{1) Unless otherwise noted, the disctances indicated are 1
ﬂm_::_--on=.1t.-n:On.c.n:.l.:.- -:av--aonunl-nn_
ﬂu-

3.0 km to 4.0 km
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TABLE 1.2-1
CAMDIDATE AREAS FOR SUBSURFACE SITES (Cant)
ui Fag Commencs (1.2.1)
Mascot Mine 0.4 km X 0.4 km
New Markat Mine 0.2 a x 0.3 ka
Gleason Mine 0.) km x 0.3 km
Gordonsvilie Mine 0.1 hm x 0.1 ks
Park City Mine 0.3 km x 0.3 ka
8at Tunne! {Bur. of Reclam.) 12.8 km - ONe passage only (water tunnel}
Hadss Tunne! (Bur. of Reclam.) 7.2 k8 - One passage only (water tunnei)
Kimbs)|ton Mine 0.2 k@ x 0.) k=
Pend Orislie Mine 0.1 km x 0.2 k&
Consolidated Cosl 0.2 km x 0.2 kB - the most extensive configurscion in their mines
wWestvaca Mine 0.2 km x 0.3 ka
Alchem Mine 0.2 km x 0.4 4m - NOo interest Dy sansgement
Carton County Coa! Co. 0.6 km x 0.8 km - mining techniqua empioyed not suitadle
for passage axcavation

af=signe.
Iy used.

Statss not |isted do nNot Contain any mines of suDSUrfsce passages that cuuld dbe considered for the antenna.
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4.0 SUMMARY AND RECOMMENDATIONS FOR FURTHER STUDY

This study examined the possibility of siting one or more 5 km by
S km L-shaped antennas at the ground surface or 1in underground
mines vithin the continental United States. It wvas a preliminary
study involving review of maps and literature; no onsite
investigations were performed. Conclusions and recommendations
for surface and underground sites are given separately below.

4.1 Surface Sites

The study considered federal government installations of
appropriate size throughout the continental United States, and
private lands in Nevw England, New York, New Jersey, North
Carolina, Colorado, Nebraska, and parts of Utah and Arizona.
From these candidate areas, thirteen candidate sites were
selected for closer study. The site locations are shown in
Figure 4-1. The conditions at these candidate sites can be used
to develop realistic input to preliminary estimates of site
development costs for an antenna installation.

The sites described herein are not the only sites which should be
considered, nor is the optimum site necessarily among them. 1t
may be possible to identify sites in areas not considered in this
study. Other areas that would be likely candidate areas are the
northern portions of Ohio, Indiana, and Illinois, and the
“Panhandle" and western portions of Texas. Lands administered by
the United States Bureau of Land Hanagement wmight also be
considered. A map of public lands administered by the Bureau of
Land Management is given in Figure 4.2.

There are no sites within New England, New York, New Jersey,
North Carolina, or Nebraska that meet the criteria that were
established for a surface site. The primary reasons for
excluding lands in these areas are topography and land use.
There are no relatively flat or uniformly sloping areas that are
not crossed by major roads within those states. If the length of
the antenna could be shortened from S km to 2 to 3 km, there
would be a better possibility of siting the antenna in these or
other areas.

With respect to the thirteen candidate sites described in
Section 2.3, it should be noted that six of these are on military
installations (Edwards Air Force Base. Eglin Air Force Base, Fort
Bliss, Fort Stewart, Luke Air Force Range, and White Sands
Missile Range.) The extent of nearby military operations would
have to be determined before these sites are given further
consideration. Edvards Air Force Base can be eliminated from
further study because it is in an active seismic area.

The study identified potential sources of ground vibrations in

the area surrounding the candidate sites. Detailed studies of
specific sites should include measurement of ground vibrations at

4-1



potential antenna locations. These studies should be per formed
for a time period sufficiently long to include most of the

conditions that could be encountered during the 1life of the
antenna.

4.2 SUBSURFACE SITES

The investigation of subsurface sites for the antenna considered
locations in mines, vater tunnels, and railuay and vehicular
tunnels. None of the locations investigated provides 5 km or
longer line-of-sight passages with an orthogonal configuration.
It is highly unlikely that any such site exists in the
continental United States. The longest potential passages that
vere identified are only 1.4 to 1.7 km long, and these are found

in mines that are still being actively elploiteq. These mines
are:

- Cleveland Hine, 1.7 Jm by 1.7 km, Cleveland, Ohio
. Nash Draw Mine, 1.5 km by 1.5 km, Carlsbad, New Mexico
. Randolph Mine, 1.4 km x 1.6 km, Kansas City, Missouri

Duval Corporation indicated as this report vas going to press
that it wishes the Mash Drav NMine to be withdrawn from further
consideration as an antenna site.

A number of inactive mines vere located, but the passage lengths
in these mines are less than at the above-mentioned sites.

. Jonathan Mine, 0.8 km by 0.8 km, Zanesville, Ohio
. Barberton Mine, 0.6 km by 0.8 km, Akron, Ohio
. Hullins Mine, 0.6 km by 0.6 km, Mt. Vernon, Kentucky

The owvners of these mines generally expressed a willingness to
consider extending the length of the existing passages, but
detailed evaluation of this option was not within the scope of
this study. The maximum potential passage length vill depend on
how far the ends of the existing passages are from the claim
boundary, and on the geology of the areas into which the passages
would extend. One factor affecting unit costs is whether the
excavated material can be sold or must be disposed of as spoil
material. Another factor is the availability of equipment at the
mine.

If any of the mine sites is given further consideration, it is
recommended that vibration levels be measured at the proposed
antenna location.

LIGO-P830005-00-R
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Page 1
List of Tables
Number Title Page 5 Introduction
6.20 Summer and Winter Dally Temperature Variation in Vacuum This report presents the results of conceptual studies of both a aine
' Tube Metal......ocoeereeceinnearrsonaonanseassans eeeraenseanes 7 installation and a surface installation of an Interferometric Broad Band
Gravitational Wave Antenna.
. fl Vacuum Tube Support Spacing by Tube Diameter,
621 ;:suyzziznoghizkness and Wind............... ferennaanae P 8 The studies were performed for the Massachusetts Institute of Technology
(MIT) by Stone & Webster Engineering Corporation (SWEC) under Contract
6.22 Cost Summary of Schewme 1............ eeeeieeeseceenanar e aaen 9 No. GC-A-290939.
d-
Summa f Scheme 2............. heteceretsasaracarenenas ves il The objective of the studies waa to develop several approaches for groun
6.30 Cost e level installation of an antenna, as well as to understand how such an
f Scheme 3........... eeeesecaeaaaans cireisineraens 11 antenns might be installed in a mine. 1In evaluating the various construc-
6.40 Cost Summary o tion schemes, the costs of the various alternatives represent one of the
7.20 Cost Summary of Mine Installation.......cccieivionnnnnenniaennnes 14 most important ways of discriminating among them. The other conaideration
: is the degree to which the antenna structure is protected against environ-
......... 18-20 mental perturbations which might degrade the performance of the antenna.
- bles...cevenenns Chraeaees Cecenneaneenans ceve
8.10-8.12 Summary Tables Such perturbations include temperature fluctuatione (both on a datly and
a yearly scale), and wind loading or other mechanical forcea on the vacuum
List of Figures tubes.
The work concentrated on three specific schemes for ground-level installa-
5.100 Support for Scheme l............... Cereerseesanaaaannn eereenens 3 tion. A minimum cost optfion, with insulated vacuum tubes mounted in the
' open ajr, is labelled Scheme 1. (A possible upgrade to Scheme 1 is the
5.101 Support and Vacuum Tube Protection for Scheme 2................ . 3 addition of a pair of walls on either aide of the tube to reduce the
) fluctuating forces due to the wind). Good protection againat the elements
5.102 Support and Vacuum Protectlon for Scheme J............. P 4 would be provided if, inatead, the vacuum tubes were buried under s sub-
’ stantial layer of earth. In order to provide access to the tubes for
6.200 Layout of Surface Installatiom..... edssereresecersnny eieanene 5 maintenance, the tube should be placed in some sort of watertight culvert
: large enough for a person to walk in. This idea is labelled Scheme 3. An
6.201 End Station Bullding for Schemes I and 2..... R R R ceeee 65 intermediate option, Scheme 2, 15 to place the tubes inside the culvert at
) ground level, with an earth berm placed over the culvert. This provides
6.203 Typical Reinforced Concrete Pile and Cap for Fixed and Sliding nearly as much protection for the apparatus, perhaps with some cost saving.
SUPPOKE . v vvvencnnoanronnn P cereenas PR IR 66 Figures 5.100, 5.101 and 5.102 present sketches of these three tnstallation
schemes.
6.204 Support Spacing for Surface Installation of Vacuum Tube........ . 67
A mine, as long as it 1s selected for proper rock competency and freedom
6.401 End Station Bullding for Scheme 3..........c.icvnmiianiiannen 68 from ground water problems, provides an environment for the antenna at
least as good as Scheme 3. In addition, a location far beneath the
7.100 Layout of Mine Installation............. R R R R 69 surface places the apparatus at some distance from the acoustic and
gravitational disturbances caused by human, animal and meteorological
7.101 Support Spacing for Mine Installation of Vacuum Tube........... . 10 activity. Unfortunately, our survey of mines (discussed elsewhere in
i the report) failed to uncover any mines with orthogonal passagea of
7.102 Typical Reinforced Concrete Fixed and Sliding Support........... 1 sufficient extent to house the antenna. Therefore, the first task of
the study of mine installation was to ascertain the cost of extending
7.103 End Station Vault for Mine Imstallation................vvinnnn. 72 an existing mine to the proper dimensions. The rest of this phase of

the study consiated of assessing the additional costs of installing
the antenna in the enlarged mine.
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We discuse the various ground-level schemes in section 6 and the mine
installation in section 7. The estimated cost of the antenna installa-
tion is given in a8 summary table for each scheme, which 1ists the costs
for each of the major parts of the task. These costs are grouped in
two categories: those costs which do not depend on the length of the
interferometer arms (fixed costs) and those costs which are proportional
to the length of the arms (variable costs). To a good approximationm,
the cost of an antenna installation of any length between I and 10
kilometer arm length can be obtained by scaling the variable costs by
the arm length and adding the fixed costs. For definiteness, total
costs are glven for an antenna configuration with two arms each 5
kilometers in length (called the "minimum configuration” in the section
of the report concerning the vacuum tubes). For each scheme, the costs
are presented for four different vacuum tube diametecs: 12", 24", 36"
and 48".

It is important to note which costa are not included in the diacussion
of this section. Al! of the costs of the vacuum itself (the vacuum
tube, pumps, end station vacuum vessels and the cleaning and assembly
of all of the above) are treated separately in the section written by
Arthur D. Little, Inc. The costs of the interferometer optics, including
lasers and all other instrumentation costs, are also treated elswehere.
The costs which are studied in this section are those which involve
installing the vacuum system, suitably protected, at the antenna site,
as well as all other costs having to do with providing the buildings
and services (power, water and working space) necessary for the
experiment.

A summary 1s presented in section B and details of the cost estimates are
presented (in worksheet form) in section 9.

Surface Installation

Common Factors In All Surface Installatiomns

Each end station is housed In a pre-engineered building 40'-0" wide x
62'-0" long x 34'-0" high. The building is furnished with insulated
siding, lighting and power, forced ventilation, electric heating and

a 12 ton capacity pendant operated bridge crane. A movable partition

is also provided to separate the end station area from the machine

shop area. The end station area is 40'-0" x 44'-0). This provides
ample floor space for lay-down of the removable portion of the end
station vacuum vessel and the end station internals. The machine

shop area is 40°-0" x 18'-0". The wachine shop will contain machine
tools and welding equipment necessary for the maintenance, repair or
modification of the end station internals. Drinking water and chemical
sanitation facilities are also provided. The support structure for the
end station and the high vacuum pump room are located beneath the build-
ing. A 20'-0" wide x 20'-0" high rolling door is provided at the machine
shop end of the building for delivery or removal of all of the contained
equipment.

LIGO-P830005-00-R
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SCHEME 1
TUBE SIZE INSULATION
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24" <, 912"
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FIGURE 5.100
SUPPORT FOR SCHEME 1

N
SCHEME 2
40"
k\ |
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FIGURE 5.10
SUPPORT AND VACUUM
TUBE PROTECTION FOR
SCHEME 2
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SCHEME 3

@

FIGURE 5.102
SUPPORT AND VACUUM TUBE
PROTECTION FOR SCHEME 3
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COOLING SYSTEM
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The cooling system for the lasers consists of a 30 ton chiller with an
air cooled condenser and a 15 horse power 100 gallon per minute pump
circulsting 50X glycol-water coolant mixture to the equipment being
cooled. The feed and return pipes are insulated and buried for pro-
tection.

A compound consisting of the cooling system, a central maintenance
facility buildings, a computer and control trailer, two office trailers,
two living quarters trailers, a recreation and cafeteria trailer, power
transformers and switches and potable water storage tank 18 located two
kilometers from the end station st the interferometer vertex.

The central maintenance facility building is a pre-engineered building
40'-0" wide x 60'-0" large x 20'-0" high complete with insulated siding,
lighting and power, forced ventilation and electric heating.

The computer and control trailer is 20'-0" long x 8'-0" wide and ia
furnished with air conditioning, lighting and outlets, and a chemical
toilet.

The office trailers are each 32'-0" long x 8'-0" wide and are furnished
vith air conditioning, lighting and outlets, desks, chairs, a reference
table, filing cabinets and a chemical toilet.

The living quarters trailers are each 20'-0" long x 10'-0" wide and are
furnished with an air conditioner, four single beds, four metal lockers,
four folding steel chairs, a chemical toilet and a shower stall.

The recreation and cafeteria trailer 1s 36'-0" long x 10'-0" wide and is
furnished with a six burner electric range with oven, a range hood, an

18 C.F. refrigerator/freezer, a 30 gallon cap. electric hot water heater,
a stainless steel sink, serving cabinets, chairs, sofa and dining tables.

All trailers are electrically heated.

The potable water storage tank is a 3,000 gallon capacity skid mounted
tank complete with piping, fittings and valves to tie-in to the tralilers.

The potable water will be delivered by tank truck on a twice per month
basis. The tank will be insulated and furnished with an anti-freezing
electric heater.

All sink and shower drains are collected in a holding tank and removed by
tank truck twice per month.

" The site aubsatation consists of one 3750 kVA transformer for the antenna,

one 750 kVA transformer for station aervice and six 13.8 kVA switch gear
with breakers. In these studies, for each case, it was assumed that a
power tranamission line run of eight miles would be required.

T
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Figure 6.200 illustrates the layout of the Scheme ! Surface Installation.
Figure 6.201 1llustrates the layout of an End Station Building.

Figure 5.100 illustrates a typical support for a Scheme 1 above ground
insulated tube.

Figure 6.203 illustrates a typical reinforced concrete pile and cap that
13 used for both the fixed and the sliding vacuum tube supports.

Figure 6.204 fllustrates the support spacing for the 12", 24", 36" and 48"
vacuum tube for 0", 6", 9" and 12" of insulation for Schemes
1, 2 and J.

Scheme 1

Scheme | is based on an outdoor installation with the vacuum tube exposed to
the elements. The study has been made for a 12 inch, 24 inch, 36 inch and a
48 inch diameter tube, for an uninsulated case and for a cas= where each 1is
insulated with 6 inch, 9 inch and 12 fnch of 4.5 pcf density fiberglass with
aluminum lagging. Each size of tube was studied for metal temperature
varlation over a 72 hour period for a typical mid-summer day in the hottest
of the sites evaluated and for a typical mid-winter day in the coldest of
the sites evaluated. The mid-summer aite selected was near Yuma, Arizona,
where the mid-July daily ambient temperature varies from a low of BI°F to

a mid-day high of 117°F with daily insolation equal to 84 BTU/Ft2. The
mid-winter site selected was near Alamosa, Colorado, where the daily ambient
temperature varies from a low of -10°F to a mid-day high of 35°F.

A finite difference computer program was used to evaluate the hourly change
in the metal temperature of each size of tube for each of the three thick-
nesses of insulation. The resultant daily extremes are given in Table 6.20.

TUBE INSULATION SUMMER DAILY WINTER DAILY
DIAMETER THICKNESS TEMP. VARIATION 1 TEMP. VARIATION
LOoW HIGH LOW HIGH
12" 0" 81 F 150 F -10 F |35 F
6" 96 F 102 F 8 F |l4 F
9" 96 F 102 F 8 F |14 F
12" 95 F 100 F 7.5F 13 F
24" o" Bl F 153 F -10 F |36 F
6" 96 F 102 F 8 F 14 F
9" 95 F 100 F 6.5F 113 F
12" 9% F 98 F 5.5F J10.5F
36" o" 81 F 155 F -10 F }38 F
6" 96 F 102 F 8 F |l F
9" 95 F 100 F 7.5F f13 F
12" 94 F 98 F 7 F 1l F
48" 0" Bl F 160 F -10 F |39 F
6" 95 F 101 F 7.5 F J13.5F
9" 93 F 97 F 6 F |10 F
12" 92 F 96 F 5 F 8.5 F
TABLE 6.20

Summer and Winter Dally Temperature Variatlon In Vacuum Tube Metal
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The spacing between supports was evaluated for each size of tube for

6.2.1

learing | Electrical | Supporc Support Toctal Cost
Fixed Costs Insula- nd Grad- | Cost for Cost Without{Coscs with Cost of | Total For Two SEKM
Independenc [Tube |Insulation [acion Cos§ ing Cost | Antenna Arms Windwalls |Windwalls|Windwalls] Cost Aras +
of Length |Size {Thickness [Per KM Par KM Per KM Per M Per KM Per KM JPer KM Fix
$4,880,600 (12" 6 $110,830 | $9,800 $99,880 §122,1364 $342,874 {5 8,309,340
9 173,460 9,800 99,880 138,072 421,212 9,092,720
12 244,940 9,800 99,880 170,742 525,362 ) 10,134,220
6 110,830 9,800 99,880 $109,69%0 $§236,221 566,421 § 10,544,810
9 173,460 9,800 95,880 123,772 236,221 643,133 11,311,923
12 244,940 9,800 99,880 154,650 } 236,221 745,491 § 12,335,503
$4880,600 f24" 6 $197,720 | $9,800 $99,880 $104,214 S411,614 S 8,996,74
9 298,390 9.800 99,880 157,674 565,744 § 10,538,040
12 409,880 9,800 99,880 171,402 690,962 f 11.790,229
] 197,720 9,800 99,880 $104,214 15236,221 647,835% 11,358,949
9 258,390 9,800 99,880 133,360 | 236,22! 777,651 § 12,657,103
12 409,880 9,800 99,880 150,177 | 236,221 905,958 F 13,340,179
54,880,600 }is" 6 $334,460 $9,800 $99,880 $155,694 $599,834 510,878,940
9 502,670 9,800 99,880 206,514 818,864 § 13,069,24Q
12 683,670 9,800 99,880 255,156 1,048,506 § 15,365,664
6 334,460 9,800 99,880 $155,694 |$236,221 836,055 13,241,149
9 502,670 9,800 99,880 166,862 | 236,221 §L0O15,433f 15,034,924
12 683,670 9, 800 99,880 208,636 | 236,221 11,238,207 17,262,663
$4,880,600 j48" 6 $484,960 | 59,800 $99,880 $258,951 $835,591 §s13,416,510
9 738,430 9,800 99,880 276,771 1,124,881 § 16,129,41d
12 991,570 9,800 99,880 293,403 1,394,653 ] 18,827,134
[] 484,960 9,800 99,880 §237,080 }5236,221 }1,067,941 15,560,004
9 738,430 9,800 99,880 276,771 | 236,221 L 361,102 18,491,619
12 991,570 9,800 99,380 293,403 | 236,22111,630,874 % 21,189,339
TABLE 6.22
Cost Summary of Scheae !
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From Tsble 6.20, it is evident that there is an insignificant gain in
thermal stability of the vacuum tube when using more than 6 inches of
insulation.

From Table 6.22 1t {s clear that the use of windwalls incresses the
total coat of the installation for any size vacuum tube being considered.

Scheme 2

Scheme 2 is based on protecting the vacuum tube from the elements by
locating ft within a multi-plate pipe-arch layed on compacted soil on
ground level and thermally stabilfzing the atmosphere within the pipe
arch by berming over {t with earth to s minimum thickness of 4'-0".
With this thickness of earth cover, the stmosphere within the pipe

srch vill vary from a winter low of 35F, based on & prolonged daily
tesperature variation from -10F to 35F to a summer high of 70F based on
a prolonged dally temperature variation from 8IF to 117F. The berm
material s stabilized agsinat erosion by planting native foliage on
its surface.

The wmulti-plate pipe-arch is 11'-5" wide x 7'-3" high. It is fabricated
of corrugsted galvanized steel curved panels which are bolted together
at the site, forming a water-tight tube.

At construct ion, the lower segmwent of the pipe-arch is layed on a bed of
compacted soll. A hole for each vacuum tube support ptle is cut in the
lower segment and the piles are driven. The reinforced concrete ptle

caps are then poured with all of the pile cap bearing plates level and
plane throughout the entire length of the vacuue tube within 2 wm. Before
installing the vacuum tube, each pile penetration through the lower segment
of the pipe arch is mechanically sealed with an elastomer "0" ring toc main-
tain water-tightness. The "0" ring consists of a solid cylindrical length
of low durometer elastomeric material that is wraped around the pile and
then cemented to form a ring. A two section cap is placed over the "0"
ring and bolted together to form an essentially solid gland ring. The "0"
ring is compressed by four jacking screws, sesling off the pile penetratfon
to the passage of ground water.

After the vacuum tube installation has been completed, the upper segment of
the pipe-arch 1s bolted in place and is berwmed over with earth. Figure
6.300 1llustrates Scheme 2.

Three foot dismeter access hatches with bolted water-tight covers are
located approximately 800 meters apart slong the run of the pipe-arch for
acceans to the high vacuum pumping systems operating on the vacuum tube.

Berved over 11°'-5" wide x 7°-3" high sulti-plate pipe-arch sections are
tee'd to the main pipe-arch along its run as required, to house the
vacuum rouvghing pumps.
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Flgure 6.20) illustrates a typlcal reinforced concrete pile and cap that
is used for both fixed and sliding vacuum tube supports and Figure 6.104
f1lustrates the support spacing for the 12%, 24", 36" and 48" vacuum tube
for Scheme 2. The support spacing 18 based on an allowable maximum tube

def lection of 1 cm.

The end station buildings, the laser cuollng system, the central malnten-
ance facility hullding, the computer and control traller, the office trallers,
living quarters tratlers, recreation and cafeteria trailer, switch yard and
potable water tank are all as described in Scheme I.

Estimated Costs of Scheme 2

The estImated costs of the variations studied for Scheme 2 are presented in
detall In Sectlon 9, pages 31 to Y and 5) to 61. Table 6.30 susmmarizes

these costs.

COST OF COST OF ELECTRICAL TOTAL COST
FIXED COSTS MULTI- CLEARING &[COST OF JCOST OF JCOSTS FOR TOTAL FOR TWO 5KH
INDEPENDENT | TUBE| PLATE PIPE-JGRADING BERM SUPPORTS [ANTENNA RUN] COST PER ARMS +
OF LENGTH S1ZEJARCH PER KM] PER KM PER KM PER KM PER KM KM FIXED COSTS
54,880,600 F12" §5688,590 513,770 $150,8401576,504 $99,880 51,029,584 §515,176,440
4" | 688,590 13,770 150,840} 77,968 99,880 1,031,048 15,191,080
36" | 688,590 13,770 150,840] 55,748 99,880 1,008,828 14,968,880
48" | 688,590 13,770 150,840) 65,744 99,880 1,018,824 15,068,840
TABLE 6.30
Cost Summary of Scheme 2
6.4 Scheme 3
Scheme 3, as 1llustrated in Figures 5.102 and 6.401, {s identical to Schewe 2
with the exception that the multi-plate pipe-arch is layed on a gravel bed
and huried below grade with 4°-0" of earth cover. The cover is stabilized
agalnst erosion by planting native follage on fts surface.
h.4.1 Estimated Costs of Scheme 3}

The est Imated Costs of the variations studied for Scheme } are presented In
detall In Sectlon 9, pages 3 to 34 and 53 to 61. Table 6.40 summarizes
these costs.

COST OF TRENCHING ELECTRICAL TOTAL COST
FIXED COSTS MULTI- COST OF | BEDDING & COST OF JCOSTS FOR JTOTAL FOR TWO 5KM
INDEPENDENT| TUBE] PLATE PIPE-] CLEARING] BACK FILLING| SUPPORTS]ANTENNA RUY COST ARNS +
OF LENCTH SIZEJ ARCH PER PER KM PER KM PER KM |JPER KM PER KM FIXED COSTS
54,880,600 | 12" | $688,590 $27.870 |5249,200 $76,504 |5$99,880 $1,142,044}516,301,04(
24" 688,590 27,870 249,200 77.968 99,880 1,143,508 16,315.6
16" A88, 590 27,870 249,200 55,748 99,880 1,121,288) 16,093,4c
48" 688,590 ] 27,870 249,200 65,744 1 99,880 1,131,284] 16,191,644
TABLE 6.40

Cost Summary of Scheme 3
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Mine Installation
Passage Dimensions

A review of Table 3.2-1 of Section 3.0 "Subsurface Sites" reveals that few
of the candidate mines have pasasage lengthe exceeding 1 km in length. In
this study, therefore, substantial tunneling was assumed, so that the vacuum
tube would be comparable in length and diameter variations with that used
for the above ground installation study.

Inatallations Description
Figure 7.100 illustrates the layout of mine fnstallation.

Two sets of assumptions are made about the extent of pre-existing passages.
As & best case, an available line-of-sight passage length of | km was
assumed for each leg of the vacuum tube, requiring 4 km of tunneling at

each leg. As a worst case, it was assumed that a full 10 km of tunneling

is required. The cost of tunneling is minimized when typical mining cross
sections are used, and therefore a 10'-0" high x 12'-0" wide tunnel was
selected for the study. Each end station 18 housed in an excavated vault
40'-0" wide x 62'-0" long x 34'-0" high. The vault is Furnished with light-
ing and power and a 12 ton capacity pendant operated bridge crane. Drinking
water is supplied from a storage tank and chemical sanitation facilities are
also provided. A movable partition 18 also provided to separate the end
station area from the machine shop area. The end station area is 40'-0" x
44°-0". This provides ample floor space for lay-down of the removable portion
of the end station vacuum vessel and the end etation internala. The machine
shop area 1s 40'-0" x 1B'-0". The machine shop contains machine tools and
welding equipment necessary for the maintenance, repair or modification of
the end station internals. The support structure for the end station of the
high vacuum pump room, the end station floor, the machine shop floor and the
bridge crane column bases are constructed of reinforced concrete.

The study revealed that, for all of the mines investigated, access by either
horizontal passage or vertical passage will limit the largest piece of equip-
ment to be taken into the mine to 6'-0" x 6'-0" x 40'-0" long x 8 tons maximum
welight.

Because of this limitation, three one and one half cubic yard portable con-
crete mixers and a two yard loading hopper and conveyor will be brought into
the mine for mixing the concrete. The sand cement and aggregate will be

dry mixed on the surface and brought into the mine in tilt-body mine wagons.
After the concreting within the vault has been completed, a portable derrick
will be installed for use in erecting the 12 ton crane. The portable derrick
is a standard item of construction equipment, capable of being assembled and
disasseambled without recourse to lifting equipment for use in restricted
areas.

st e
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The following elements have increased the Fixed Costs for the Mine Scheme as
compared to Schemes 1, 2 and 3:

1. Surface cooling system lines to lasers in mine

Vault excavation for end stations and difficulty of working in vault
3. Electrical and I&C ties to antemnna array in mine

4. Ventilation to end stations

The end station vacuum vessel will be fabricated fn place. Portable rotating
rolls, welding equipment, a drilling machine and a portable milling machine
will be installed for this purpose. The portable milling machine is available
from several sources and is necessary for machining the body and head, flanges
of the vacuum vessel after all welding has been completed.

Forced ventilation fans and duct-work are installed as an adjunct to the exist-
ing wine ventilatfon equipment for ventilating the end station vaults and
vacuum tube tunnels.

Lighting and power are provided along the run of each tunnel for use in operating
and maintaining the roughing pumps and the high vacuum pumps.

The laser cooling system, the central maintenance facility building, the computer

and control tractor, the office trailers, living quarters trailers, recreation
and cafeteria trailer, switch yard and potable water tank are all as described
in Scheme | and are located on the surface above the mine.

Figure 7.103 illustrates an end station vault. Figure 7.101 {l1lustrates the
support spacing for the 12", 24", 36" and 48" vacuum tube within the mine
tunnels. The support spacing is based on an allowable maximum tube deflection
of 1 cm.

Figure 7.102 illustrates a typical reinforced concrete support that is used
for both fixed and sliding vacuum tube supports.
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The estimated costs of mine installation for the variations of vacuum tube

sizes studles, are presented in Section 9, pages 35 to 52 and 53 to 61.

Table. 7.20 summarizes these costs.

NOTE: **
COST OF ELECTRICAL
FIXED COSTS JCOST OF JTUNNEL VENT-[COSTS FOR COST OF ;SJAEKSO:;"S
INDEPENDENT OF [TUBE{TUNNELINGJTLATION PER JANTENNA RUN |SUPPORTS |TOTAL COST
LENGTH SIZE]PER KM KM PER KM PER KM PER KM + FIXED COSTS
$6,610,000 12" [5656,000 |$46,000 $88,000 §73,970 ]$ (863,970)f515,249,700°
902,000 | 46,000 88,000 73,970 (1,109,970} 17,709,700%
24" | 656,000 | 46,000 88,000 83,590 (873,590)] 15,345,900%,
902,000 | 46,000 88,000 83,590 (1,119,590)] 17,805,900+
36" ] 656,000 | 46,000 88,000 63,340 (853,340)] 15,143,400
902,000 | 46,000 88,000 63,340 (1,099,1340) l7,603.5003
48" | 656,000 | 46,000 88,000 77,620 (867,620) |5.286,200:
902,000 | 46,000 88,000 717,620 (1,113,620) l7.7h6,200:
$6,610,000 12" $656,000 ]$46,000 $88,000 $73,970 |5 (836,970)]513,521,760
902,000 | 46,000 88,000 73,970 (1,109,970)] 15,489,760
24" | 656,000 | 46,000 88,000 83,590 (873,590)] 13,598,720,
902,000 | 46,000 88,000 83,590 (1,119,590)] 15,566,720™
36" | 656,000 | 46,000 88,000 63,340 (853,340) l].h]ﬁ.720§
902,000 | 46,000 88,000 63,340 (1,099,340)] 15,404,7202
48" | 656,000 } 46,000 88,000 77,620 (867,620) 13.550.9605
902,000 | 46,000 88,000 77,620 (1,113,620)} 15,518,960% |
TABLE 7.20
Cost Summary of Mine ILnstallation
Table 7.20

Cost Summary of Mine Installaction

( ) -

Range

Low
High

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

* See Section 9, page 42

** In the case where portions of the tunnel are already excavated
the total cost is less than the sum of the fixed cost and the

product of the cost/unit length times 10 km.
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Summary

In order to compare the varlous iInstallation schemes, we present a summary
of the costs in Tables B8.10, 8.11 and 8.12.

Fixed Costs

The fixed costs, shown in Table 9.10, are very similar for all schemes.
These costs are dominated by the cost of providing electric power to the
antenna site. The largest demand for power is the approximately 100
kilowatts required to achieve 100 watts of optical power in an Argomn
laser. About 20T of the electrical cost is due to an assumed 8 mile

long connecticn between an existing high voltage transmismsion line and

the site. (This cost may be larger or smaller, depending on the length

of the line required at the actual site). An additional cost is added in
the mine case for bringing the power from the surface level to the inatru-
ment.

The next largest fixed cost is in the end station buildings. This cost
is siightly larger for Scheme 3 because of the required excavation below
grade. It 1is substantailly larger in a mine, in part because the entire
volume of the end station must be excavated from the rock, and in part
because a pre-engineered building can not be used.

The other fixed costs are for the cooling system for the laser, and for
the bulldfngs in the control compound. The costs of the latter are
fdentical in the four schemes, while the cooling cost is larger for the
mine because of the extra run from laser to heat exchanger. The one
additional cost which is specific to the mine is the cost of a ventila-
tion system.

These fixed costs, which would have to be borne no matter how short the
antenna arms were made, are not inconsequential. For the three ground-
level schemes, the total of fixed costs is approximately $4.6 million.
For the mine Installation, the total is nearly 56.5 million.

Variable Costs

There 1s more distinction between the different construction schemes in
the varlable costs, since it is in the protection of the interferometer
arms that the schemes vary. These costs are summarized in Table 9.11.

Scheme | is the only one in which the tubes are insulated. 1In addition,
a larger number of tube supports are used to keep tube deflection below
1 cm even in a strong wind (70 mph). 1In the variant which uses a wind
wall, the extra cost in supports is not needed, but is replaced by an
even larger cost for the walls themselves. Still, the total variable
cost is only of order one half of the totals for the other schemes.
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Schemes 2 and 3 have variable costs which are quite similar. This 1is
because these costs are dominated by the cost of the galvanized steel
culvert which encloses the vacuum tube in both schemes. The total
variable cost for Scheme 2 1s about 10X less than for Scheme 3 because
forming the berm involves less extensive earth-moving than does trench-
ing.

Perhaps the most remarkable outcome of the cost study fs the rather close
agreement between the variable costs for the mine installation and for
Schemes 2 and 3. In the mine, the culvert would serve no purpose. The
large cost 1s instead extending the mine ftself to the proper dimensfons.
The mining cost varies greatly from mine to mine, so the chart lists a
range of costs believed to span the conditions one is likely to encounter
in suitable mines. At the high end of the range, the total variable cost
closely matches that of Scheme 3. At the low end, the cost is below that
of Scheme 2.

Total Costs and General Remarks

The sum of the fixed and variable costs 1s listed in Table 9.12. As
expected, Scheme | (without wind walls) is the least expensive, with the
total varying from $9.0 million tor an antenna with 24" tubes to $10.9
aillion for 36" tubing. Scheme 2 1s next at roughly $15.0 million, with
Scheme 3 only slightly high than $16 million. Because of uncertainty in
mining cost and the size of the pre-existing mine which would be used,
it seems fairest to quote the total cost for construction In a mine in a
range from $13.5 million to $17.9 million.

On the basis of cost alone, Scheme 1 {s clearly to be preferred. But the
sacrifice which is asked in terms of a less benign thermal and mechanical
environment is so great that one should hesitate to choose this as the
method of installation. No one would think of building a narticle
accelerator out of doors. This is not a particle accelerator, yet it {s

a large, painstakingly aligned high vacuum system. The risk of additional
noige in the instrument is high, as is the risk that the vacuum system
itself will suffer additional maintenance problems. Adding the wind

walle reduces some, but not all of these concerna, and adds over $l million
to the cost.

In terms of providing a benign environment, the mine installation i3 probably

the best choice. Compared to Schemes 2 and 3, there does not even appear to
be much, if any, additfonal cost. Yet there is one fact not emphasized so
far which may show up as an additional cost. The techniques used in mining
allow an advance of the mine face of only about 10 feet per working shift
(independent of face cross-section). Thus it would take at least 1.5 to

2 years to excavate a tunnel of the required size, even with a three shifc
operation. Such an intensive effort would of course ralse labor costs,
while the delay is costly in itself, {f not in an easlly quantifiable way.
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The costing exercise summarized here has been made in terms of installing
one antenna, but the gravitational wave detection project will require

(at least) two antennas. It {s interesting to consider whether there can
be coat savings from spreading some costs over the larger system. In the
construction it does not appear that these can amount to more than a few
percent, mainly from the sharing of engineering costs, which will probably
be assessed as a fixed percentage Increment on the project budget. The
construction materials incorporated are for the most part standard items,
and the economies of scale have already been attained in projecting the
costs for a single antenna.
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ission Power Line Wiring Total
Scheme | Support ! End Cooling | Ventilation Transm n
No. Buildings Stations System Line - 8 Miles Distrib. Tie-In To Vaults Fixed Cosg
, & Line To Tunnel
1. 1 112 807 250 — 680 1,831 950 250 4,880
2. l 112 807 250 -— 680 1,831 950 250 4,880
; i
. \ 864 250 — 680 1,831 950 250 4,937
3 112 Use 4,940
4. 112 1,560 350 260 1,330 1,831 950 220 6,613
i Use 6,610
| |
TABLE 8.10 - FIXED COST INDEPENDENT OF LENGTH (103451
s
o
-]
m
=
Scheme Clearing Trenching, Tunneling Ventil. Supports Insulation Tube Berm Electrical Total
No. & Grading Bedding 10'x12" Tunnel (Based Housing Per
& Tube & Backfill on 6'") Ko
Size
1

2" 10 -— — - 122 111 -— _— 100 = 343

24" 10 —— - - 104 198 —— —-— 100 = 412

36" 10 ——— - - 156 33 — —-——— 100 = 600

48" 10 —-— -— - 259 485 -— -—- 100 = 854

2

12" 14 -— -— - 76 - 689 151 100 = 1,030

24" 14 -— -— - 78 ——— 689 151 100 = 1,032
36" 14 —— — - 56 —— 689 151 100 = 1,010

48" 14 -—- -—- - 66 —— 689 151 100 = 1,020

| \

JSu 28 249 — -- 76 — 689 - 100 = 1,142
4" 28 249 -— - 78 —— 689 -—- 100 = 1,144
5" 28 249 -— - 56 — 689 —— 100 = 1,122
4" 28 249 -— - 66 —— 689 -——— 100 = 1,132
tine)

" - — 656 46 74 — —— -—— BB = 864

! -~ — 656 46 84 ——— -—— -— 88 = 874

36" - -— 656 46 63 ——— - - 88 = 853

48" - -— 656 46 78 -— -— haad 88 = 868

12" - — 902 46 74 -— — -=- 88 = 1,110

24" - — 902 46 84 -— ——— ~—= g8 = 1,120

36" - — 902 46 63 —- - -—- 88 = 1,099

48" - — 902 46 78 - - - 88 = 1,114

TABLE 8.11 ~ COSTS DEPENDENT ON LENGTH (103 $/Km)

61 28v4
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|
Inch. Mobilizads & Vermobi \xthuon Conc<ete
‘ ‘&l Rec’ n'éo-/zcn-\;r\ oVels(Tuzd‘ ¢ af 6P|<4|)
E 3
a" < 35%0"(Aviqth) = # a.sa/VLF = 300
0" # x 35-0 (v v) = & 10.72/VLF = 280
2" o x aslon (v w) = & '|8.3|/VLF = 640
14" o x 35-0"(w ) = & 2543/VLF = 8RO
" # x 35-0"( v n) = & 34,3I/VL.F—‘ = 1,209

2.0 5(Incl. foems &m@

Gopsftion

*¥ 8" Ins.;\ﬂunq Bom@l

Pile (o4 Ofﬂlwel.%, X Skazl Plake - 2b"Th.

Bllw

FIJ/C

v ca WP Studs x4'L -GB¥/LF
24" x \a- x 12" F é 350 = 400 136 LBS x*i.n-ilso
30" = (2" x 2" 435 = Soo | 170 x v 2190
3" x 12" x 12" ‘10 530 = 6o0| 204w x w =220
42" x 2" x |g" 85 6I5 = J00| 238 w X v =720
42" x 14" x 14" tH15 845 = 60| 238 v x W =260
48" x 12" » et 95 1705 = B80a] 272 w x w =300
48" x 4" x 14" 320 950 = |,080| 272 v x w =300
48" « 16" x 16" 170 1250 = 1420 272 4 x ® =300
E4" x 12" x 2" 11D 190 = '900| 306 0 x v =340
54" %X {e" x 5" | 90 L4100 = | 60O0| 306 n xu =340
po" x 2" x 12" 120 8A0 = 1,000| 340 m x v =370
en" x 18" ¥ [&a" 240 1,760 = 2,000| 340 n x v =370
60" x 20" x 18" 350 2200 = 2,503 3o M x v =370
het ko1t xe" 145 955 = |100] 3714 0 x w=4l0
6" x 20" x |8  32n 2430 =  g2760f 314 " < " =410
7en x (2" x {a" 145 - 1,055 = L2oo| 408 W X M 2450
J2" X 2o" x 18" 360 2,640 = 3,000 408 " X ! =450
% Set 4 bolt o Gap

b ¢ Inc\uAeS checkin
CU“\r\ |
in ap, checkil.

j level of each pile with teansit and
pugehase and' cet studs foe sleel plate

|z\/¢l - caps and ncinding 1o final + oh«anccf

'\rf § se ng Tren'a g ‘wop.ed \:e*rweeq steel ‘a\a"a and Nummum
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Expeciment Housing fourdation
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The design study which is described in this volume has
had two major aspects: consideration of the physical nature
of the performance limits of a large gravitational wave

l antenna system, and the conceptual engineering design of a

complete system which could attain a high sensitivity for a

reasonable cost. The scientific issues, such as sensitivity
and the antenna noise sources, have been discussed in the
sections I through V and in the appendices of the report

written by MIT in consultation with the CalTech group. The

conceptual design of the high capital cost parts of the system

(which involve for the most part only well-known technology)

is described in the sections written by the industrial con-

sultants (section VI on the vacuum system by Arthur D. Little,

Inc., and Sections VII and VIII on the siting and installation

LY T T

by Stone and Webster Engineering Co.).

In this final section of the report we describe the
estimated total cost of a gravitational wave antenna system.
At a minimum, such a system includes two large antennas, since
detection of burst events or stochastic backgrounds is

impossible with only one antenna. Preferably these two

—.'

! ]
’ 'lP Ll“ ) scale. Thus, to arrive at a total system cost we must multiply
rd

antennas should be separated by distances of continental

1
1 the cost of a single antenna by a factor nearly equal to two.

-— (The factor would be exactly two if there were no ways to

share costs between the two installations.)

For discussion purposes, the system costs can be divided

into capital costs and operating costs. Operating costs

include the salaries of the scientific and technical staff,

:
i




in addition to maintenance costs and the costs of consumables
such as power and water. Capital costs consist of the costs
of the vacuum system and the installation, detailed in the
sections written by the industrial consultants, and also the
costs of the scientific apparatus, estimated below. The
funding schedule for the project can be derived by spreading
the capital costs over the construction period, then adding
the appropriate operating cost for each year of construction,
instrument start-up, or scientific operation.

Throughout the work of the industrial consultants, the
arm length of the interferometer was left unspecified within
the range of 1 to 10 km, and the vacuum tube diameter was
allowed to be anywhere from 12 to 48 inches. To arrive at a
final estimated cost .for the system, we are required to
gspecify these dimensions of the apparatus. 1In making this
decision, there is no unarguably right answer, although there
are some wrong ones. The main reasons for this are the
trade-offs that must be made between performance, risks and
cost.

Three principles have guided our choices.

1) The antenna should not be so small that the fundamental
limits of performance can not be attained with realistic
estimates of technical capability. The question of system
noise as a function of antenna length was addressed in detail
in the discussion of the noise budget, section V. There it
is shown that in order to reach a regime where the system
performance is independent of arm length (the shot-noise limit),
the length must be greater than some minimum, which is itself
a function of frequency, circﬁlating light power and the

-2~
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assumption made regarding the suppression of the effect of
stochastic forces. If performance at 1 kHz is the issue,
noise within a factor of three of the shot noise limit of
present laser intensities could be attained, in principle,
with arms 500 meters long. However, the advent of increased
circulating light powers would not improve the antenna
sensitivity at 1 kHz in a 500 meter system, since the
stochastic forces would dominate the noise budget with the
present assumptions concerning our ability to reduce their
effects. Reduction in risk and planning for the future argues
for longer antenna length even at 1 kHz. At 100 Hz or below,
where the electromagnetically coupled antenna is most promising,
the noise is still decreasing nearly as the inverse first
power of the length even at a length of 5 km.

2) The scale of the system should be large enough so
that further improvement of the performance by a significant
factor requires cost increments by a gubstantial factor.

This means simply that it is unwise to build a system so small
that the total cost is dominated by the fixed costs instead

of by the variable {length-dependent) costs. As the discussion
of the installation and vacuum system, sections VI and VIII,
show, antenna lengths of several kilometers satisfy this
condition.

3) Within reason no choice in external parameters of the
present antenna design should preclude future internal design
changes which, with advances in technology, will substantially
improve performance. Examples of such planning are the

following. The vacuum system is designed for operation at

-3-



10-6 mmHg bdfno elements in it preclude operation at
10"% mmig. The diameter of the vacuum tube should be
large enough to allow future operation of multiple inter-
ferometers within the same tube or the implementation of
the scheme to interchange beams in a gsearch for preiodic
sources as proposed by Drever. In the long run a generous
decision on the tube diameter will certainly pay off.
With these guiding principles in mind, we have chosen
to propose two antennas each with S5Km arms using vacuum
tubes of 48 inch diameter. The proposed construction
technique is to bury the pipes below ground surrounded by
a cover, option 3 of the Stone and Webster Engineering Study.
The decision to choose 48" diameter tubes is not mandated
by the needs of a first generation design but follows guiding
principle number three and furthermore appears prudent =
considering the costs. In a 5 Km antenna the difference in
overall costs in going from the minimum usable diameter of
24" to 48" is a 15% increment in capital costs of the system
giving a factor of 4 increase in beam area and considerably

more safety in alignment sensitivity and the effects of light

scattering.

The most controversial decision is to use a cover. Several

arguments are involved in this decision. First, the study of
mine sites, which would not need a cover, is not at present
sufficiently definitive in costing and in determining mine
site availability and tunneling accesibility to be a strong

candidate for a realistic proposal. This will be studied

A
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further, but present best estimates indicate no large savings
will result by operating in a mine. Second, although about $14M
is tied up in the cover, it is the price paid to respond in a
responsible manner to a set of eventualities that must be
considered. Once having made the decision to bury the pipe
which is driven by considerations of thermal stability,

wind induced noise, apparatus safety and environmental impact;
the cover may appear unnecessary. The utility companies
reqularly bury gas pipes in shallow trenches backfilled with
soil, however they do not have to worry about small leaks, the
possible need to thermally outgas or to maintain tube alignment
nor do they require as closely spaced pumping stations as are

needed in the antenna. All these factors argue for a cover.



COST ESTIMATES FOR THE PROJECT

CAPITAL COSTS

Costs Independent of Antenna Length/Antenna

Vacuum System

3 end stations and pumps

Isolation valves
Construction

Support buildings

End station buildings
Cooling system
Transmission line to site
Power sub station on sits
Power line tie in

Wiring to antenna

Instrumentation

Lasers

Optical components

Vibration isolation system

Machining costs

On site control computer and data storage

General laboratory instrumentation
Total length independent costs per antenna

Capital Costs Linear in Antenna Length

Vacuum System
48" tubing, valves, bellows, alignment jigs, welding,
ton pumps, roughing pumps

construction

Cleafing & grading
Trenching, backfill, bedding
Supports

Housing

870K
280K

112K
864K
250K
680K
1831k
950K
250K

300K
500K
400K
S00K
100K
500K

8390K

885/kn

28K/km
249K/km
66K/km
689K/km

-2-
Construction (continued)
Electrical wiring

Subtotal cost/km

Subtotal cost 2 x Skm

Subtotal capital cost/antenna

Subtotal capital cost for 2 antennas

Assume 1.9 factor for shared facilities such as
cleaning station, alignment jigs, welding
equipment etc.

ADDITIONAL COSTS COMMON TO BOTH ANTENNAS

Data Analysis Canter - Central cosputer,
array processor, display equipment, large
scala data storage equipment

Engineering - Estimated at 1% of
construction costs

Total additional fixed cost
Total cost two antennas
RECURRING COSTS
Operations Costs at Both Antennas/Year
Maintenance

Power

Travel - 10 persons /100 days/yr. $40/day/person
KR —> 5400 airfare/10 trips/yr.

Subtotal operations cost/yr.

/
Personnel Costs ak—Beth InstitutionyyYear

3 faculty/institution
4 research physicists/institution
4 graduate students/institution

2 electronic instrumentation technical support
staff/inscitution

1 mechanical instrumentation technical support
staff/institution
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100K/km

2020K/km
20200 K

$28.59M

$54.304

5B &

4

80K/yrx.
130K/yr.

:

5x/yr.

SOK/yr.
120K/yr,
60K/yx.

T0K/yr.

ISK/yr.

3;“{‘0



Personnel Costs (continued)

1 optical instrumentation technical support

staff/institution 3ISK/yr.
1 computer programmer/institution 30K/yr.
1 project manager/administrator/ institution 40K/yr.
Total personnel salaries and wages/inst,/yr. 440K
Employes bsnefits and overhead sox
S & Wx 1.25/institution/yr. -
Subtotal cost per institution 990K
Total cost both institutions $l.98M/yr.
Estinated Costs/Year at Both Institutions For Development
Work Toward Antenna Improvements 400K/yT .
Estimated Material and Services Costs
At both institutions 200K/yx .
Total estimated recurring costs/year $2.?Uyr.

LIGO-P830005-00-R

APPENDIX A

ACOUSTIC AND ELECTROMAGNETICALLY COUPLED

ANTENNAE IN THE NAIVE QUANTUM LIMIT

Acoustic antennae are now operating at noise levels two orders
of magnitude in amplitude and correspondingly four orders of magnitude
in powar above the naive quantum limit. The limit is set by a straight-
forward application of quantum mechanica to the interaction of the
transducer and associated amplifier with the acoustic resonator.

The opinion held by some working in the quantum theory of measuremant

is that in principle the naive quantum limit need not impose a firm
limit to the detection of gravitational radiation by acoustic resonators
{or elactromagnetically coupled antennae). Transducer schemes have bsen
proposed which could circumvent the naive quantum limit (quantum non-
demolition systems), however thay appear difficult to implement and

the gain in sensitivity over the naive quantum limit is unfortunately

a strong inverse function of the powsr losses in these schemes. It

is in our opinion a fair assumption that even if tha naive quantum
limit is pot a limit it will be difficult to make much progress to gat
balow it. For the sake of the ensuing calculations, we assume that

the naive quantum limit is a real limit.

Present day prototype interferometric antennae have not yet ap-
proached the present performance of acoustic antennae. Therefore it
may seem silly at this stage to contemplate thair quantum limited per-
formance. However, in discussing the ultimate idealized per formance

of either system, the quantum limit is a hard boundary, and in principle



getting to it is a matter of technical improvement.

The result of this section is that the ratio of the quantum
noige limited strain sensitivity of an idealized electromagnetically
coupled antenna to that of an idealized acoustically coupled antenna of
the same mass is close to the ratio of the velocity of sound in the
acoustic antenna to the velocity of light, a factor of the order of
105. The quantum limit of a 1 ton acoustic antenna is of the order of

a few times 10_23 st:raln/llz", while the guantum limit of an interferometric an-

tenna with 1 ton end masses and of optimal length is a few times 1»0_28 strain/Hzl’.

A perusal of the section of this report on the noise sources in the electromagnetic
antenna indicates that attaining such a sensitivity would pose a formidable technical
challenge . At 1 KHz,but not at lower frequencies,the light power required is beyor
reason. However, it is worth noting that a long baseline electromagnetically coupled
antenna using present day engineering practice will perform close to an order of mag

nitude better in amplitude sensitivity than the guantum limited acoustic antenna ané

furthermore there is about a factor 10‘1 margin before one hits the fundamental limit.

Naive Quantum Limit of an Idealized Acoustic Antenna
The treatment follows the presentation given by Weiss in Sources of

Gravitational Radiation , L. Smarr, Editor, Cambridge Univ. Press, 1979.

The gravitational wave tidal force density acting on the acoustic

antenna of mass m and length t is given by

2 miw?h(£) 2
Fo(f) = (— ) (1)

X-2
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where h(f) is the gravitational wave strain amplitude density and w the
frequency. The motion transducer attached to the acoustic antenna
is describad by the matrix

- |z |z

121 = 21| (2)

reciprocity
where F is the force exerted by the transducer on the antenna, u the
velocity of the antenna motions at the transducer, I the current running through
and ¢ the voltage across the transducer.
A useful quantity defining the transducer is the ratio of the slectro-
magnetic energy stored in the tranaducer to the mechanical energy stored

in the acoustic resonator. This is given by

2
B = Izle (3

Izn] mw

Another useful quantity is the position sensitivity of thsa transducer
a = |271|w volts/cm 4

The noise in the amplifier that follows the transducer is charac-
terized by a series voltage noise generator eﬁ(f), and a shunt current
noise generator, i:(t’). When the transducer is matched to the ampli-

fier, the noise power from these two noise generators become equal.



Zzz, the transducer electrical impedence, should be ln(f)/in(f).

Under these circumstances the noise in the amplifier, if it is quantum

limited, (limited by ampontanecus emission at the input,) is given by

hu

3 (5)

ln(f)ln(t) =

The amplifier noise sets the displacement noise density to

2 0 2|z e (611 () m
x (f) _L%_L__ mBin2u? (6)

and the shunt current nolse generator drives the acoustic resonator

through the transducer with a back reaction force density given by

2 Bhu’m
F r(t) = tn2

b N

The gravitational strain sensitivity limit is derived from the condition
that the gravitational tidal force density should have a larger effect

than the stochastic force densities and the displacement noise densaity

2
2 2 X (£) 2
Forav'®) 2 Fp (B * Ty 12 * Fen

grav — b 0 @

wherse |'r(u)| is the magnitude of the acoustic rasonator displacement

to force transfer function given by

2 1
l‘l‘(u)' - -ﬁ(ux-g Y2 + (s 12} {9)

Q

2
Fth(n is the thermal Nyquist force given by

2 4k Tmw
Fth(n - a

Q
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(10)

Q is the quality factor of the resonator and w its resonance fre-
o

quency in the observed mode,

The limiting gravitational strain amplitude densities are for three

frequency regimes.

W )4, AKTINZ

8+ ‘;'(_ o)
/ w hmOQ

by
2 ki) 2 4kTin2
h(f) o (—-lnz_)—v 8 + 80Z + WIB
o
\'7 1B+ 2, Ak1ln2,

B hu 0

wea (11)

Except for the case directly on resonance,it is best to make the trans-

ducer coupling as strong as possible g1l. The thermal noise term is then

negligible. On resonance the bast value for 8 is approximately ~1/Q

if the thermal noise can be made amall anough.

The first factor of Eq. 11 may ba reformulated since the length

of the resonator and its resonance frequency are related by the sound

speed c, as

L= "9
w

12)

The quantum limit of the general case, near resonance, is then given as



2 LN
hiey > wc (nlnz) 3
s
-23 LY 6
which corresponds to h(f)~ 3.8x10 strain/Hz for am = 10 grams
made of aluminum for which cs - 6.4x105m/lac. The directly on res-
onance case, useful for periodic sources with a very well defined
frequency,could be better by a factor of I/VQ— if the thermal noise
could be eliminated by cooling to a temperature T < Yo A 6x10-8‘x

k
at lKHz.

Naive Quantum Limit of an Electromagnetically Coupled Antenna
The reasoning is analogous to the acoustic antenna case. The
strain spectral density when limited only by the photon counting

statistics is given by

nl(e) = (22 ek

) (14)
chtst ne

The uncorrelated photon recoil fluctuation force on the masases
plays the same role as the back reaction force in the acoustic anter-

na. The strain spectral density due to this force is

2 ct 2 hp
h™(f) = B( t ) ) 5

where m is the mass of one antenna mass. The gravitational strain

spectral density must be larger than the sum of 14 and 15

2 1 2 hch ct 2 hp
h (£) > (oo )" (—=) + B(__st_} (37) (16)
g Blctst nP 7o Ac
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The minimum occurs when the two terma of Eq. 16 are equal. Setting

, gliven by,

a condition on the light power, Popt

2,2
Acmt “w an

- 2
popt ﬂ 16un3(ctst)
For this power the amplitude spectral density is given by

1

U W |
tw (e (18)

h(f)>

If the gravity antenna length is optimized,

L=nc/uw

h(f) becomes
1 ki) 1

L T (19)
The parameters for an antenna optimized at 1KHz are not realistic.
The optimum antenna would have a length of 150 km and with an end mass
of 106 gm, the limiting h(f) ~ 3)(10_28 straln/ﬂz" . The circulating optical
power required in the antenna, if A’\:leo_scm, is Bxlolo wattsl

The figure shows the optimum optical power required and the strain
amplitude spectral density at this power for a quantum limited S5km long
antenna in which the storage time is maintained at 1/f. The antenna

end masses are 106 gms. At mid frequencies “100 Hz, the quantum limit

could be reached in second generation improvements of such a system.



Quantum limited performance of a 5 km antenna

with tstor = 1/f

m = 106 grams
A =5 x 10.5 cm
) |

Power

h(f)

rl L% |

Frequency (Hzx)

X-8

10

10-23

(Strain/uz%+3)

Strain amplitude spectral density

Rnithind
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APPENDIX B

Why a Fiber Optic Antenna Will Not Suffice

When one compares the cost of the larga evacuated enclosure that is
required for an optical interferometer gravity wave antenna with the
cost of the fiber optic links that now are used routinely for communi-
cation tasks, it seems possible that the fabrication costs, and, to some
extent, the operational cost also, might be reduced significantly if
single mode optical fibers could be used asm the interferometer arms
of the antenna. We have studied this superficially attractive alterna-
tive at some length.

We conclude that thers are several compelling arguments why a fiber
optic system will not function adequately as a gravity wave antenna.

The arquments will be evaluated in this section.

In susmary, there are three major intrinsic problems:

A. The power handling capability of single mode optical fibers is
limited by intensity damage. Presently available fibers would limit

the power to a level that is some 100 times lower than that required for
successful operation of the antenna. In principle, this restriction could
be ameliorated by increasing the diameter of the core, or by using
multiple fibers.

B. The power handling capability is limited even more severely by
nonlinear effects caused by stimulated Raman and Brillouin scattering
processes. The power level that can be handled in a long, low loas,
singla mode, fiber is at lesast 105 times lower than the required

power level. It is not clear that there is an avajilable solution

to this intrinsic problea.



C. The thermal noise occasioned by length and index of refraction
fluctuations in a single mode optical fiber at room temperature
typically is '\«10B larger in amplitude than our total allowable aystem
noise, and cooling the fiber to liquid helium temperature only would
reduce this thermal noise by a factor of 10. Again, it is not clear
that there is an available solution to this intrinsic problem.

In addition to the preceding intrinsic problems, optical fibers
are susceptible to external influences such as mechanical strain,
temperature gradients, and magnetic fields. The effect of these
external driving forces would be significant at the nolse levels of
interest in a gravity wave antenna. In principle, the extrinsic
effects probably could be attenuated to acceptable levels by careful
engineering, but the cost of supporting optical fibers without mechani-
cal strain in a temperature stabilized and magnetically shielded environ-
ment would largely negate the cost saving originally postulated for
the fiber optic antenna, and thus would defeat the purpose.

Limitation due to damage threshold of optical fibers.

The radius of the core of a conventional single mode optical
fiber is about equal to the wavelength of the light that is to be
transmitted and, because of this small size, a modest propagating power
can create an internal power density that is sufficient to cause
physical damage to the fiber.

A typical power density damage threshold for available fibers

is

LIGO-P830005-00-R

I i 10a w/r.:lu2
max

Thus, for a fiber with a core radius about equal to the wave-
length of the green light that is preferred in a laser interferometer,
that is about 5000A*®, physical damage will be significant for an in-
jected light power P of about 1 watt.

As shown elsewhere in this report, the laser power needed to achleve
a satisfactory signal/noise ratio in a gravity wave antenna is about
100 watts. So the damage threshold problem, alone, immediately pre-
cludes the use of conventional optical fibers as the interferometer

arms of the antenna.

Limitation due to nonlinear scattering processes

Stimulated Raman and Brillouin scattering processes limit the
power handling capability of optical fibers even more severely than doas
the physical damage threshold.

Raman scattering is a parametric photon conversion process that
converts some of the energy supplied by the laser to a lower fre-
quency.

At large power densities in a long, low loss, fiber the pump wave
will leave a large aenough time dependent polarization along the length
of the fiber that the process can have parametric gain, resulting in
both forward and backward propagation of a new wave at a frequency
lowar than that of the pump.

Using a criterion that the amplitude of the converted wave should

averywhere be less than the amplitude of the pump, Smith shows that a

X-11



good approximation to the maximum allowable input power is given by

P ~ 16 A u/Y“

whare A is the fibar crosas sectional area (c-z)

a is the fiber attenuation constant (c--l)

Yr is the Raman conversion gain coefficient

n S)dO"u cm/w for amorphous glasses.

So, using A = 7:10_9 cnz, and assuming an attenuation constant
of 10_5 (4.3 db/km), the maximum allowable input power that avoids
nonlinear effects caused by stimulated Raman scattering is 20 mw.

Stimulated Brillouin scattering is an elastooptic procesa. The
electric fields associated with the forward travelling injected wave
cause a spatial variation in the refractive index of the fiber, with
an acoustic wavelength along the fiber equal to the wavelength of the
injected light in the medium. The result is to form a diffraction
grating which moves along the ﬂbez'nt the velocity of sound in the
medium. Interaction of the injected wave with this moving diffraction
grating gives rise to a reflected backward travelling wave. Thia conversion
process, also, can have parametric gain.

Using the criterion that the backward wave powar should not exceed
the input pump power at the injection face of the fiber, Smith shows
that the maximum allowable input power is given approximately by

Pux “2l Aa/ Yp
where Ya is the Brillouin gain coefficlent

v 3102 aa/w
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So, for the same fiber considered earlier, the maximum allowable
input power that avoids nonlinear effects caused by stimulated Bril-
louin scattering is about 1 mw.

Comparing this limitation with the 100 watts that is needed to
achieve an adequate aignal to noise ratio in the laser interferometer,
it is clear that fiber optics would be a candidate only if there is a
major advance in the technology. Such an advance cannot be predicted

at this time.

Intrinsic thermal noise in an optical fiber.

Thermal noise directly causes fluctuations in both the length
and the density of the fiber, and, dus to elastooptic coupling in
the material, indirectly causes fluctuations in the refraction in-
dices.

To evaluate the effect of thermal noise, we assume a one dimsn-
sional system, estimate the number of modes per frequency interval
and obtain the thermal snergy per unit length, We then calculate
the length change per mode and show that the mode spacing is so close
that it is reasonable to treat the problem as a continuum calculation
to obtain an equivalent spectral density of displacement noise given

by

2 kT 2
-
X (f) 2pcsAf cm /He

-16
where k is Boltzmann's constant = 1.38xl0 ! ergs/°*K

X-13



T is temperature (deg K)

p 1is the density of the fibar material "2 q/c-3

cq is the velocity of sound in the medium ~ 5:105 cm/a
A is the cross sectional area of the fiber 10_8 c-2
f is the signal frequency (Hz)

For a typical single mode fiber at visible wavelengths and room

temparature, this yields

-6 3
x(£} ~ 19——%Eéﬂi—

At a 1 kHz signal frequency and a 10 im antenna length, the strain

noise is

b

~ lo‘lsstrain/ﬂz

h () xif)
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