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Figure C.2.3. Noise spectrum of the Caltech prototype antenna, calibrated m 
strain (Hz - 5) and d1splacement (m-Hz- is). The upper curve 1s the measured 
noise. The portion of the spectrum below 250 Hz was not well calibrated m tbJ.s 
measurement and has been deleted. Many of the peaks below : kHz are multl­
ples of the line frequency and may be due to pickup m the electrorucs. The 
dashed curve shows the calculated shot no1se for the light power (2 mW) and 
fringe visibility ( 0. 65) of the interferometer at th.ls measurement. The lower 
curve indicates the small fraction of noise attributable to seismic disturbance. 
The seismic curve was measured by shaking one of the end masses at a series of 
fixed frequencies. measurm.g the coupling to the gravity wave signal. and scalin.g 
to the ambient seismic noise m the Caltech laboratory. The peak near 700 Hz is 
probably due to a resonance in the suspension wires. 
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App C 2 

fiber input and sensing at the fiber output. resulting m beams with stable 
geometry and constant (within the servo bandwidth) intensity The best 
configuration appears to be one fiber. placed between the laser and the 
phase modulator. As an alternative to fibers. a high-finesse. thermally 
stable frequency reference cavity now under construction can be used as a 
mode cleaner to reduce fluctuations in beam geometry. 

Three lines of investigation. all at advanced stages of development. are 
important for achieving the best performance from UGO-scale detectors. as 
well as for improving the prototype. 

A wavefront sensing technique for automatic alignment of cavities 

Coherent addition of stabilized lasers 

An anti-seismic interferometer to sense motion of the suspension 
points 

The alignment system uses the variation of the phase across the wave­
front reflected from the input of the cavity mirrors (a superposition of the 
laser light and light leaking from the resonating cavity) to derive signals for 
controlling the orientation of both test masses. Supplementing the 40-
meter optical levers with this system improves the low frequency stability 
by a factor of 5. 

The addition of stabilized lasers has been demonstrated. though not 
yet used in the detector. The relative phase of the beams from two argon 
ion lasers. incident from orthogonal directions on a 50~ beamsplitter. was 
adjusted to give a low level of light (sensed by an r.f photodiode) out one 
port of the splitter. and the remainder of the incident light out the other 
port. This technique can be extended to add linearly the power from any 
number of lasers. 

The anti-seismic interferometer. a simple one-bounce system now 
under construction. will sense changes in the separation of suspension 
points due to seismic noise that penetrates the isolation or due to thermal 
drift. The interferometer output will be fed back to the suspension points. 
reducing low frequency relative motion of the test masses by a large factor 
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APPENDIX D 
PROTOTYPE RECEIVER RESEARCH IN EUROPE 

D.1 The Max Planck Institute for Quantum Optics 

The 30 meter laser interferometer begun in 1982 at the Max Planck 
became operational this year and incorporates all the improvements that 
the Garching group has developed in the past ten years. The interferome­
ter.28 a Michelson delay line. operates with 200 mW of interferometrically 
modulated power and uses 110 mirror passes for an effective optical path of 
3.3 km. The displacement noise of this apparatus is shown in figure 0.1.1. 
One of the innovations in this interferometer is the separate suspension of 
each mirror and the beam splitting mass by wire suspensions to reduce the 
thermal and acoustic noise generated by a complex central mass. They have 
also introduced an optical fiber to clean up the spatial modes of the laser 
beam and have coupled the fiber directly to the beam splitter block to 
minimize the relative motion of the injected beam relative to the inter­
ferometer. 

The group has completed a proposal to the Max Planck Society to study 
the design of a long baseline antenna which can achieve a strain sensitivity 
of 10-21 rms at 1 kHz. The present conceptualization of this antenna 
assumes an antenna arm length of 3 km with 0.75 m diameter tubing at a 
pressure of 1 o-6 torr. They are considering an equilateral triangle 
configuration beginning with two sides of the triangle. and in later phases of 
their program to constructing the third side. Their concept is to bury the 
entire apparatus in a 2m high tunnel bermed with 1 meter of earth. 

D.2. The University of Glasgow 

Experimental work on gravitational-wave detection began at Glasgow 
around 1970. with development of wide band resonant bar gravitational­
wave detectors by one of the present P.I.'s and colleagues. Extensive coin­
cidence pulse29 and cross correlation30 searches were made with a pair of 
detectors, which recorded one possibly interesting pulse signal in two years 
of operation. Efiorts then shifted to development of laser-interferometer 
detectors, initially with a 1-meter prototype detector31 using 
multirefiection Michelson interferometer optics, built with 0.3 ton test 
masses and the isolation and vacuum system of an earlier "divided-bar" 
gravitational-wave detector. Much work on high-Q suspensions and elec­
trostatic feedback systems was done. and noise studies revealed the impor­
tance of scattering at the multirefiection mirrors. The Fabry-Perot 
gravitational-wave detector system was devised at this point. 32 primarily to 
avoid the scattering problems of delay lines. and the second Glasgow inter­
ferometer. with 10-meter Fabry-Perot cavities. was built. 
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The technique of laser stabilization by monitoring the phase of light 
reflected from an optical cavity was devised in this work. and developed 
both at JILA (Colorado) and with this 10-m interferometer Design of test 
masses has gone through three generations with this apparatus. the 
current test masses being simple bronze spheres with inset mirrors sup­
ported by 4-wire suspensions from tilting, rotating, and translating control 
blocks driven by electromagnetic and piezoelectric transducers. At the cen­
tral station a separately suspended and servo-controlled structure sup­
ports the optics for splitting. recombining. and controlling the main beams. 
including Pockets cells. polarizers. position-sensitive photodiodes. and a 
separate "mode-cleaning" optical cavity for reducing geometrical fluctua­
tions in the laser beam. The position and direction of the input laser beam 
is controlled by auxiliary servo systems using fast and slow piezo-driven 
mirrors. 

Mirrors with relatively large losses have been mostly used in this inter­
ferometer, but good sensitivity has been achieved. 29 A significant improve­
ment in performance has been obtained recently by improved bonding of 
the mirrors to the test masses. A recent measurement of displacement 
noise is shown in Figure D.2-1. 

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

Recent work at Glasgow includes development of a laser stabilization 
technique aimed at giving maximum continuous power from a high-power 
argon laser. To avoid the losses and damage experienced with electro­
optical devices in the laser cavity a high-speed piezo mirror developed by 
the Orsay group provides first-order stabilization. with subsequent phase 
correction by a Pockets cell outside the laser. Results are encouraging. 33 

There is close collaboration between the Glasgow and the Caltech 
groups. and as the Glasgow interferometer project began several years ear­
lier than the Caltech one many of the relevant techniques have been 
developed first there. By concentrating efforts on slightly different aspects 
in the two groups a very beneficial collaboration has been achieved. and. it 
is hoped. will continue. 
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Figure D.1-2. Displacement noise in the 10 meter prototype at Glas­
gow University in September 1986 (solid curve). The dotted curve is 
a contour of constant displacement noise, approximately 1x10- 15 

m/v'HZ . The actual noise (solid curve) at 1 kHz is 1x10- 17 m/v'Hz. 
(The raised section of the two curves in the kilohertz region is a 
feature of the present servo system and does not correspond to 
increased displacement noise.) 
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D.3. CNRS / Orsay 

A group at CNRS/Orsay in France is developing high-power lasers and 
associated optics appropriate for use in interferometric gravity wave detec­
tors. They have succeeded in injection-locking a low-power phase stabilized 
Argon ion laser to an unstabilized laser. producing 1.5 Watts of single-mode 
light. This technique can be extended to lock several high-power lasers. 
whose outputs can be added coherently before exciting an interferometer. 
Another route to high power under investigation by the Orsay group is the 
development of stabilized solid-state lasers. The group is planning the con­
struction of a six-meter prototype gravity wave detector. and is currently 
working to demonstrate optical recycling. 
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APPENDIXE 

CasT AND FEASIBILITY STUDI!S WHICH HAVE mZN CONDUCTED FOR THE UGO 
AND FOR ITS CONCEPTUAL Dl3GN 

The initial study of a full scale laser interferometer gravity-wave detection 
system was undertaken by MIT wtth Stone & Webster, an A & E Orm, and A. D. Llt­
tle. the c~nsulti.ng firm. The objective was to establish the feasibility and rough 
cost ot a full scale. 5-km• long system. For the sake of brevtty this is referred to 
as the MIT Study tn subsequent paragraphs. No specific optical configuration 
or experimental strategy was assumed dur~ this study. It was intended to 
serve as a resource base for the development of a more detailed study o! these 
systems. The results have been used by the Caltech/M1T Research Groups to 
develop more detailed cost est.J.mates and implementation strategy. This latter 
etfort was carried out i.n. 1984 and 1985 by a team o! ecgi.neers trom the Ground 
Antenna and Facilities Section or the Jet Propulsion Laboratory operati.oi under 
t.b.e gwdance or the joint Caltech and MIT research groups and a Project 
Man.ager. 

Durin& the past two years we have been building on the material developed 
during the MIT study to further expand the implementation options. Questions 
or construction strategy were reexamined. and a detailed study or candidate 
sites tor antenna construction was completed. To enhance and focus the JPL 
study, a set or Functional Requirements has been 
developed to establlsh a basis tor the system design. A conceptual design tor 
the LIGO facilities was developed that incorporated the functional requtrements. 
and the characteristics of the racility sites. Finally, based on the spectfic con­
struction or implementation approaches at the two sites selected. a prelim.lnary 
cost estimate was prepared. This estimate. given in Appendix His beJ.Di used as 
a baseline against which new implementation approaches are measured. 

E.1 llIT Study 

To understand the factors which would dominate the cost and practical 
dH!iculty of designing and constructing a large scale interferometer system. the 
first phase of the study focused on three areas: the vacuum system. mvestigated 
by a group at Arthur D. Little (ADL): construction and installation of the anten­
nas and their ancillary facilities. studied by Stone and Webster Engineering; and 
possible sites tor the system. identified and studied in a prelllI:un.ary way by 
Stone and Webster. The results of thls etfort were summarized m "A Study of a 
Long Baseline Gravttational Wave Antenna System",S4 copies of which are avail­
able from MIT on request. 

~e sites had not been chosen at ~he ~e of tills study. A reduction ot t..'i.e lengt.h U) 4 km 
was subsequently forced by t..'ie proper..les of the Cher:-ytield site. 
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E.1.1 ADL's Study of the Vacuum System 

The ADL group was asked to design a vacuum system which would operate at 
a pressure or : a-e torr and which could be upgraded later to a pressure or 10-a 
torr The costs which they derived were a function or the vacuum pipe diameter 
and length. 

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

An important result or the ADL Study is that the pipe diameter is not a 
major cost dnver when VJ.ewed in the context of total facility costs. as long as 
industry standard sizes are specttied. For example. an increase i.e. pipe diameter 
trom 24" to 48" results in an approXl!Ilate overall cost increase of only 15 per­
cent. 

A pumping strategy consisting of mechanical rough.mi and ion-getter 
pumps was selected as the approach used Ul developi.cg the requ.i.red vacuum. 
The ion pumps are highly reliable, have minimal maintenance reqUirements. and· 
do not cause mechanical vibrations that could a!Tect the measurements being 
made. The roughmg pumps selected are designed to reach pressures of 10-. torr 
before the ion pumps are energized. 

Instrumentation vacuum chambers. in whJ.ch the test masses would be 
mstalled. were also designed. These chambers are sta.inless steel cylinders that 
can be baked at high temperatures to dnve out retained gaseous contaminants 
to allow the system operating pressures to ultimately reach io-e torr. They 
were des1gned to afford complete access to the test masses as well as allow 
qwck access for mmor adjustments. The largest chambers contemplated in this 
study had a diameter of :4'. The instrumentat1on chambers are isolated from 
the main vacuum ptpes by gate valves. 

E.1.2 'lb.e Stone and Webster Study ot Construction Strategies 

Several concepts tor the construction. !llvoLVing both vacuum ptpe diameter 
and length. were studied. Since the sites were not specified. only "genenc" 
costs could be derived. The cost model that was developed i.D.cluded elements 
that were proportional to antenna length and elements that were tndependent or 
length. such as blll.ldmgs, power. and laser cooling. 

Several installation options were studied. The least expensive and highest 
risk idea was to place the insulated vacuum pipe on supports above grade. At a 
somewhat hJ.gher cost. the vacuum ptpe could be protected from the elements 
by enclosing it m a part1ally or completely buried culvert. The most expensive 
approach studied involved the l!Ilplementat1on of the systems in a mine (such as 
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a salt mine, which is dry and constructed m a gnd-like ''room and plllar" 
arrangement). The consideration ot this latter approach was dropped when the 
potential cost became apparent, altho!Jih this implementation would of!er a 
benign environment to the type ot instrumentation proposed tor the LIGO. 

E.1.3 1b.e Stone and Webster Site Sun'ey 

The purpose or th.ls preliminary site survey was not to pick the actual loca­
tions for an antenna mstallat1on. but rather to identify the criteria tor swtable 
sites and to produce a list or places With those attributes. Because ot its prellm­
i.nary nature. no site visits were included in the study. For surface sites. the 
desirable critena included: tlat topography. low number ot roads and houses. 
accessibility to labor. transportation. power and water, remoteness from anthro­
pogenic sources or vibration and noise. and low probability ot large seismic 
events. 

The list of possible sites concentrated on developed tacilities owned by 
governmental agencies, such as national laboratories and military bases, i.n the 
hope that it would be easier to gain access and take advantage ot pre-ex:isting 
shops and power distribution systems. Over a dozen potential sites were 
identified during this survey. i.ncludin& one ot the prime sites, Edwards Air Force 
Fi.ight Test Center. California. and the two principal backups, tb.e Idaho National 
Engineering Laboratory, near Idaho Falls. and the NA.SA Deep Space Network 
Facility (Goldstone) at Fort lrwm.. Caillorru.a. 

The survey or mines disclosed a number that could hold a small antenna 
system. but none that were adequate tor the required 5-kllometer length. some 
investigation was made ot the possibility ot extending the tunnels in these 
mines. but the attendant costs would have been dimcult to predict. and the rate 
at wbJ.ch the mine face can be extended is quite slow. For this reason. we deter­
mined that there were co suitable mine sites available for this program. 

E.2 The PreJimjnary Benchmark Design 

On the basis or the work by the industrial consultants. the Caltech and MIT 
Team prepared a "strawman" design tor presentation to the NSF Advisory Com­
mittee tor Physics and to the GraVitation and Cosmology Subcomnuttee of the 
NAS Physics Survey m the fall and wmter of 1983-1984. It appeared prodent to 
recommend a below ground culvert type i.nstallation smce the antenc.a would be 
subject to much less disturbance from temperature tluctuations. sunlight. Wind, 
rain, and vandalism. and would m turn have less impact on the envtrocment. 
The arm len&th was fixed at 5-kilometers as the longest a.t!ordable. although 
sc1eo.titlc considerations would argue for a longer antenna. The site had not 
been chosen at this time. The present length of 4 km. is dete!"trl.l.Iled by the pro­
perties ot the Cherryfield site. The pipe diameter was chosen to be 48 inches, 
the largest size compatible with commercially available vacuum equipment. The 
decision to use 48 i.nch pipe was based on several factors: it gives the most tleXl.­
bility for multiple use or the vacuum installation; it has adequate leeway i.n 
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alignment; and it is sufficiently large not to preclude the use of Nd:YAG or other 
lasers W1th longer wavelengths tban the Argon lasers currently in use in the 
existJ.ng small scale prototypes at Caltech and MIT. 

Tb.ls prelirrunary benchmark design was estimated to cost approXJ.m.ately 
S56 MilHon (m 1982) dollars for the permanent facilities and the tirst two 
receivers. Almost all of the estunated cost was for the two facilities. the cost of 
the receivers being small in comparison. 

E.3 The JPL Study and the Present Conceptual Design 

While the MIT study established the overall costs ot many of the elements of 
a full scale system, it did not fix the design. In addition. research and develop­
ment etrorts being conducted by the Gravtty Wave Groups at Caltech and MIT 
resulted i.n reqwrements that were not addressed in detail in the MlT Study. As a 
result a work order to JPL was issued to expand upon the earlier feasibility study 
and to investigate the potential sites that were located duritli the MlT Study so 
that the facility costs could be reestimated. These activities, betng conducted 
by JPL. are under the cognizance of the Project Ot!ice at Caltech. 

JPL was asked to study the implementation approaches and costs of a 
variety of UGO concepts. Atter considerable study a set of reqUirements was 
established for further studies. The ftrst of these was that each facility of the 
UGO be J.Oitially capable of supporting two separate. non-mteracting experi­
ments. Furthermore, the facilities should be designed in such a ma..o.ner th.at 
they can be easily upgraded without requiring major moc:titlcations or expense to 
accommodate additional experiments. The motivation for this requirement ts 
that one should plan at the outset to be able to simultaneously observe With one 
experiment wh.tle developi.ng the next generation receivers as well ultimately to 
have the capabtlity tor multiple searches. In later phases of graVitational wave 
astronomy, it is anticipated that research groups at Caltech. M1T. and other 
institutions would want to carry out a number of specialized searches and obser­
vations using the UGO facilities. 

A second requirement is that the facilities be able to operate interferome­
ters of dit!ereot lengths simultaneously in order to improve the re1ection ot local 
noise and to give the facilities the capability to carry out specific observations. 

A third reqwrement ts to design the facilities to achJ.eve a pressure or :o-e 
torr at the outset. Th.ls is driven in part by the expectation that receiver sens1-
t1V1ty will improve rapidly. Another consideration is that the acceptance tests of 
the vacuum subsystem should prove that the system is capable of attairung thJ.s 
pressure. 

Beyond exam.i.n.ing the unpact of these suggestions for the vacuum system 
design. it was deemed worthwhJ.le to reexamine the whole system cost Th.ls 
et!ort included a critical study of some of the important cost-drivers. such as 
the covered installation of the system, the vacuum pipes and some facility 
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elements not addressed by the MIT Study. 

The outputs of the JPL Study are described in the accompanying docu­
ment. LICO Design and Pro1ect Plans. 
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APPENDIX F 
llEKORANDUJl OF UNDERSTANDING BE'IW£EN CALTECH AND llIT 

In November : 984 the Ad.rrurustrat1ons of the Callforrua Institute of Tecb.aol­
ogy and the Massachusetts Institute of Technology agreed to the followmg 
memorandum of understanding for the JOLnt research and development program 
that underlies th.ls proposal: 

MEMORANDUM OF UNDERSTANDING BETWEEN CALTECH AND MIT ON A 
JOINT PROJECT TO CARRY OUT GRA VlTATIONAL WA VE RESEARCH 

l. The Califorrua lnst1tute of Technology (Caltech) and the Massachusetts Insti­
tute of Technology (MJT) hereby agree to establish a jomt research program 
to detect cosmic gravttational radiation and use it for research tn physics 
and astronomy. nus document states the agreed upon principles for this 
joint enterprise. 

2. Tb.e gravttatJ.onal wave research program mvolves tb.ree main types of 
apparatus: gravitational wave receivers. the vacuum facilities which house 
the receivers. and prototypes tor the receivers. 

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

b) Each receiver element wlll consist of a laser mtederometer which moni­
tors the separation of freely suspended masses that are perturbed by a 
passing gravitational wave 

c) Prototype receivers are laser mterterometer systems used in design 
studies and proof of concept for the development of future receiver ele­
ments. 

Caltech and M1T hereby agree ( 1) jomtly to design. construct and operate 
the vacuum facllities; (2) jomtly to design and construct at least two 
receiver elements, one to be installed at each site; (3) ;omtly to carry out a 
search for gravitational radiation using these rece1ver elements. It ts 
further agreed that ( 4) the construction and experimentation on proto­
types will be carried out independently by Caltech and MJT. but wtth close 
commurucat1on between the two research groups; (5) Caltech and MIT are 
both free independently to design. construct. and operate additional 
receiver elements in the vacuum facilities wtth the proruo that the addi­
tional receiver elements do not sigmtkantly compromise the development 
and performance ot the joi.nt receiver elements and their observations, 
which Will have the highest priority. 

3. Proposals tor funding the design. construction. operation. and enhancement 
of the vacuum tactlities and jomt receiver elements will be submitted jointly 
by Caltech and MIT to the National Science Foundat1on. Proposals for sup­
port of the gravity research groups of the two inst1tut1ons wtll be submitted 
independently by Caltech and MIT. 
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4. The management structure for the joint work wtll be as follows: 
a) All matters of sc1ent1fl.c and fiscal policy wtll be decided by the 

members of the gravity research groups of the two LDStltutions wtth final 
responsibility and authority tn the hands of a Steertng Committee. The 
Steering Committee will consist of three members: the two Co-Principal 
Investigators Ronald W. P Drever and Rainer Weiss. and Kip S. Thorne. The 
Steering Comrmttee will appoint one of its members as Chairman. The 
Steering Comnutt.ee will endeavor to reach all dec1sions by consensus. In 
the event that a consensus cannot be reached. an issue will be decided by 
majonty vote. 

b) The Steenng Committee wtll appoint a Principal Scientist tor Jomt Con· 
struction. who will act on its behal! on a day to day basis tor the design and 
construction of the vacuum facilities and the construction of the joint 
receivers. Th.ts Principal Sc1ent1st does not have the power ot decision on 
major issues. which must be brought to the Steerl!lg Committee. The 
choice and role of th.ls Pnncipal Scientist will be reconsidered at the time of 
the decision on the conceptual design of the jomt receivers. 

c) The Steeri.Di Comm.J.ttee will appoint a Principal Scientist for Expen­
mental Techmques and Pla.nning. This Principal Scientist will have tb.e 
responsibility to develop. coordinate and propose plans for: experimental 
strategies and tecb.nlques. and conceptual desi.gns ot joint receiver ele­
ments. He also will act as a resource tor the scientists and encourage 
cooperation on related research. This Prmc1pal Scientist does not have the 
power of decision on major issues. wbJ.ch must be brought to the Steering 
Committee. The choice and role of thl.s Princ1pal Scientist will be recon­
sidered at the time of the decision on the conceptual design of the JOlnt 
receivers. 

d) The design and construction of the vacuum factlities and construction 
of the jomt receiver elements will be managed by a Pro;ect Manager. The 
Project Manager is responsible to the Steering Comilllttee but interacts on 
a day to day basis wtth the Prmc1pal Scientist for Joint Construction. The 
Project Manager wtll be a nonvoting observer at Steering Comm.lttee Meet-
1.ngs. W1th the exception o! executive sessions. 

e) Certain portions of the jomt project. by agreement of the members of 
the two gravity research groups. wi.ll be selected to be respons1bU1t1es of 
individual group members. 

t) The President of each i.nstltution wtll designate a cogruzant admullstra­
tive contact, who wtll have responsibility for any Lnst1tut1onal comnutments 
and mter1nstitutlonal relat1ons connected wtth th.Ls agreement. 

5. Alter their construction. the vacuum !acllities wtll be operated and main­
tained jotntly by Caltech and MIT. Decisions concerning the allocation of 
space and tune in the facilities to scientists at Caltech. MIT or other inst1tu­
t1ons wtll be made by the Steering Commtttee. 



App F 

6 Ail non-revtew-art1cle publ1cat1ons descrtbm.g the jomt gravtty-wave 
searches w1ll be co-authored by all the sc1ent1sts of both gravity research 
groups. 
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