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Foreword

This document describes the proposal made by the members of the VIRGO
collaboration for the construction of a large interferometer to detect Gravitational
Waves.

The VIRGO interferometer is a two waves interferometer having iwo
perpendicular symmetrical arms of physical length L= 3 km. The use of a Fabry-
Perot cavity in each arm brings the optical armlength to 120 km.The optical
components of the interferometer are located inside evacuated instrumentation
chambers connected by a Im diameter evacuated pipe. Each critical optical
component is isolated from the seismic noise by a multistage, multidimensional,
seismic noise attenuator. The optical noise is brought to a very low level by the use
of an ultrastable high power Nd:YAG laser and of an optimized detection technique
involving the "recycling” of the light.

The existence of gravitational waves is predicted by most theories of gravitation,
including General Relativity. It has been indirectly demonstrated by the study of the
period of pulsar PSR 1913+16, which allowed the verification of the predictions of
General Relativity with a precision of a few %, but all the attempts to detect them
directly have remained unsuccessful yet.

The first goal of the VIRGO project is to succeed in detecting gravitational radiation
from fast, massive objects in our galaxy or in nearby ones. It is designed for
broadband detection (10 Hz to 3 kHz), in order to get the best chance of detecting
different kinds of known sources, from pulsars to supernovae, alone or in
coincidence with other detectors. The sensitivity goal has been chosen so that it
reaches the range where one expects to observe at least a few events per year, while
the instrument still relies on available technologies. Different possibilities of
improving further on the sensitivity are already being studied both theoretically and
experimentally. The vacuum system and the instrumentation chambers are designed
to allow for these improvements.

The discovery of Gravitational Radiation will be a major event in the history of
physics, and will open a new era in the observation and understanding of the
Universe: it will provide the first tests of the dynamical side of General Relativity,
the first measurements of the properties of the graviton and will ultimately generate a
new kind of astrophysics. Therefore, VIRGO obviously concerns different fields of
physics from gravitation to particle physics and astrophysics.



Gravitational waves of astrophysical origin are produced in a wide frequency
range. Ground based experiments, such as VIRGO, have access to the high
frequency domain (10 Hz to 10¥ Hz) where frequent events from a variety of sources
are expected, while Doppler tracking of satellites and space-based interferometers
can explore the region of very low frequencies (10-5 Hz to 1 Hz) which is forbidden
to ground-based experiments, because of the seismic noise. These possibilities are
complementary.

The ground based search for gravitational waves has been going on for more than
20 years, which have seen the development of a few generations of mechanical
detectors based on the original idea of J.Weber. The sensitivity of these instruments
has improved by more than three orders of magnitude since the first Weber's bar,
and the best ones are now reaching the point where it could be possible to detect the
explosion of a supernova in our galaxy, an event which may happen a few times per
century. Obtaining a higher event rate requires the capability of detecting as far as the
Virgo cluster, which contains about 300 large galaxies. This represents a new step of
three orders of magnitude in sensitivity, and we believe that this calls for a different
technology: very large interferometers, such as VIRGO, do have the potential
sensitivity, plus the advantage of a wideband response, which allows not only for
the detection, but also for the observation of a variety of sources.

VIRGO must be considered both as an experiment and as a step towards a future
observatory,: the immediate goal of the VIRGO experiment is to realize, or to
participate in, the first detection of gravitational radiation., but it also has tlong term
goal of being one component of the gravitational wave detectors network which will
involve other detectors in other countries, and provide data of astrophysical interest.
These goals imply a collaboration with the other groups having similar projects,
without excluding some competition.

The group leaders from Italy, France, Germany, Scotland, and the USA have
agreed to exchange all information and to collaborate on all the aspects of the
construction of large interferometers in order to generate the international effort
required by the birth of gravitational astronomy. In particular, it has been decided to
standardize the data acquisition and data analysis, to exchange technologies, and to
design all the projects to be compatible with a common sensitivity goal. This insures
the credibility and the long term success of all the projects, but it is not intended to
unify the construction time schedules.

VIRGU 1s 1n a very good position today as far as succesfully realizing the first
detection because of its unique capability of operating at low frequency, which
should give it a chance to detect alone either pulsars or coalescing binaries.
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All the other projects are presently restricted to the detection of high frequency
signals, whose validation requires, for pulses, the observation of a coincidence
between two or more detectors: here again, if it's realized rapidly, VIRGO has a
good chance of participating to the first detection, together with the first other
interferometric detectors, or with a state-of-the-art bar detector, such as the Italian

ones, or even with a neutrino detector and with conventional astronomy.

The timescale for the construction of VIRGO is therefore an important subject to
consider in relation with the other projects in the world. With reasonable funding and
a quick staff increase, the construction of VIRGO could start at the beginning of
1991 and would be completed about five years later. The American LIGO, the MIT-
Caltech project of 2 interferometric antennas, has a good chance to be approved by
NSF this summer and to start in 1991. If it were approved, it would be advisable to
adjust the VIRGO timetable in order to ensure the simultaneous completion of the 3
antennas. The British and German groups are going to present a common proposal
before the end of 1989; they could also start in 1991-1992. The Japanese and
Australian proposals will probably be presented a bit later.

The design of Virgo involves many new scientific and technical developments in
interferometry, optics, lasers, seismic isolation, and even vacuum technology.
Nobody ever built such a large and sensitive interferometer, but solutions to the
scientific problems have been found and/or tested in the laboratories, and solutions
to many technical problems have been found in cooperation with European
companies. The feasibility of VIRGO is now demonstrated on most critical points. A
few important studies still remain to be completed before the {inal design. They are
either industrial studies which are too expensive to be funded before the project is
approved, or scientific studies which require some supplementary staff, or
collaboration related studies, such as data acquisition and analysis.

The construction of VIRGO is a sum of technological investments : it will require
and help a number of high technology companies (French and Italian) to improve on
their present products and it will give them a higher competence.

The Franco-ltalian collaboration in this project is necessary and sufficient. There is
a quasi perfect complementarity between the experimental groups, a minimum
redundancy as concerns the theoretical part and all the aspects of the problem are
covered. It is clearly the scientific interest of France and Italy to approve and to
formalize rapidly this collaboration. A wider global collaboration, for instance,
would delay the construction, would probably not be less expensive, would profit
less to French and Italian firms, and would not guarantee us such a strong scientific
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position. On the other hand, the proposed collaboration could trigger a profitable
challenge to high technology French and Ialian firms.

This does not mean that the VIRGO collaboration is isolated or closed; we were
actually instrumental in generating cooperation inside Europe and with the USA and
we are presently discussing collaborations with Brasilian and Indian institutes. The
VIRGO collaboration remains open to collaborations with other countries and
institutions.

All the members of the VIRGO collaboration have participated to the preparation of
this document, which was elaborated with the editorial assistance of N. Galeotti and
C. Trecul. This is the result of about 5 years of research by all the members of the
group.

Many ideas in this proposal are the results of conversations and collaborations with
our colleagues at the Max-Planck Institut in Garching, at the Universities of
Glasgow and Cardiff, at M.I.T. and at Caltech.

A. Giazotto A. Brillet
(INFN and Universita di Pisa) (CNRS and Universités Paris VI and XI)
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Chapter 1

Scientific motivations




D _SCIENTIFIC MOTIVATIONS

The building of an intcrfcromctric gravitational wave dclector constitules a
wide-scope cxpcriment which can be expected to bring important progress in
several ficlds of scicnce: gravitational physics, nuclcar physics, astrophysics,
applicd physics.

In addition this project constitutcs a motivation for rcscarches in  various
scientific domains (c.g. quantum optics). In this chapter, aflter having recalled
the basic properties of gravitational waves, wc shall discuss the main
astrophysical sources of gravitational waves, and the cxpected characteristics
of the signals thcy cmit. Then we shall list the various scientific benefits that
could result from the dircct detcclion of gravitational waves.

Our conclusions will bc that the Virgo cxpcriment, thanks in particular to its
ability to look for signals at low [rcquencics (a fcw tens of Hertz), has a good
chance, cven when opcrating alone, of dctecting gravitational wave signals
cmittcd by inspiralling ncutron-star binarics and of probing in a physically
interesting way. thc rotational asymmetry of pulsars. With less certainty
(because of our ignorancc about the strength and number of cmitted signals),

it could also dectect the gravitational wave bursts cmittcd by supernovac.

1.1) PROPERTIES OF GRAVITATIONAL WAVES

Gravitational waves, as predicied by Einstein's thcory of gravitation, are
"waves of dcformation of spacc” which propagatc with the vclocity of light and
whose cffect on an assembly of (frccly falling) particles is to modify their
rclative positions.

Specifically, lct LY, i=/,2.3, bc thc position veclor of a particle with respect o
some (arbitrary) central particle (the distance L = [(L7)2 + (L2)2 + (L3)2)1/2
having the opcrational mecaning of the "radar distance”, i.c. thc light travel
timc betwcen thc two particles). Then, a gravitational wave is described by a
3 x3 matrix, hij (1, x), whosc clcments arc dimcnsionless. The cffect of the
dimensionless “gravitational wave amplitude” is to modify the rclalive position
vector, L = Li + AL{, with

3 .
AL'=) 2 hyL) (1.1)
j=1



In General Relativity the wave amplitude hjj propagates with the velocity of
light and causcs purcly anisotropic displacements in the planc transversc to
the direction of propagation. Mathematically, thesc propertics arc encoded in

the equations

2 d’
vi- L S|hy=0 (1.2a)
c?. alZ
3
> hi=0 (1.2b)
=1
3
Z ali.j=0 (1.2¢)
j=1 aXJ

The general "progressive planc wave" solution of eqs (1.2) can be written as
hij, ®) =h, t-i.%e [plpl - qiqd + hyjt - . %) lpigd + pig] (1.3)

where n is the unit vector pointing in the direction of propagation of the wave
and where p and g arc uny two unit vectors making with n an orthonormal
cuclidean triad (n, p. ). Wc sec that a general plane wave is described by two
angles (dircction of n) and two functions of timec (thc two independent “lincar
polarizations” h4 (1) and hx(1) lying in the planc transverse to the direction of
propagation). If such a wave is Fouricr-analyzed, it is describcd at cach
frequency, f, by six numbers: two dircction angles, two amplitudes and two
phases (thc rclative phasc mcasuring the degree of "clliptical polarisation” of
the wave). Figurc 1.1.1 represents the observable effcet, according to eq. (1.1),
of cach of the lincar polarizations hy and hyx (considered scparately) on a ring
of particles located in the plane transverse to the dircction of propagation
(using p and q as coordinatc axcs).

A vcry important fcaturc ol gravitational waves is that they arc so wcakly
coupled to maticr that their absorption, scattcring and dispersion in
complctely ncgligible in all astrophysical situations (scc c.g. scction 2.4.3 of
Thorne [1983]). This is in marked contrast with clectromagnetic waves and
cven with ncutrinos for which, for cxample, the densc inner shells of a
supcrnova arc opaque (while thecy arc completely transparent to gravitlational

waves). The only exception would be the super-densc Planck cra of very early



cosmology (scction 7.2 of Zcl'dovich and Novikov [1983]). Although big mass
concentrations have no dircct scatlering or absorption cffcct on gravitational
waves, they have an indircct cffcct on their propagation via the curvature of
spacc-time that they gencrate. This can cause, c.g., some dcflection and
focusing of gravitational radiation, in thc samec manncr as clecclromagnetic
radiation can bec dcflccied and focuscd by the curvaturc associated with lumps
of matter ("gravitational lcnscs"). Sce scction 9.3.5 of Thornc [1987] for a
catalogue of wavc-propagation cffccts.

Finally, lct us note that a clcar indircct cvidence of the existence of
gravitational wavces has alrcady been obtained through the comparison
between the cxtremely precise timing data of the binary pulsar PSR1913+16
(Taylor [1987] ; Taylor and Wcisberg [1989]) and the thcorctical predictions
concerning gencral  relativistic  cffccts  (and  particularly  gravitational
radiation damping cffccts) in the timing of binary pulsars (Damour and
Dcruclle (1986] ; Damour [1987]). An additional astrophysical cvidence for the
rcality of gravitational radiation damping cffccts comes [rom the satisfactory
agrccment  between the obscrvations and the thecory of the period distribution
of cataclysmic wvariables (scc c.g. King [1988]). This indircct cvidence is
important to thc projects of direct dctection of gravitational radiation in that it
confirms thc soundness of the predictions of Einsicin's thcory concerning the

generation of gravitational waves by malerial sources uscd below.
1.2) SOURCES OF GRAVITATIONAL WAVES

Gravitational radiation is cohcrently gencrated by the non-spherically
symmetric motion of mass distributions. In order of magnitude the

dimensionlcss amplitude h cmiticd by a localized material source is given by

_ 4G Ens Ekin

C4l'

h (1.4)

where G is Newton's constant, ¢ the velocity of light, r the distance away (rom
the source, Egijpn thc total kinctic cnergy of the source and epsg, with
0 ¢ ens ¢ 1, the fraction of the kinetic encrgy which is non-spherically
symmetric and thercby ecffective in gencraling gravilational waves.

For a given noisc lcvel in the detector., as described by the square root of the
spectral density of the squarcd rclative displacement noise, say hp (f)
mcasured in H; 1/2, the detectability of a ccrtain type of astrophysical source

depends on three factors: the amplitude lcvel of the graviltational waves at the



Earth, their temporal characteristics (burst-like, pceriodic or stochastic) and
the number of such sourccs. Let us cxamine in turmn the thrce main catcgories

of sources, when classified by their temporal bchaviour.
1.2.1) BURST SOURCES

The term “burst" will refer to gravitalional wave signals which last only for
times short comparcd to a typical obscrving run. They can be further classified
according to their "Q-factor”, i.c. the number of (typical) cyclecs during the
burst. The Q factor is important in that it dctermincs thc bandwidth, Af = {c/Q,
around some characteristic frequency f¢. of the signal within which one can
look for the signal. In coarsc order of magnitude (sce chapter 3 for a more

precisc analysis), this lcads to a signal over noisc ratio

hstl Q2 ph, )
RalfAD"2  Ra(fy£l?

S
N> (1.5)

where | hg (1) | is the characteristic level of the dimensionless amplitude of the
gravitational wave signal, and where hp (f) (with dimensions Hy-1/2) is the
noisc level of the detector. The noisc level aimed at by the Virgo experiment
will be discussed in detail below, for thc present order-of-magnitude purposcs

wc shall ke

h.(D=102H2'?, for £2 200 Hz, (1.6)

with a progressive worscning of ~hp (f) as the frcquency decreases down to a
few tens of Hertz.

A promincnt type of source of low-Q bursts of gravitational radiation arc the
stcllar collapses. Thesc should be at lcast as numerous as the type Il supcrnovac
(but there could be also plenty of "optically silent” collapscs). The collapses can
Icad to the formation cithcr of a ncutron star or a black holc. At present, there
are no rcliablc cstimates of the gencration of gravitational waves by realistic
collapses to the necutron star stage. Morcover, thc number of such cvents per
galaxy and per ycar is poorly known (= onc cvery 30 ycars) and might be
underestimated (Blair [1983]). It is however clcar that in order to reach the
level of scveral cvents per ycar onc must consider a volumec of space of radius
# 10 Mpc which includes the Virgo cluster of galaxics (which gives its name to
the project). Using then the order of magnitude formula (1.4) with Egjp = 3 x
1053 crg and r = 10 Mpc onc gets



h = 3{8“;) x 10722 (1.7)

The estimale (1.7) indicates that a reasonably asymmectric (gensg = 0.1)
supernova collapsec in the Virgo cluster, gencrating a low-Q burst around the
kHz (i.e. Af = (¢ = 103 Hz) would rcach the noisc level (1.6). At present, it is
impossible 1o make [irmecr stalcments about the dctectability of gravitational
radiation from supernovac. Onec will probably have to wait for the development
of fully relativistic numcrical simulations of rcalistic 3D sicllar collapses. See
c¢.g. Thome [1987] for a rcvicw of thc presently cxisting atiempts at improving
the rough cstimate (1.7). Figurc 1.2.1 shows the result of a fully relativistic but
2D (axisymmecitric) numecrical simulation of a collapsc lcading dircctly to the
formation of a black holc (Stark and Piran [1986]). (That type of collapse docs
not scem to be a very cfficient gencralor ol gravitational waves, but the Fig.
1.2.2 illustrates the possibility that the cmitted waves carry a lot of physical
and astrophysical information).

Very interesting sources of high-Q bursts of gravitational waves arc the late
stages of coalescence of binary systems of ncutron stars or black holes. The
binary pulsar PSR1913+16 gives the cxample of an orbital sysiem of two
ncutron stars which is slowly spiralling in under the influence of
gravitational radiation damping: indced, the timing data shows that the scmi-
major-axis of thc orbit is dccrcasing by about 2 mciers per ycar. In about 3.5
108 ycars this system will be rcduced to a very close system of two ncutron
stars which will cmit a long train of gravitational wavcs of increcasing
frcquency, up to the point where the tidal forces will disrupt the stars and
makc them merge into a single object. The gravitationally interesting swan-
song of such a system consists of about thc last minutc bcfore the final
coalescence, during which it cmits a quasi periodic gravitational wave lrain
whose frcquency continuously increascs from about 30 Hz up 1o about 1 kHz.
The Q-factor of the part of this wavc train around the frequency [ is (Schulz
[1986] ; Thornc [1987))

-5/3 -5/3
_ 2 _ 3I\M f
Q= f¥(df/dy) = 5.8 x 10 Qw_o (30Hz) (1.8)

where the "mass paramcier” Mis cqual tom3/5 m33/5/ (m + my)!/5. The

corresponding gravitational wave amplitude is:

- s 0T oM

Mg
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Contrary o the casc of supcrnovac where the wave amplitude, eq.(1.7), was
highly uncertain., the amplitude cmitted by coalescing binarics is well under
control (especially for low frequencies f ¢ 100 Hz). However, there is
considerable unccrtainty in the number of coalcscences. Estimates bascd on
thc knowledge that PSR1913+16 will beccome such a system in a rather short
time (astrophysically specaking) suggest that there would bec scvcral events per
year within a distancc # 100 Mpc (Clark ct al. [1979] ; Schutz [1989a]). At such
large distances the gravitational wave amplitude (1.9) scems a priori very
small comparcd to the ecstimated supernova signal (1.7). However, its
dctectability in the low frcquency domain f = 30 Hz is grcatly cnhanced, with
respect to the deicctability of a = 1 kHz burst, by the fact that the bandwidth, Af
# {/Q, with Q given by cq. (1.8), is quilc small : Af # 5 x 10-3 Hz. It is therefore
an important aspcct of thc Virgo experiment that it aims al getting a good
scositivity at the low frcquencics # 30 Hz. Even if the noisc level cxpected for
higher frcquencics, cq. (1.6). is worscncd by a factor 3 around 30 Hz, it can be
sccn from cqs (1.5) and (1.9) that scveral wave trains cmitlcd by inspiralling
compact binaries should bc obscrvable cach ycar with S/N > 2. The imporiant
conclusion that coalescences as far away as 100 or 150 Mpc can be detected with
a noisc level = 3 x 10-23 Hz-1/2 ay 30 Hz obtaincd here from a crudc order-of-
magnitude analysis, sccms confirmed by a fincr study of the data analysis of
signals having thc known timc bchaviour of inspiralling binarics (scc c.g.
Schutz [1989b]).

Thesc wave trains can bc dciccted with only onc dctector and, oncc scen in the
low-frequency domain, the precisc analysis of their theorctically well
determined higher-frequency parts will become possible and will lcad to a
solid confirmation (or infirmation) that thcy were indccd gravitational waves
emitted by an inspiralling binary.

There are other potcntially interesting gravitational wave bursts, notably the
more speculative, bul visible at very large distances, signals cmitted by

coalescing binary systems of black holes, scec Thorne [1987]).
1.2.2) PERIODIC SOURCES

The term "periodic” rclers to cxtremely high-Q gravitational signals which are
coherent over long pcriods. Eq.(1.5) shows then that very small amplitudes
beccome dctectable.

A promincnt type of pcriodic gravitational source is a slightly asymmetric
rolating ncutron star in our Galaxy. This can be a radio pulsar or an accreting

neutron star. For pulsars, thc possibility offcred by the Virgo cxperiment of



looking at low frequcncics is again quitc important as most known pulsars arc
rather slow. Vcry little is known about the rcalistic valucs of the degree of
asymmetry (rclative deviation from axisymmctry) of pulsars. Lect us only say
that a onc-ycar intcgration at thc known (gravitational wavc) frequency of a
pulsar likc the Crab (I = 60 Hz) or Vela (I = 22 Hz), with the cxpected noise
lcvel, would allow onc to dectcct gravitational wave amplitudes much smaller
than the presently known thcorctical upper limits. This would cntitle us to get
very valuable information about the structure of rotating ncutron stars. Let us
also point out the possible cxistence of periodic gravitational wave cmission by
fast spinning accreting  ncutron  stars  undergoing the "Chandrasckhar-
Friedman-Schutz” instability (Wagoner [1984]). Their dctection, especially if
recalized in conjunction with a corrcsponding X-ray dctcction, could give a

wcalth of ncw information about ncutron stars.
1.2.3) STOCHASTIC SOURCES

The term "stochastic™ refers to a random superposition of ovcrlapping burst, or
pcriodic, waves cmiticd by many dilfcrent sources. In particular, one cxpects
that part of this random background has a cosmological origin : c.g. phasc
transitions in the carly universe, or gravitational dccay of cosmic strings.

The analysis of the deicciability of such a stochastic background (c.g. Thome
[1987] : Schutz |1989Yb]), shows that it can be donc al only onc site by
corrclating, for instance, thc data from a full size interfcromcter with the data
from a hall sizc onc, and that it could put firm constraints on scvcral

cosmological sccnarios.

1.3) EXPECTED SCIENTIFIC BENEFITS

The expected scicntific benceflits of the dctection of gravitational wave signals
concern: 1. fundamental physics., 2. astrophysics, 3. appliecd physics. Morcover,
4., the Virgo experiment scrves the usél‘ul rolec of "driver" in scveral fields of
physics.

1.3.1) FUNDAMENTAL PHYSICS

In view of the key role of the gravitational force for the unification of all
fundamental interactions, the dircct dctection of gravitational waves, i.c., in
quantum language., the detection of the “graviton”, is of comparable
importance to the dctecction of the intcrmediatc bosons W and Z. The direct

mecasurement of the mass and spin of the graviton (i.c. the velocity and

12



polarization propertics of a gravitalional wave) can bc obtaincd from the data
of a nctwork of dcicclors (sce chapter 3).

Moreover, the obscrvation of gravitational waves gives access to the study of
several extreme situations of physics. Namecly

- the strong gravitational [icld rcgime, accessible through the obscrvation of
gravitational collapsc cspecially down (o the black holc statc. Gravilational
wave obscrvalions arc our best hope of proving the cxistence of black holes
and mecasuring thcir propertics.

-the very condenscd mattcr rcgime, accessible through the obscrvation of
ncutron stars : in principle gravitational wave observations can sec the
vibrating modes and the dcformation of ncutron stars, and mcasurc their
masses. These informations will be of grcat relevance for nuclear physics by
giving us a handle on thc cquation of statc at nuclcar and supranuclear
densilies.

-the very carly universe, and the physics of unification of interactions,
accessible through (he possible obscrvation of stochastic gravitational waves
gencrated during carly phasc (ransitions, or by the gravitational deccay of
cosmic strings. It is important to stress that, bccause of their extremely weak
coupling to matter, gravitational radiation is our only hopc of looking back to

the Planck cra (tcmperature = 1032 K).

1.3.2) ASTROPHYSICS

Because the absorption of gravitational waves is ncgligible (even much more
than for ncutrinos), their detection would open a new and very transparent
"window" on the universe. Certainly the opcning of this completely new
information channcl will incrcasc considcrably, or cven revolutionize, our
comprchension ol the universc.

Gravitational waves carry information about the cohcrent bulk motion of mass
distributions. That information is orthogonal, and complecmentary. to the one
carricd by clectromagnctic waves, or ncutrinos. Examples of information
carricd by gravitational waves arc

- dynamics of gravilational collapsc,

- rotation and asymmectry of progenitors,

- existence and propertics of black holes,

- mcasurement of the mass of ncutron stars,

- possibility to mcasurc dirccily the absolute distance to a galaxy = 100 Mpc
away (without using a laddcr of intermcdiatec mcasurcs) (Schutz [1986]),

- lincar mass dcnsity of cosmic strings.
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Generally spcaking., gravitational waves can allow us to scc decply into
clectromagnctically or ncutrinically opaquc regions, and this applies in

particular to the very carly universe.

1.3.3) APPLIED PHYSICS AND ENGINEERING

The obtention of thc aimed at scnsibility nccessitates 1o push 1o extreme limits
cxistent technologies. Thc rcsults obtained so far by the mecmbers of the Virgo
project arc alrcady considerable. Onc can mention for instance

- cohercnt addition of lascrs,

- "rccycling” of light,

- external modulation,

- ultrastabilization of a YAG laser (10-3 Hz),

- construction of a low-frequency scismic super-aticnuator.

Let us note in passing that the Virgo cxperiment, through its nced of very
advanced technologics, can provide a stimulus for the industrics of the

countrics involved in it.
1.3.4) THE VIRGO EXPERIMENT AS A "DRIVER" OF OTHER FIELDS OF PHYSICS

It is important to mecntion that besides the direct scicntific bencfits that arc
likely to comc out of the Virgo cxperiment, this cxperiment has the uscful
cffecct of providing a motivation and/or a stimulus for scveral scientific
rescarches. Let us quote

- the theorctical and cxpcrimental studics of "squecczed states” (quantum
optics),

- thc development of ncw numerical mcthods (numerical rclativity),

- the theorctical and cxpcrimental study of thc nonlincar dynamics of a
pendular Fabry-Perot (rctarded diffcrential cquations).

Let us finally mention that, once construcied, the Virgo interferometer could
also bc used for various rcscarches in atomic physics and in the quantum

mcchanics of macroscopic objects.
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Figure captions, chapter 1

Fig.1.1.]

Fig. 1.2.1

Fig.1.2.2

(a) A circle of free particles beforc a wave travelling in the z
direction rcaches them. (b) Distortions of the circle produced
by a wave with the '+' polarization. The two picturcs represent
thc samec wavce al phases scparatcd by 180°. Particles are
positioned according (o thcir propcer distances from one

another. (c¢) As (b) for the 'x' polarization.

(from Thornc [1987] : The gravitational wave form produced by
the gravitational collapsc of an axisymmelric rotating star to
produce a Kcrr black hole, as computcd by Piran and Stark
(1986) using numcrical rclativity techniques. The star and the
black holc it forms both have J/IM 2 = a/M = 0.63 (where J is
angular momcntum and M is mass). The dashed curve is a fit,
to the wavce form, of a supcrposition of thc waves from the two
most slowly dampcd quadrupolar normal modes of a non-
rotating hole with mass M , h 4 = Real(A | c i@l + Ap ¢ iW,yT)
with @1 = (0.374-0.089i)/M, w2 =(0.348-0.274i)/M. The (fitling
amplitudes arc Ay =-0.9-1.1i, A2 =0.9+1.4i. Thus, thesc two

modes arc roughly cqually cxcited by the collapse.

(from Schutz, 1986) : Thc expecied signal from a pair of 1 Mg
stars ncar coalescence. For casc of vicwing, the frcquency of
the waves has been reduced by a factor of 20, but the relative
ratc at which the frequency and amplitude incrcasec arc
realistic. The horizontal scalc is in scconds, the vertical scale
arbitrary. The zcro of time is taken to be the point at which the
frequency is 100 Hz (5 Hz as drawn hcre).
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Chapter 2

INTERFEROMETRIC DETECTION OF
GRAVITATIONAL WAVES
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INTRODUCTION

The basic and [irst idca of thc interferometric dctection of GW resides, clearly
stated, in a paper of Gertsenshicin and Pustovoit [1963], their idea is "...it
should bc possible 10 dectect gravitational waves by the shift of the bands in an
optical intcrfcromcter”. The first completc work on the noises compeling
with the GW signal in an intcrferomctric antenna is duc to Weiss [1972); it is
also his merit the idca of using a "stable" cavity such as the Herriot [1964]
dclay tine, and fast light phase modulation for getting rid of the laser's
amplitude (luctuations. But the very first expcrimental attcmpt, giving high
scnsitivity in the tecst masses displacement mcasurcment, is duc to Forward
[1978]). Forward used rctroflcctors to reflect the becam back 1o a beam splitter
and used aclive controls for locking the interferometer to a fringe; he
obtaincd a spectral strain scasitivity of h >2.10’”5(H7.)'”2 forv > 2 KHaz.

The Munich Max Plank's group (Billing ct al.[1979]) following Weiss' delay
lines idca carricd out the construction of a 30 m interferometer having a
sensitivity h ~ 8.10-20 (Hz)" /2

The alternative mcthod (o dclay lines is that of using Fabry-Pcrot cavitics;
this schemc, which was pursucd by Drever (Drever ct al.[1980] and [1981]), is
very clegant cven il it requircs more sophisticated optical and feed back
design than in the dclay line casc.

Two Fabry-Pcrot inicrfcromcters arc now working in Glasgow and Caltcch
with a scnsitivity h~12 1019 H2 2 (Ward ct al.[1987]) and h ~ 5.10°19
Hz '/? (Spcro [1986]) respectively.

Scveral  optical schemes have been  invented for incrcasing the
interferomcter's scnsitivity: light power recycling (Drever [1982]) allows the
rcusc of thc wunused interfcrometer's light, the synchronous recycling
scheme (Ruggicro [1979], Drever [1981])) allows an incrcase in the
interferomeler's scnsitivity to periodic signals as do thc mcthods of Detuned
rccycling (Vinct ct al.[1988]) and Dual recycling (Mcers (1988]) .

Of all these schemes only that of power recycling has bcen tested
cxperimentally (Rildiger ct al.[1987], Man ect al.[1987}) with success. All the
signal recycling schemes will be tested, perhaps painfully, in the future
kilometric interferomecicrs.

Anothcr approach 10 an incrcasc in scnsitivity has been given by Caves
[1980] who was the [irst to rcalize that photon number [luctuations in the
interferomcter's arms could be produced by vacuum fluctuations of the light
ficld at thc unuscd port of the bcam splitter; the idca was to inject into this

port a squcczed photon state i.c. a statc having phasc Muctuation smaller than
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the poissonian onc but with larger amplitude fluctuation. The cxistence of
thesc states has been demonstrated experimentally and this has led the
Munich group (Gea-Banaclochc and Lcuchs [1987]) to expcrimentally cxplore

the sgeezing route.

2.1) THE GENERATION OF GRAVITATIONAL WAVES (GW) AND THE TRANSVERSE
TRACELESS GAUGE

In Einstein's Thcory of General Relativity (TGR) (Einsicin [1916])
Gravitalional Waves (GW) arc shown to be ripples in the space time curvature

propagating with thc spced of light. Under the hypothesis of wecak ficlds a
perturbation  h,,, to the flat metric tensor

Hv (2.1.1)

=

Il
OO -
oSO —~O

]
oO=CCO
—-OC O

is crcated by thc cncrgy momentum tensor T, according to thc cquation

(scc MTW)

OVik = ——8'240 Tik (2.1.2)

where Yy = hyy - % dix ht.‘ . G is thc Ncwton constant and ¢ the speed of

light.

From a momcntum cnergy conservation

9, 1, =0 (2.1.3)

and considcring that 159 = pc2, where p is the matier density, it follows

(Landau and Lifshitz [1951))

\Vap=' 2G a—jpx"‘)&”dv
c (2.1.4)

where Rg is the distance from the source; cq. (2.1.4) is valid when the matter

spced is << ¢ and when thc GW wavelength is much larger than the source

dimensions.
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From cq. (2.1.4) it follows that the GW ficld is produccd by thc sccond moment

of the mass distribution.
Since V), is a symmctric tensor it has 10 indcpendent clements which arc

reduced to 6 since cq. (2.1.3) gives
Ay Wyy =0 (2.1.5)

The number of indcpendent clements of  wy,, can be (further reduced by

applying the coordinaic transformation

X u=Xute, (2.1.6)

where €y arc infinitesimal functions which must Ilcave unchanged the line

clement

2_ [TRRY
ds —guvdx dx

(2.1.7)
Eq. (2.1.7) imposcs
O&=0 (2.1.8)
and
JE, Je
h'yo=hyy- —F - =¥
BT THY oxy oxy (2.1.9)

Hence writing i as a planc wave propagating in the k dircction a1 speed c

- ik, xF
Vik=Aje' ™

k' k,=0 (2.1.10)

and putting (scc cq. (2.1.9))
= ik, x*
g,=Cye (2.1.11)
we can definc a 4 velocity vk and choosc C, such as to give

Ay V6 =0 (2.1.12)

But these four cquations arc not independent since k'Aik vE =0 for any

given k hence a further condition can bc applicd and we imposc
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Ah=0 (2.1.13)
. ce H
This condition gives hy=0 and
WYv = by (2.1.14)

Eq.s (2.1.5). (2.1.12), (2.1.13) dcfinc thc Transversc Traccless (TT) gauge (scc
MTW); by choosing VO 1. V =0 wc obtain

TT

hp0=0 i.c only spatial components = 0
hKJ,J=O i.c. divergence free spatial components (2.1.15)
hg(=() traccless

Let us assume the wavc propagates along the xg axis, then
k = (k,00,k) (2.1.16)

and from cq. (2.1.15) it follows

h3k=0 hi1=-hy3=0 hiz=hz (2.1.17)
In matrix form
0 0 0O O 0 0 o .
TT  TT
hix = ™ | TT = hp +
0 hiz -h;y O o 0 -1 0
0 0 0 o 0 0 0 0
0 0 0 0
T 10 0 1 0
*hiz |y 1 o ol = A+ e, + Ax ef) (2.1.18)
0 0 0 0

- . T
The two polarizations e:’k and e?k arc cxchanged by a rotation R of 7

around the x3 axis i.c.
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(

0
R(f) B % 00 -]1 l1 %
0 0

c
c

R(4£) e R'l(g—) = el (2.1.19)

e w -

This bchaviour under rotation is proper 10 a spin 2 ficld.

The Ricmann tensor

2 2 2
P him 2 hy, 3 hyp ah,

R . .
oxk ox! Ixi oxm oxi ox! axk gxm| (2:1.20)

o1
|klm_2

with the conditions of cq. (2.1.11) becomes simply

| oTT
Rikim == Rpagp = 3 hap (2.1.21)

The TT pan of the cq. (2.1.4) can bc cvaluatcd by applying to Yap the TT

projection  opcrator (scc MTW)

ij = ij - nj LYY (2.].22)

where 0 is the unit vector in the dircction in which we want to evaluate the
TT part of the GW amplitude: hence

™ _ 1
WaB = Paj Wj]PIB -3 Pap Vi, Pim (2.1.23)

It is ecasy to verify that from cq.s (2.1.23), (2.1.4), (2.1.15) it follows
TT
Yap g = 0, Wik =0 ang

2
1'r J j
hop = -FR- |55 | P [Pay ¥ x'Pip-3 Pap ' x™Py) av| =
C RO o
o TT
=26 B (2.1.24)
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where  Dgg  is the reduced quadrupole momentum of thc GW cmitting mass

system.

2.2) THE DETECTION OF GW

A particle moving [frecly under the action of a gravitational force has its

coordinates X" satisfying the gcodcsic cquation

2
dt (2.2.1)
where t is proportional to the particle's proper time and

agmv+agml-agvl
ox* axV 9x™

pm

rvk= '2—8
(2.2.2)

arc the Christoffcl symbols

H
It is always possible 1o find a space time trajectory in which I, =0 at any
time; along this trajeclory the particle is frecly falling.

a
I's casy to show that the scparation g between two particles A and B satisfy

the geodesic deviation cquation

D? §a a ¥ dxP dx8 |
T Y Rt g g <O 223
ode
where D2 is the sccond covariant derivative
2 G 2, d r“
D°g _dE Bug"d_ﬁwg _d_(g’gf+
dtz d12 dr T Hde dt
a |d EB a B dxH| dxk
_ 2 ax’| ax*© 2.2.4)
Pop |9¢ * TBr & dq] dx (

a
With the purposc of cvalualing & ler's put X=0 in the ccnter of mass system
(CMS) of particle A, (scc MTW), the time xy cqual to the proper time T and

the coordinate axis connccted 1o gyroscopes carricd by A. At X = 0, sincc A

is frcely falling along thc gcodcsic line wc obtain:
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o
dl‘B
a _ 'Y _
e = | o C (225

and cq. (2.2.2) beccomes
a a
D*g  d%¢

d12 d'c2

(2.2.6)

Introducing cq.s (2.1.21) and (2.2.6) in c¢q (2.2.3) and considcring that to first

order in h-l;lt t=t, where t is thc observation timc; wec obtain
d’ g B 2 B
— 1 d ™
31 = 'RuO[SO § =5 — haB Y; (2.2.7)

dt

From cq. (2.2.7) wc can scc the cffects of the GW polarization on the detector;
if the GW is propagating along the z axis and the masscs A and B arc locatcd

as in Fig. 2.2.1, then

a a
§ =(xaxg (2.2.8)
Putling
d’&° I\ d? T B
Fe = M = = M- hy € 2.2.9)
dt2 2 dt2 of

and considering that thc only indcpendent components of hgp are hy, and

TT
hy2 we can writc thc projection F of F, along thc line connecting A to B:

a
F . :
ab - lé_l M {hﬂ. sin2g cos 20 + Eg sin’@ sin 2¢ (2.2.10)

I

F(60,0)=

In eq. (2.2.10) the tidal character of the force produced by a GW is clearly
. shown by the tcrm 'él It is also cvident from cq. (2.2.10) that F = 0 if the mass
-'scparation éa is in thc GW propagation dircction.

In the interfcrometric antcnna the mirrors arc attachcd 10 masscs suspended

with wires like pendula.  With reference to Fig. 2.2.2, thc bcam splittcr in the
axis origin has mass m;, and thc other two mirrors have mass m; and m4
-5

respectively and arc placed at a distance L from the axis origin; E;i arc the
distances of the mass m; from the CMS.

/
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The CMS coordinatcs arc

X = =
ems T my, +m, +my Yems = m; +m, +m; (2.2.11)

For the sake of simplicity we assume that thc GW is propagaling along thc =z
axis; under this condition, using eq. (2.2.7), the mirror's acccleration

produccd by the GW intcraction bccomes

. »TT IT
X1 ow= —; Pyt Xems+ iltzb'c,,,s)

. 1T 1T
X = h L-X r - h 2
(X3 gw= 3 1{L-Xemd - hy ycms) (2.2.12)

. TT o TT
(Y l)GW= ‘%(hﬂ Xems + h22ycms)

(L4 Tr
Fow s 21 xems + I )
The mirror motion cquations recad
e ol =210 Bio =1y
xl*;{xrx\]"ﬁ(xl"‘l)—(xﬂgw

X3+ %(*3‘*3) + lé(xs'%) = (X3l qw
3 3 (2.2.13)

[ l . L -— '
Jrez ¥+ LT = Gl
Ty 1 . L —_ e
Yo+ :c—z(yz-yy) + %m—yg) = (¥ 2w

where 1ti and 1; arc, respectively, the relaxation time and the length of the
i-th pendulum and Xx; , y; arc thc pendula suspension point displaccments

duc to scismic noise.
Eq. (2.2.13) can be solved cxactly, but for sakc of simplicily we assume tj = 1j
and lj =1j , then wc can subtract the first equation from the second and the

third from the fourth, obtaining
o . —f oTT
AX + Tlt-(Ax-Ax) + (Ax-Ax' m(z) = —% hl 1L

e . - o TT
Ay+%(Ay-A§'7 +(ay-a9) wy =3 Fos L (2.2.14)
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- - = - = = 2
whcrch=x|-x3.Ay=y1-yz.Ax=x‘—x3andAy=yl—y2.mo=g/land

1 =71j.

In a single pass interfcrometer the phase change is
A(p=4,t(_Ax_;AL) (2.2.15)
A
where A is the light wave length; hence considering that when the GW s

TT TT - - -
propagating along the z axis h,;=-hjjand putting Ap = 4n(Ax-Ay)/A we

obtain

- Y 4
A(p+% (Ap-Agl+wd (Ag-Ag) =T" hnL (2.2.16)

This cquation can be casily intcgrated giving (Pizzclla [1975])

t

4 L . o~ _l__rl. o TT + -
A(p(t)‘{é3 sin wg(t-nje 2t [hyn)+ IEA(P () + “’3 Ap(n)) dn
0 ) (2.2.17)
~ 2
Wo= Wog——

41:2

For undcrstanding the cffcct of the GW on A@ we can ncgleet the scismic noisc

contribution and study the bchaviour of c¢q. (2.2.17) assuming two simplc
. TT

functional characters for h(l) = h‘ (V). In the first casc wc assumc hi 10 be a

pulse having a duration At<<l/wg and amplitude hg:
hinj=ho|6(n}-6(n-a1)] (2.2.18)

Inscrting eq. (2.2.18) in c¢q. (2.2.17) and assuming thc pcndula mcchanical
quality factor Q = wg -t >> 1 we obtain

L 2
A(p(t)=4—1;\lih(t)+f1—;£ho W Atsin (wgt)e 1+O(((00A‘))+O('le’)] (2.2.19)

Eq. (2.2.19) shows that in the interfcrometric dctector the mcasurcment of Ag
gives a precisc mcasurc of h(t); the term in hg, which represents the
"memory" that thc pendula have of the GW for 1>At, becing multiplicd by wgp
Al<<l, can be ncglccled.

In the second case we consider a periodic GW having amplitude
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h(1) = hg ¢~ 192l (2.2.20)
Inserting h(1) in cq. (2.2.16) wc obtain for t >> 1

4L Qz esthg
Ap= B

A \ 5 iQs (2.2.21)
Wg - Qg+ —=
For Qg>w( and Q>>1, cq. (2.2.20) becomes
Aq,=f“_l‘hoeiﬂg|
A (2.2.22)

Eq. (2.2.22) shows that with an interfcrometric dclector it is possible to
measure distortionless h(t) cven for a periodic GW: hence the very
peculiarity of this dctector is due to the low value of the pendula resonance
frequency vg, which can bc madc as low as few Hz, giving the possibility, in
principle, to dctcct low frequency GW. Furthermorc the possibility of making
L very large (somec Km), in virtuc of cq. (2.2.9), would allow thc opcration of
the antenna at room temperature while maintaining high scnsitivity cven in
prescnce of noises, such as the thermal one, which arec dominant at low
frequency.

For the cvaluation of the phasc shift due to the GW intcraction of photon
bcam bouncing bctween 1wo mirrors, it is opportunc 10 choose a coordinale
system in which the mirrors arc at rest; in this system the only GW
interaction with the photon becam is duc to the metric cocflicients change.

In fact if the mirrors are frcely falling (i.c.: with suspensions having no

rigidity), then in the TT system they arc at rcst; this is casily shown

TT
considering that to first order in hup from cq.s (2.2.2) and (2.2.4) it follows
a a . TT
Tpu=>Tgo= -% hop

2,0 2.a (2.2.23)
D d oTT B Y TT B
R T T = 3 hapt

[T]ed

and hence (§ 0.

A matrix approach mcthod, uscd cxtensively for the cvaluation of the phase
shift due to GW intcraction with a photon bouncing bctween frecly falling

mirrors is duc to Vinct [1986]. The mcthod is bascd on thc considcration that
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due 10 cq. (2.2.23) thc only cffcct of thc GW on a photon is containcd in the
perturbed ds?

ds? = c2dt® - (1+h(t) dx H{1-h(t)) dy> (2.2.24)

where h(l) = h cos¢ , with ¢ =Qgt + ¢ and the photon is supposed 1o travel
along thc x or y axis.
If the photon is scaticred back by a mirror at distance x=L , then from cq.

(2.2.24) it follows that thc round trip rctarded timc is

,=t—271‘—£h1c‘51n cos(q) q) (2.2.25)

where n=QgL/c and e=t1 if thc photon is travclling along x or y respectively.

If the time dependent part of the EM ficlds along the trajectory is taken to be

1 . l o o
Al=|Ag+=he®A +—he’°A)e"“
072 172 ? (2.2.26)

where ®w=2nrvg (v9p = Laser frequency) then substituting cq. (2.2.25) in cq.
(2.2.26) gives (to first order in h)

. (2L — e
A(t)=c“"( )A0+% '°(A c'm‘='+mx-:l—‘sn—ne'"Ao) .'21c1¢(A2c‘20z+10£le:T\emA‘

(2.2.27)
This can be put in matrix form
A0 Ao
A1l =D|A1
A2 A2 (2.2.28)
where
1 0 0
sin .
D=x iegT“e-"l y 0
(2.2.29)
sin
T]n "o Y

and E=oly, x=e2i8 y=e2in
This approach can bc applicd 1o interfcromectric GW dctlectors because in

these kind of antenna the obscrvation frequency is always abovc thc mirror
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suspension mode frequcncics, hence the mirrors can be considered as being

freely falling.

2.3) DELAY LINES (DL) INTERFEROMETERS

The nccessity of incrcasing the interfecrometer phasce shift duc to a GW signal,
is dictated by the cxistcnce of noises which arc affecting purcly the phasc of
the optical rays without crcaling rcal displacecments of the mirrors.
To overcome the cffects duc to these noiscs. that will be namcd "phasc noises”
in contrast to "displaccmcnt noises” , il is very important to find an optical
scheme allowing the bcams to bounce back and forth in thc optical cavitics.
Actually the ultimatc phasc noisc is thc photon counting noisc A¢pc(t) duc lo
the anticorrelatcd fluctuations An of thec photon number n in the
interferometers arms according to the uncertainty rclation
)l/2=A¢pc2L (2.3.1)
An

(B0 50’

For a photon coherent statc An=v¥n, hence

L Vo

Ad,.2 L]
O I/ =V Wt (2.3.2)

where h is Planck's constant; vy the laser frequency, Werr the light power in
the interfcrometer arms and t the mcasurcment tlime.

Il the light makes 2N reflections (scc Fig. 2.3.1) the phase shift duc to the
hit) | .
—+

mirror displaccment Ax] , = 7 L is

_4Ng - —
P12 AX+0Q, 2595, 791,

(2.3.3)

where ;7 arc given fixed phasc shifts in the two arms and Ax has been

cvaluated in the limit Qg lc;.«l.

With reference to Fig. 2.3.1 the recombined beams carry the powers

W, =R (1x coslg, + 0540, ) (2.3.4)

2 . . . - . = -
where R” is the intensity reflectivity of the mirrors, 93=@,"®, and A¢pc has
been evaluated for Wepr = WRAN,
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L9
Putting (P0=§. mcasuring W+ with photodiodes PD having cfficiency n and

forming the current difference, we obtain

2
2 4 2
AU =13|[AB haL| + agr | + Atk (2.3.5)
w 4N
where lo=h °nR4N and Algy=en/ —i'ljlln(l-n) arc the photodiode mean
Vo t Vo

current and current fluctuation respectively; ¢ is the clectric charge.
The GW dctection condition, introducing ¢q. (2.3.2) in eq. (2.3.5) and using eq.
(2.3.3). rcads

A h v,
hio > (2.3.6
4NnL 1/ WimnRr™ )

where the assumption ZQgN—CI"‘ <<1 has bcen madec. Eq. (2.3.6) shows that 2N

reflections incrcasc accordingly the S/N ratio for the photon counting noisc.
Thec DL scheme was first studicd by Herriot ct al. [1964]; thc laser beam is

cntcring into the cavity through a hole in thc ncar mirror with coordinate

(xp.yo) and slopes (xo,yo) (sce Fig. 2.3.2) and is rcflected back and forth

between the mirrors having distance L and focal length [ respectively.

Dcfining

[=

cosf=1- (2.3.7)

N

f

where 0 is the rotation angle of the becam spot on the mirrors (sce Fig. 2.3.3),

the coordinates of the n-th spot are

Xn=XgCosn@+ ‘\/ﬁ (x0+2fx;)sin neo

L . (2.3.8)
YT Ypcosn 6+1/m (y0+2fy()sm no
4-L>0
which can be put in the form
X, = Asin (ng+q)
(2.3.9)

y, = B sin (ng+p)

where
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A2—4ﬁ_‘ x2+ on( 0)+Lf(x0))

ga=a41 1 _ (2.3.10)

L X
0
1+2fx—0

and similarly for B and p.
If A=B thc spots lics on a circle; the becam rcentrance condition is fulfilled

when

2k@ = 2Jn J, k integers J#k (2.3.11)

k being the number of spot on a singlc mirror.

The DL is a very flcxible mecthod to copc with the misalignments due to the
mirror movements (Goorvitch [1975], Billing ct al.[1979]). Fattaccioli el
al.[1986] havc shown that the total optical phase shift is independent upon
tiltings (A9d) and 1transversal mutual mirror translations (Ax) up to sccond

order in A?x and A9 respectively, R being the radius of the spot circle on the

mirrors, if thc DL is perfectly reentrant and aligned.

With the purposc of recducing the light scaticring from the entrance hole in
the mirrors close to thc beam splitter (Schilling ct al.[1981]), the size of the
input becam should be sufficiently reduced incrcasing the beam angular
sprecads AXx'c and Ay ',

The spot diamecters duc to these sprcads

Axp= 4#1 2fsinn@ Ax'g
(2.3.12)
Ay = 4fI'JL 2fsinng Ay',

do not incrcasc indcfinitely with N but vary cyclically with n; this focusing
characteristic is very rclevant for avoiding the becam sizc divergence when N
is large, and carcful cvaluation of the bcam entrance paramcters is needed to
avoid gcometrical ovcrlapping of the spots.

Actually lwo contiguous spots on a mirror arc associatcd with diffcrent dclays;
if thcy do overlap the light diffused by the mirror coatings is sent in the
wrong becam then causing noisc duc to the finite size of thc laser line width.

The calculation of the light phase shift duec to a GW intcraction in a DL
without the constraint ZQg % <<1] has bcen donc by Vinet [1986] and Vinet ct

al.[1988].
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Let's consider a D.L. of length L in which thc bcam is making 2N reflections
and having iRy and iRy amplitude reflectivity mirrors. By repeated
application of thc opcrator D (sec cq. (2.2.29)) we obtain the 2N reflection

opcrator.
iM =(iR )M (iRyN DV =
1 0 0

= VTR NIR,NRN ig§§"‘—;lﬁe-i" yN o (2.3.13)

iegSlﬂnllN ei‘l“ o yN

where the signal is contained in the two matrix clements M2 and M3 : by

putting
v, =20 (2.3.14)
we scc that the Mj2 and M3 maximum happens when
_St%
WN=——=3 (2.3.15)

while the signal is zero when

T, Q
2

E-ng (n=1.2..)

From eq.s (2.2.27) and (2.3.7) it follows that th¢ maximum phasc shilt A¢pL of

the light wave duc to the GW intcraction in two DL (scc Fig. 2.3.1) is
. L
sin Qg-c—N

_ L
A¢DL—- 2hm—€ 3
QsE

(2.3.16)

24) FABRY PEROT (FP) INTERFEROMETERS

The FP thcory is largely described in many books (scc for cxample Born and
Wolf [1964], Hemandez |1986]); with reference to Fig. 4.1, My and M3 arc two
mirrors located at positions x; and xp respectively [x2 - x; = LJ]; the amplitude
reflectance iRj. thc transmittancc T; and thc loss Bj of the mirrors satlisfy the

relation
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Ti2+Riz+Biz= 1 i=1.2

®
A light beam of frcquency vg =Z:- entering the cavity with amplitude Ag is
partially transmitted with amplitude A; and partially reflccted with amplitude

Ar.
If A and A3 arc the transmitted and rcflected waves amplitude inside the

cavity, then
A =R} Ag+ T, A,
Ay=T; Ap+ iR, A3 (2.4.1)
A;=iR,DA,

where D is dcfined in cq. (2.29).

The solution is

. - A .
Ar=l(Rl+(Rl +r|2)R20’(] +R R0} "Ag=iF A, (2.4.2)

An cvaluation of F gives the rclevant matrix clements (Vinct {1986])

R+ (RT3 Ryx

Fusi—7 R Ryx
eTZR §sinn .
2]: ! 2 n c.lnx
(1-RyRyx] (1-RyRyxy) (2.4.3)
2 51
eT Rziwﬁn ein x

Fa, =
MTU(1-R Ryx) {1-RyRyxy)

where x and y have been defined in cq. (2.29).
From cq.s (2.27) and (2.4.3) it is possiblc to cvaluatc thc maximum phasc shift
A¢fFp for a cavity configuration similar 1o thc onc shown in Fig. 2.3.1 under

the condition x=+1 (optical rcsonance condition):

(A¢.:)=2(T'2R2)h‘°% ‘
F (1-R, R,)? ’\/l o ,Q,L (2.4.5)
+F' sin” £
C
4R 1R

where F'= , T2<<T) and the rcalistic condition Qg% <<1 has been

(1-R1R3)?2

assumed. In analogy to cq. (2.3.8)., dcfining thc cavity storage timc

32



(2.4.6)

T2+ B2

2

making the approximation R;=1- and putling Bj<<Tj wec [inally obtain

2
2T ,R
2 2 Rl 2
T,"+T, '/1+Q 2
Es (2.4.7)
The comparison bctween |A¢D|J and |A¢F|,| is shown in Fig. 2.4.2; |A¢FP| is
ploued for T2<<T; : this cxpcrimcntal condition is particularly uscful in the

interfcrometers using light recycling because very little power is flowing

out of the far mirror.

E NOISE DUE TO PH N NTING ERROR AND POWE N

In paragraph 2.3) wc have shown how the phasc fluciuations in the two
intcrferomcter’'s arms arc producing noise; in particular the fluctuation of
the photodiodes currents (sec cq. (2.3.5)) AlsN . havc been considercd as a
source of photon counting crror. But also in thc casc AlgN=0, (n=1) the
intcrfcrometer's output currcnt is still fluctuating. To cxplain this fact it was
nccessary (o makc an accurate analysis of the photon becam - bcam splitter
intcraction. Two approaches Icad to the same result: in the first (Edelstein ct
al. [1978]) the bcam splitter is shown to crcalc two anticorrclated photon
bcams having n; and n2 photons cach, in such a way that the difference of
thc photon number fluctuation An; and Anj in the two bcam docs not cancel
cven when ﬁ] =52.

In the sccond approach (Caves [1980]) the zcro point vacuum fluctuations of
thc photon ficld entering from the open becam splitter port (sce Fig. 2.5.1)
produce anticorrclated photon number (fluctuations in the interferometer's

arms.

. 2| = . .
The r.m.s. fluctuations ‘Ani’—niarc producing both a phasc noisc Ad¢pc =
I/\I: where n=nj+n3 . and a fluctuation in the diffcrential radiation pressure

on the interferometer's mirrors which produces the differential momentum

h
AP:\/n_—:%N.
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The cquivalent displaccment noisc producing the phase shilt A¢pc is

Adpc 2
Ach=—2ﬁ—3; ; hence in thc¢ mcasurcment time t the total displacement
‘/ ap)’
sz +(——) is minimum when
PC 12M
1 Mc?
W=—7" 2 (2.5.1)
4N" ot

The existence of this optimal lascr power rclics on the fact that the photon
number fluctuations arc anticorrclated in the two interfcrometer's arms.
The minimum displacecment is

_ _[hd4xt
Axa =4\ (2.5.2)

which is very closc to the standard quantum limit for the accuracy with
which thc displacement of a mass M can bc mcasured in the time 1.

As we have secen in paragraph 2.3) in a multireflcction interferometer the h
sensitivity, with respect to the photon counting crror, is incrcasing with the

number of reflections, with the arm length and with the effective detected

powcr.
Using cq.s (2.3.2) and (2.3.16) wc scc that the best scnsitivity in h for a DL
T
system is obtaincd whcn 1’5=7g:
1 hv
hpL> —_—
ZVOTg nWTng (2.5.3)

where Tg is the GW pulsc length.

Il the GW is pcriodic the scnsilivity is incrcased by the squarc root of the

numbers of cycles obscrved.

Q.1
lf—2—<< I. eq. (2.5.3) bccomes

h Vo
T WIR™ (2.5.4)

1
hy >
™01,
Analogously for a FP system, from cq.s (2.3.2) and (2.4.7) wc obutain:
/ 2 2
heo > 1 T|2+T22 Rl 1+Qgts hVO
- ____1/_
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1
For To<<T,, Rifg 1221, and @ 15>1, cq. (2.5.5) becomes:
£

1 h vg
hF > '\/ = h
PP2vg T,V nWT, =2t (2.5.6)

The diffcrence between cq.s (2.5.3) and (2.5.6) lics in the fact that for the FP
casc, unlikc in the DL casc, the maximum scnsitivity is obtaincd for any
‘ts>L,

B
If Qg 15<1, cq. (2.5.5) becomes

1 [hve 1
hgp> =x5h
P 2w, VawT =20 (2.5.7)

It has also been shown (Edclsicin et al.[1978]) that the¢ maximum scnsilivity

occurs when the signal is taken from onc of the photodiodes having the
illuminating bcam brought 1o the ecxtinction; the argument runs as follows:

Eq. (2.3.4) gives the current

oy

1= (1-cos(g,+ @) (2.5.8)

the current Alg duc (o the signal being
I g,
A s=7(51n (pu) ®,

The current fluctuations arc the sum of the Poissonian bcam fluctuations plus
the statistical fluctuations duc to the diode dctcction incfficicncy 1-m (sec eq.
(2.3.5)) i.c.:

Iy! cos¢0) Io(l-cosq;o) Io(l-cosqao)

+(1-7) 5 (2.5.9)

A12=el

where t is the mcasurcment time.
The mecasurability condition for ¢g rcads Alszz AIZ. hence

hs> A h vy
4NgnL 90 AN
coszT WR™ 1t

which is minimum for @p=0 (scc cq. (2.3.6))., i.e.: in the beam extinction

(2.5.10)

condition.
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From this condition using cq. (2.3.4), putting '([31-62=(p°<<l and with ¢g =

4 . .
I;{nh(l)L<<l . it follows that the two light bcams have the intensitics:

W,.= R4N¥ [1 + (COS(pO- ?, sincpo)] (2.5.11)

where we have chosen the rclative fixed phase in such a way to have
W+=R4NW going toward the Laser. This light, can be recycled (Drever [1982])

according to the scheme of Fig. 2.5.2.
In this arrangement the becam W, is recycled by means of the mirrors BSR

and MR. The position of the latter, and hcence the phase shift, is changed by
the transducer PZT driven by the PD2 signal.
For cvaluating thec powcr incrcase duc to recycling in a DL, let us consider

that the typical encrgy loss is, per cycle

AW =[1-R*Nw (2.5.12)

. el \ .
The maximum scnsitivity in a DL system happens for Ts=2v and since
8

aN_ nc 1-R?
RT= 1-27073 (2.5.13)
g
It follows
LQ
We= W —E_
thh-R ) (2.5.14)

Hence, from cq. (2.5.13) it follows that the overall power gain is a function of
Qg and the scnsitivity in h (scc cq. (2.5.3)) beccomes

g = 1-R3nc hu.:l/\/ hall-RYv, 2.5.15)
Ve 2°V R™NaqwL4r T, "

Let's now evaluatc thc analogous formula cq. (2.5.14) in casc of a FP systcm.

The schcmatic diagram of Fig. 2.5.3 shows that in the FP rccycling scheme the
rccycling mirror MR is positioncd dircctly on the lascr bcam. The correct
phase, obtaincd by driving PZT with thc signal of the photodiode PD2, gives
minimum signal in PD2.

In analogy with thc DL systcm wec cvaluate the light power lost in the mirror

collision; Ict's supposc that T2<<T; , in this case the rcflected amplitude is. at

optical resonance.
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-R+R, %T,?

A i
" I-R, 0 (2.5.16)

n

Using the cquation R|2 + le + B]z =1, it follows

2
B\
Al’_AO(l -ﬁ—l—)l

(2.5.17)
In a single mirror hit the power loss is
2
2 B)
AW='W—I—_§—‘ (2.5.18)

Hence, if we  attributc the whole loss to the closec mirror, the power

enhanccment due to recycling should be
1-R,

WRE
2B]

(2.5.19)

Sincc the storage time in thc caviliecs should bc comparable to the recycling
onc and becausc it is convenicnl lo have Qpts=1 . it follows

2L 4E2R|

T, = (2.5.20)

I
" CIRR;
g

Since, for thc sake of simplicity, we havc put Rz=1, then

2LQ
I-R = —-¢ (2.5.21)

This gives

1
2 \2 2.5.22)
Bic (
h =h l
(hrrg FP(L )

3

Experimental results on power rccycling have been obtained by Ridiger et
al.[1987]) using a simple 0,3 m arm DL intcrfcromectcr having 2N=2. A
recycling factor up 1o 15 was obtained wilth a total power of 2w.

Similar results where obtained in Orsay (Man ct al.[1987]). It was shown that

the recycling factor was limited by the loss of the Pockels cclls situated in the
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arms of the interfcrometer. Bclicr results werc obtained later using the

external modulation technique (scc below).

2.6) LASER INTENSITY NOISE

The Laser powcr can bc represcnicd as

Wi =W, + 8 W (2.6.1)

where Wg is the mcan power and & W() is the instantancous power
fluctuation. The current I_ of cq. (2.5.8) rclers to an idecal casc where the

optical clements have no losses: in the rcal casc we have

I_=e%[A-Bcos((po+(ps)]

_ e Wit .
L=eyy [C+Deoso,+ o (2.6.2)

where A2B20 and C2D20 arc cocfficicnts closc to the dctection cfficiency

1 and in gecncral uncqual.(Ps=‘i\l%'i and @y a given phase.

It is then cvident that since A# B, then I_#0 when @y=0 and this produces the

noise:

Al =5 WWA-B &
hvy

The power spectral noisc 6"“%021 typically rcaches the shot noisc limit '\/%
for [rcquencies larger than ~107 and -105 Hz for Ay (Winkler [1977], Riidiger
ct al.[1981]) and Nd-YAG Lascrs respectively.

Hence it is possible to modulate at high frcquency the rclative phase of the
interfcrometer's arms (Weiss [1972]) by mecans of Pockels cclls and then
synchronously dctect the signal.

This phasc can be rcpresented as:

(pM=£Msm li+(p0(U (2.6.3)

where €M and wpg arc the amplitude and frequency of the modulation and aom
is a slowly varying phasc, with rcspect to wp , detcrmined by the fcedback
(FB) loop in such a way (o minimize 1_ .

Introducing cq. (2.6.3) in cq. (2.6.2) and rclaining tcrms up o sin (oMm1) we

obtain
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w( ©
I_ =°—hv-(—l [A - B cos (g5 + gp + 9 ) Jo(em)

~2B sin (@5 + 9 + P) J1 (em) sin (@mD)] (2.6.4)

where Jo and Jy arc Bcessel funclions.

The synchronous dctection gives:

1 1+T W —
U=? .[ I_ (l) sin WM dit = chV 0 [(A -B COS((PS + ¢y + ‘Po) JO(EM))

SW(wpy) . -
TO&_ B sin(gps + ¢ + ) J](EM)] (2.6.5)
where 8W (wy) is the lascr power noisc spectral density cvaluated at the

frequecncy oM /2r and the integration time satisfics the incquality M(2r,0M)
1

<<l‘<<vg.

It is possiblc to drive thc Pockels cclls with the low pass filtered signal U with

the purposc of kecping I- closc to cxtinction hence minimizing the photon

counting noisc: in the limit of very large loop gain this gives @p=-¢p .

From this condition and from cq.s (2.6.4) and (2.6.5) it follows that the
currents duc to the signal (Us) and to the noise (UN) arc:

e W
Us= - B os ) ()
cW W (wy) 12
UN = [[ hv L(A-B Jg(em) 'w_oM] + (2.6.6)
c? W()

1/2
= (A - B Jgew) }

The last term in thc RHS of UN is duc lo the photon counting noise.

The best valuc of €y maximizes the S/N ratio, or cquivalently the quantity
Ji(em)/ UN (Shocmaker ct al.[1987a]).

In a large kilomctric intcrferometer the beam size will be of the order = 10°!
m with the purposc of minimizing thc sizc on the far mirror; this implies the
use of Pockels cclls having large aperturc; unpractical for being carried by
the test masses. This rcquirement can be circumvenicd using an  external
modulation scheme, shown in Fig. 2.6.1, in which a small fraction of the
incident Jight is scni, through a Pockels ccll, to interfere with the beam
containing the GW signal. The Pockels cell is modulated at a frequency where

the lascr amplitude noisc has rcached the shot noise: the signal is obtained by
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making synchronous dclcction with the modulation signal. In this scheme
the noise is ~ V2 highcr (Man [1988], The Virgo projcct [1988]) than in the

intcrmal modulation onc, but the cxternal modulation has the advantage to

bring a net sensilivity improvement bccausc enhances the recycling factor.

2.7) THE NOISE DUE TQ THE LASER LINEWIDTH

Lascr frequency fluctuations produce phasc noisec in an interfero-meter with
arms having uncqual length.

If vo and AV arc the laser mcan frequency and thc r.m.s. frequency
fluctuation respectively, then the r.m.s. phasc fluctuation duec to the arm
difference AL is:

Ap=2mAvAL/ (2.7.1)

It is then very important to avoid that rays having largc AL interfere.

In a multipass DL interferometer the light hitting the mirrors is scattered by
the reflecting coating and cnters into the optical path of onc of the other DL
beams. This phcnomcnon, cven il the scatlerced becam intensity is of the order
of €210*-10° of the incident onc, may create a large background because
the interfecrence of the scattcred bcam with the main onc has an amplitude
proportional 1o ¥E,

Different mecthods have been adopted to get rid of this phcnomenon
(Schilling ct al.[1981] : Schnupp et al.[1985]): a mecthod (Rildiger ct al.[1981])
consists in "whitening” the laser light spectrum in such a way that rays
having a differcnt path length crcate phasc shilt having null r.m.s. value.

A more precisc cvaluation of this noise can be donc supposing that the laser

frequency fluctuations can be taken into account by means of a random
phase ¢yt introduced into the wave funclion rcpresenting a monochromatic

wave, i.e.:

‘v_:Aociox +i6 ) (2.7.2)
where Qg satisfy the corrclation relation

O 1) g ) = @m)2 av? ga - 1) (2.7.3)

and E0I=1
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If the wave ¥ is split by thc bcam spliticr and then brought to interference
after rcflection on the far mirrors (distant L and L+ AL respectively), the

intensity of the interference will be

I sin2[¢R(t-%)-¢R(t-l‘_‘::A_L)+ 2¢g(0]

(2.7.4)
: L
¢w=hwl_- SanREN eifd,!
] ¢ o) L
8C

where  ¢g (sce cq. (2.3.10)) is thc phasc shift produced in the DL

AL 1
interfcromcter by the GW assumed 1o bc periodical.Since T<<E it follows

that we can expand ¢r in a Taylor scrics oblaining:

. 21!, AL
I o sin ¢R(l)—c—+2 ¢g(t) (2.7.5)
we can now cvaluatc thc noisc Fouricr spectrum
T 2
2 ’ .
o] = A_C‘:J ol e dt
0 (2.7.6)
and comparing it with the signal:
2
2 T o
lojol "= J 0 0 dr
0 (2.7.7)
where T is the mcasurcment time
From cq. (2.7.3) and (2.7.6) it follows
2 (AL 2 2
el = (B8] 2w av” [ - 11 et @18
where the measurcment time T>> 1/Q.
Putting g(29=‘[ Quw)e’ i"”d(l), cq. (2.7.8) becomes:
2 4sin0-of]
2 L 2[ e sin
(Nl =(AT) (2 “’ZAVJ Qu) ————= 2 d (2.7.9)

(Q-w)
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sinzx%

Since the function — 5 _ can bc approximatcd with 1‘ETES(X) we obtain
X

2
2 (AL 2x T
ool = (8] 2 m2av’ 2T Qd 27,10

The quantity S=2n-¢§Av Q”2 is mcasurcd in Hz/¥Hz and gives the linear

spectral density of the laser frequency flucluations.

Comparing cq.s (2.7.10) with (2.7.7) wc obtain thc mcasurability condition for
h when the DL storage timc is optimal (sce cq. (2.3.9))

Hy>8LaY o 4/52 3
(2.7.11)

Eq. (2.7.10) shows that SIQ can bc mcasured by mcans of an arm length
unbalance AL. Thc linc width can bc reduced by mcans of active sysltems; one
mcthod consists in opcrating a rcference FP cavily (Drever ct al.[1983]
Hough ect al.[1987] , Shocmaker ct al.[1987a]) fcd with a small fraction of the
laser light phasc modulaicd at the frequency vy by mcans of a Pockels ccll. IT
the laser frequency is tuncd to onc of the FP rcsonances the rcflected light
has the two sidcbands at frequency * vy having oppositc sign  amplitudes,
giving zecro output in a photodiode. Il thc lascr frequency fluctuates the two
sidcbands amplitudes will not cancel anymorc and gives a signal in the
photodiode, which can be synchronously dectecied. The signal is proportional
to the laser frequcncy displacement Av  with respect to the FP resonance
frequency. It can be fcd to a laser intracavitly Pockels ccll (for high
frequency FB) and to a PZT (for low frcquency FB) which moves one of the
laser mirrors for stabilizing the frcquency. The limiting noise is the shot
noise; taking it into account for a cavily having no losscs. the line width

becomes

1 hv
Av 221!‘[3 ‘\’wsl (2.7.12)

where 15 is the reference cavily storage time, wg is thc power used in the

stabilization circuit and t thc obscrvation time.

With the purposc of further rcducing the lascr lincwidth, the Munich group
(Billing ct al.[1983] : Shocmakcr ct al.[1985]) intcrfered the bcam W4 (see Fig.
2.3.1) with a small fraction of the lascr bcam obtaining an output from the
photodiode PD2 proportional to AvL, where L is the total optical path-length in
the DL. This signal and that from the rcference FP where added for improving

42



the stabilization; in Fig.2.7.1 (Shoemaker ct al.[1985]) the upper curve
represents  the unstabilized lascr line spectral density, thc mid curve shows
when it where it is rcduced by mcans of the reference FP cavity while the
lower curve is the linc spectral density when both reference cavity and the
wholc interferometer arc used. The final intcgrated line width was ~3Hz with
a reduction of ~106 with respect to the unstabilized one.

A frequency noisc of 12,5 mHz/NHz was obtaincd with a diode pumped Nd :
YAG laser, actively frcquency stabilized with respect to a referecnce FP cavity
(Shoemaker ct al.[1989)).

The ecffects due to the laser linewidth in FP interfcrometers involve a more
complex mcchanism than in a DL interfcrometer; from cq.s (2.7.2) and (2.4.1)

we can cvaluate the reflected amplitude

A, lt)=iR, vit) + iR, T2 io(—R, R,y)" v{t -2+ 1)% (2.7.13)
putting

wit) = J”qdoj e'™ dw

wc  obtain

A, )= i| dovio|R, e'™+R,T —
1+R1R26-210’E (2.7.14)

In an analogous way 10 cq. (2.7.4) combining the Ar's from the two arms onto

the beam splitter, the intensity on the photodiode is
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| + R Rpe2i%

+

T R, e+ R,T?
Amm ]

ol 24 (2.7.15)

+ei®(R, el + R,T? Vo do

P B
L H™Y-
| +RRye 2o

where ¢ is a given phasc shift. It is cvident from c¢q. (2.7.15) that unlike in the
DL casc, cven when (L)Arm 1 = (L)Arm 2 . there is incomplete cancellation of
the laser line width noisc unless the mirror transmittance and losses in the

two arms are cqual.

PROD D BY THE LATERAL BEAM R

If the bcam splitter is not symmctrical between the two interfcrometers’
arms, but dcviates by an angle 80, then a latcral beam jitler 3x will produce
the phasc shift (Billing ct al.[1979])

A11>528<18x4—1t
A (2.8.1)

Two methods have been adopted for reducing this noisc:

the first uses a modc clcancr (Riidiger ct al.[1981) . Mecers [1983]), while the
second, a simpler onc cven il 30-50% of the lascr power gets lost. is the use of
a monomode oplical [fiber coupler as suggesicd by R.Weiss of MIT. The
experimental sct up, shown in Fig. 2.8.1, consists of a monomode fiber lit by a
microscope objective; a A/2 platc placed beforc the fiber and a linear
polarizer placed after hold the right polarization. In Fig. 2.8.2 (Shocmaker et
al.[1985]) the residual latcral beam jitter is shown as mcasurcd by a position
sensitive diode: the top curve rcpresents the laser bcam jitler, the middle one

the beam jitter after a modc clcancr and thc lower one the becam after the
m_
monomode fiber; a displacement ~ 10°1! JHz for v > 100 Iz was obtained.

A rccycling cavity would filter out the fast lascr frequency and amplitude

fluctuations, as well as most of the bcam gcometry jiller.

44



2.9) THE NOISE DUE TO THE GAS PRESSURE FLUCTUATIONS

This phasc noisc originates from the fluctuations of the rcfractive index in
the interfecrometer's vacuum pipes.

The lascr light is bouncing bctween the mirrors of cither the FP or the DL
system; thc number of gas molccules contained in the light pipe is then
fluctuating almost in a Poissonian (thcrc may be convcctive motion also) way
hence varying the rcfraction index (Brillet [1984,1985], Hough ct al.[1986])).
This can bc shown as follows: if V is the avcrage light pipc volume (not the

vacuum pipc diamecter) the total number of gas atoms in this volume is

0=vs2il vz
nlt) = ——= n;

m; ! (2.9.1)
where p; and mj arc the density and thc mass of the i-th gas component and
nj(t) the istantancous molccule number of the i-th gas component.

The number fluctuations 8nj(1) of the i-th component satisfy the correlation

rclation

dnftdn{t)=n;gt-t) (2.9.2)
where n; and gj arc the average number and the corrclation function of the i-
th gas component respectively with the condition gi(0)=1-

The function gj is a complex function of the light bcam gcometry; let's, for
the sake of simplicity, approximate thc light pipc volume to a cylinder having

length L and diamcter D. Under this condition the corrclation time is E\_/i—'

where Vi is the spced of the i-th gas component molccule. The light phasc

shift due to thc gas relraction index €j is (wc arc considering a DL)

AnNL e, 0-1)

odu =
d A (2.9.3)

The phase fluctuation 3d¢G . is

A4rNL  8nfo -
5¢Gm=“——2%—(ei— 1)

A (2.9.4)

In £ space, using eq. (2.9.2). the noisc is:
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T 2
‘54’39” 47N L) s | et wdtdt' 2.9.5)

0 0 |
where T is the mcasurcment time.
Assuming thec simplc correlation function g(1-t') = 1-9‘““-3 .
E|‘l=aip_0ii . where Pj and Pgj arc the pipc and atmosphcric partial
pressure respectively, =P, —D 2L/KT ( T is the temperature), eq. (2.9.5)
becomes

41tNL 5 5‘“(“v) ( )2 KT
! Q lPOl _1t 2 (2.9.6)

lBadoll;, =

The h measurability condition for a DL intcrferomcter is (sce cq. (2.7.6)):

~ sin Q— KTP, NLQ
h > 1 ( ) .
o (Q) ,\[ ) o (2.9.7)

csin C

For a FP interfcromcier working at optical resonance we obtain the following
result (for the dcfinitions scc cq.s (2.4.1) and (2.4.5))

) _ 2 sin(Q
al’ =Y WBTR,0k(e-1) I L :
8odl| Z( {Ra0¢ (E- 1) oo (-RRY' [1+Fsinfol
(2.9.8)

comparing c¢q. (2.9.8) with the Fouricr transform (scc cq. (2.7.7)) of cq. (2.4.5)
we obtain thc mcasurability condition

_ 2 . D
o (e;-1) S‘"(Q Vu) (2.9.9)
Bep S iz 9.
o 32 B

hgp is larger than hp; because the light pipe volume in the FP case is 2N

smaller than that of the DL.

In Fig. 29.1, EFP is plotted as a function of the pressure for Ha (full line) and
N2 (dotted linc) in the frequency intcrval 0<v<103 Hz, for the pressurc values
10-6 mbar (a). 10-7 mbar (b) and 10-% mbar (c).
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A calculation taking into account a becttcr approximation of the correlation
function has bcen performed by Ridiger [1988].

2.10) THE THERMAL NOISE

Thc mass of thc mirror is driven by the stochastic forces produced by the
thermal noisc; wec arc considering hcre both the forces acting on the mirror
suspensions and thosc producing an cxcitation of thc mirror normal modecs.

For the former casc, if t is thc mirror suspcnsion rclaxation time, the r.m.s

stochastic spcctral force is (Uhlenbeck and Ornstein [1930])

F-.2KTM N
T JH, (2.10.1)

where M is the mirror mass, T the temperature and K the Bolizmann constant.

The thermal stochastic force f(1) satisfiecs the corrclation rclation
At = F280t-1) (2.10.2)

The mirror displaccment x(Q) in Q spacc is cvaluatcd using cq.s (2.17) and
(2.10.2); in analogy with cq. (2.7.7) wc obtain:

2 _2KT ]
Ixi(gl)l =T M‘t

2

(Qz-m32+§§- (2.10.3)

where T is the mcasurcment's time and vp = wp/2n the pendulum  frequency.

The pendula thermal noisc gives the following limit on the mcasurability for

R,
po_1 _[2KT
h>— M 2% (2.10.4)

QL

where the sum is cxtended to the mirror number.

With the purposc of cvaluating the thcrmal noisc produced by the mirror
normal modes wc can approximate the mirror with many harmonic
oscillators cach having frcquency vj rclaxation time tj and cquivalent mass
M. In proximity of the i-th frcquency the displacement in the Q space is
sulficiently well describcd by eq. (2.10.3) rcplacing wp with 0j=2nvj.

Since we consider the frcquency region Vp,<<V<<V; wc can approximatc cq.

(2.10.3) in the following way
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2 _2KT 1
kil = T My, F
i (2.10.5)

being ®;T;=Q, . the h mcasurability condition s

i [RTE T
M; Q; o; (2.10.6)

Where the sum is cxicnded to both the mirror number and to the longitudinal
modes.

Assuming Q; to bc indcpendent upon a scale transformation changing the
mirror dimensions, it follows that ¢q. (2.10.6) is indcpcndent too. This is not
true anymorc for cq. (2.10.4) which shows that an incrcase in the mass M

reduces the thermal noise.

ISMIC NOISE

The scismic noisc is thc dominanl sourcc of displacement of the mirrors
suspension points. The r.m.s. spcctral displacement can be sufficiently well
approximatcd by the formula

_ a
XT——2°
v

£

(2.11.1)

where a=10" a1 a depth of = 10° m up lo a= 10° at the carth surface in a
relatively quict placc. The use of active scismic isolation schemes is strongly
limited by the difficulty of making multiplc three-dimensional (3D) systems,
this necessity is dictated by the fact that a non isolatcd degree of frcedom
reintroduces the scismic noisc cven if the others degrees of freedom are
isolated.

For this rcason passive schemes have been adopted, able to isolate in vertical
direcction as wcll (Giazotto [1987] . Shocmaker ct al.|1987a]).

The basic idca is to usc a mulliple stage pendulum with the masscs supported
by springs. It can bc shown that the frictionless transfer functions for both
the vertical and horizontal dircctions can be brought 1o the following

canonical form

2
N (‘on
F=m,_, ) (2.11.2)
(— Q +(:J,2l
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where F is the transfer function, v = wp/2xis the n-th mode frcquency and
N is thc numbcr of masses.Above the resonances F o« Q72N | but the
presence of friction and nonlincaritics can give a slower dccrease with
frequcncy as well as coordinalc mixing.

In the interfcrometric antcnnas aiming to rcach very low frequency
(v2 10Hz) the scismic isolation rcquires a very carcful design with the
purposc of avoiding mecchanical rcsonances [falling into the interval
10<v<100Hz these arc produccd mainly by the springs' rocking and
normal modecs.

The gencral problem of cool damping (Forward [1978] , Kuroda ct al.[1982]) of
the pendula normal modes has been solved by means of both clectromagnetic
or electrostatic forcec actuators.

The scismic noisc affccts the interfcromcter phasc also by mecans of the
intcraction of thc mirror scattcred light with the vacuum pipc walls (Billing
ct al.[1983]): the scattered light is reflected by the pipe walls and then
rcenters the main bcam by mcans of a sccond scattering process. Since the
pipe walls arc vibrating, duc to thc scismic noisc, they change thc phase of
the scattercd becam; the intcrference of the scattercd bcam with the main one
then recintroduces the scismic noisc despite the scismic isolation of the
mirrors.

The use of diaphragms in thc vacuum pipc can prevent the scattered light
which hits the pipe walls 1o rcenter into the main optical path (Thorne
[1989]).

2.12) EFFECTS DUE TO THE RADIATION PRESSURE ON THE MIRRORS

As it has bcen shown in paragraph 2.5, radiation pressurc crealcs a
diffcrential motion of the interfcrometer's mirrors and this cffect can be

easily evaluated:

since Vn = ‘\/E’;‘- is the fluctuation of thc number of photons impinging on

. . . . ) hv wi
the mirrors in the timc t, the momentum fluctuation is AP =c—‘\/h—\7 , from

. . . . ~.  hv w
which it follows thec rms differential spectral force AF =< N -

In a DL systcm having 2N bcams, these [force [fluctuations are coherently

added and the measurability condition for h s (sce cq. (2.9))

=~ 1 2N
hpL > o7l e VWhv (2.12.1)
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where W is the incident power.
In a FP cavity having thce input mirror with amplitudc transmittance Ty and

the far one with Ty thc intracavity power, at optical rcsonance is:
2 F2
Win=W T, o (2.12.2)
TWVRoR
where F E_OL is the cavity "fMncsse”.
1-RgR)

If Tg » Ty eq (2.12.2) beecomes

2
Win =W = F (2.12.3)

The fluctuations of the incident power will be cohcrently transmittied to the
mirror for frequencics smaller than 1/ts ; in this casc the mcasurability

condition for h is

~

h|=.p>_l2 2E Wiy (2.12.4)
MQ<4L mrc

Assuming Q=60, M=4.102 , L=3 103 m. hv~ 10-19 J , =F ~ 2N ~ 30 from cq.s

AN

(2.12.1) and (2.12.4) i1 follows

-1/2

hpL=hgp = 2- 10026 VW Hy (2.12.5)

Eq. (2.12.5) shows that Kilowatts of power can be uscd before rcaching the

photon counting limit of cq. (2.3.2).

In a FP interfcromecter the radiation pressure can  crcatc  multistability
(Deruclle and Tourrenc [1984], Tourrcenc and Dcruclle [1985]). Following the
approach of Aguirrcgabiria and Bel [1987] we consider a pendular cavity as
shown in Fig. 2.12.1. The rcllcction and transmittance cocfficicnts of the
mirror M) , arc R = cos 0 ¢’ and T= i sin 6 c’iM respectively, P is the incident

light power, Dg + x(t) the mirror scparation and oA = \ff;cxp[-i (gil) (ct + u)]

the incident light ficld. The light ficld ¢(1) on the M2 mirror is

D¢ -~
o) =T 6A (l - %"(”) - R ol (2.12.6)

~

where the retarded time t is defined

c(t-1t)=Dg+ x(1) + x(1) (2.12.7)
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Neglecting the effccts of the dclay, the M2 mirror motion cquation is

- Q. 21912
2€ . _ 02 _
X+ QX" Q2 x + e =
SQ2x 4+ 22 sin2g (2.12.8)

Mc 1 + cos28 + 2 cosH [4Tn'(Ds + x) - u]

where M is the M2 mirror mass, Q the pendulum circular frequency and Q the
mecchanical quality [acior.
The rclative maxima of the RHS of cq. (2.12.8) with good approximation,

occurs when x = 4—;;- [(2n + 1)+ u] -Dg =xp(n =0, 1, £2...) as shown in Fig.

2.12.2.
. 4P F . .
The peak hcights ) = T where F is the fincsse, can bc incrcased more
McQ<s &
and more in such a way to have a ncw pcak crossing thc y = 0 axis and

d
consequently a ncw stability point (a—y< 0]
X

The delay can be taken into account writing eq. (2.12.6) in the following way
(Aguirrcgabiria and Bel [1987))

f) = 1+ cosae™s ¢ (- T xs) o ) (2.12.9)

where ry is the timc nccded by the light to make a round trip in the cavity

cnding at time t, xg is the cquilibrium point and

i (1) il¥h(ct-Ds-x+a)+al (2.12.10)

[ = -
W="7p sino

ltcration of cq. (2.12.9) gives

'(,2: (xg- xs))

f=1 +2(C0896i "s)nexp
n-1

(2.12.11)
2Dg
where x(Jy = x(t-Jr)and r = < -
The pendulum motion cquation bccomes
- Q. 2P
= =.02 £ in2e 12
X+g X= Q% x + o sinZe In (2.12.12)
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The dominant rcduction of the hcreditary cquation of motion, cvaluated up to
second order in thc displacement x(t) - xg can be put in the form (Bell et

al.[1988])

§+ K\'(+92x =0 (2.12.13)
2
K_ l__ 8 ]'yq ) 8l'(| - 5 ys) Q
“11Q 2 RE 2 4 y
Bo (l +ys) B6 (l +ys)
- 2 1-3y2 2
Q=|]1+ Ys + Ys y| @

Bt +yd* | Bli+y?’

2 4 2 t) -
where ys = % and 3 = 91 6MPC and Y =%xs)_.

The effcct of the dclay is then o add a necw “friction” term (Dcruclle and

Tourrenc [1984]).
To demonstratc the presence of the chaos we write cq. (2.12.12) putting z = x(1)

-xs

(1] Q L] 2
z+-6 Z +z= (Igl + 2Re g)S (2.12.14)

where €= 4Tn_ (Dg+x5) u-2n+l)m

sinle
3 and
1 + cos<0- 2 cosO cosE

2P

S= Mc
) N ICLTA N ~

g:%— 1 = cos® cl€ [cl[ h 2] (g(t)y+1)- 1] (2.12.15)

where ¢ (t - t) =2 (Dg + xg) + z + «(t).
Lincarizing and then itcrating eq. (2.12.15), cq. (2.12.14) beccomes
(Aguirregabiria and Bcl [1987])

« 0 . ) -
Z+6 +r22=-sT"S E lm(cosOc'Ez(tk)) (2.12.16)

K=1
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where (ty) is the rctarded time itcrated k times. Putling
z=cM (2.12.17)
we obtain the characteristic equation
Q 8n 1
2, = 2. 2L 0 < -
k+Ql+r- Y S cos0 sin€ R

: (2.12.18)

1+ RV [(eM - 1) + (e"Af - 1) cos2e

2 (Ds +xs)
where R = | + cos26 - 2 cos® cos€ and r = ———< - Duc to cq. (2.12.17)

instability occurs when Re A > 0 hence the point Re A = 0 is the bifurcation
point.

The power p for any r, giving risc lo instability, has also bcen cvaluated.

In the VIRGO Projcct (1987, 1988) having arm length 3 Km, A = lum, power 500
W, mirror mass 400 Kg, fincssc F=30 and pcndular mcchanical quality factor
Q106 the retarded cffccts (Tourrenc, privalc communication) give the

unstable mirror motion cquation
Y = A exp(2.107 1) sin(6t + ¢) (2.12.19)
This instability sccms 10 be casily corrccted for by mcans of the mirror

damping active fcedback.

2.1 YS BACKGROUND

The intcraction of particlc with matter excite oscillation modes which can be
experimentally dctccted.

In an expcriment (Bcron and Hofstadfer [1969]) the modes of a piczoelectric
disc have bcen cxcited by an clectron bcam containing 104 - 106 particlc per
pulsc of 1 ug duration.

In a subsequent expcriment (Grassi Strini ct al.[1980]) the intcraction of 30
McV protons with an Al rod .2m long and 3 102m diameter was studied.

The ecffect was the cxcitation of the rod's fundamcntal longitudinal mode with

an amplitude

a WL 2 T X
E"cv M r 5L (2.13.1)
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where L is the rod length, W the cnergy lost by the hiuing particles, a the rod
thermal linear cxpansion cocfficient, cy the specific hcat at constant volumc,
M the mass of the rod and x the distance from the ccnter at which the
particles cross thc rod.

Theoretical calculations (Allcga and Cabibbo [1984] , Bernard ct al.[1984])
have been performed giving good agrecement with eq. (2.13.1).

The interferomecter mirrors when hit by a cosmic ray undergoes both the
cxcitation of the internal dcgree of frcedom and of the suspension pendulum
modes.

The mirror intcrnal degrces of frcedom are excited both by the hcat produced
with an amplitude given by cq. (2.13.1), and by thc diffcrential momentum
relcased by the cosmic ray.

An evaluation of the mirror pendulum mode cxcitation by cosmic muons has
been done by Weiss [1972] considcring only ionization losscs.

In a subscquent work of Amaldi and Pizzella [1986) the cffect of production of
knock-on clcctrons, bremstrahlung, dircct pair production and photo-
nuclear intcractions by muons was shown to be crucial for the ecvaluation of
thec cosmic muons noisc in a bar anicnna. A montccarlo simulation of the
background duc to high cosmic muons in a bar antcnna has been donc by
Ricci [1987).

A calculation taking into account both the ionization losscs and the four
mentioned processes for an antcnna having 3 km arm length and 400 kg
quartz mirror mass, has been donc by Giazotlo [1988].

The results show that muons of 102 GeV give 1 mg pulscs having h~10-23 with
a frequency of 102 ycar-! and 104 GeV muons give h~10-21 with a frequency
of 106 ycar- 1.

For periodic GW the calculation gives the following mcasurability condition

for l:

~ -25
h > 132 ll'/.-l/2

(2.13.2)

where the GW frcquency v has been assumced to be larger than the pendulum

frequency and smaller than the mirror lowest frequency mode.
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2.14) TABLE OF NOISES

Wc evaluate thc dominant noises assuming the following values of the

experimental paramcters:

Interfcrometer arm  lcngth L = 3 Km
Interferometcr  Fincssc F = 40

Light wavclength A = 1lum

Laser power W= 25W
Recirculated power W = 1KW

Mirror weight M = 300 Kg
Mirror lowest pcndulum frequency 0.24 Hz

Mirror lowest normal mode 1.9 KHz

Reference spectral  strain h = 3.10°2 Hz-'/2

Photon _counting noisc

no_A 1/'1: 723 _1 (2.14.1)

h wLFVw 1310 iz

linewidth

Av _[oF AL} ' .~

Av_v< ?+TL) o 1 (2.14.2)

~ AF aL)|’
Assuming h = 3.10-23 T and ?F+T = 10° it follows that the laser

¥ A

linear spcctral density of the frcquency fluctuations must be:

vV =610 = (2.14.3)



Laser amplitude fluctuations

The modulation is supposcd to bc at frcquency where the laser amplitude
fluctuations arc at shot noisc level; it is important, anyway, to have a very
cfficient laser amplitudc fluctuation rcduction system bcecause, due 1o the
high power stored in the cavitics (40 KW) and 1o thc interfecrometer's
asymmetrics, thc [fluctuation in radiation pressure can crcate a noise. The

mirror displaccment is then

wF|
CMg

Ax = = 1.6 107 (2.14.4)

where | is the pendulum length.

If B is the interferometer's asymmetry assumcd 1o be ~10°2, then the limit on h
is
h W 2.14.5
h = B WL ( . . )

rI‘:

o~

AW
which implics W_LI < 1019 | wherc AW arc the laser power fluctuations.

i ions

Assuming H2 1o bec thc recmnant gas in the vacuum pipe from ¢q.(2.9.9) it

follows for Hj

_ 2 . D
O R e
m; o Po ™" 107 mb] VHz  (2:14.6)

Thermal noise

From eq. (2.10.4) it follows that the mirror pcndular thermal noisc at room
temperaturc is:

112

2 172
~ -21 (10 Hz 103 m\ /106 00 Kg Y7
b =2.10 ( . ) (3 3 )( 5 ) f ¥ ) Hz (2.14.7)
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The mirror normal modcs contributc to the thermal noisc according to eq.
(2.10.6). Assuming the first longitudinal normal mode at vy = 2500 Hz,

cquivalent mass =150 Kg and Q = 105, wc obtain for v < 2500 Hz

~ 3 1/2 5 1/2 3/2 i
h=7s 102 (3 1?_ '“)(‘S&Kg) ('g) (2‘5"6‘0) uz '\ (2.14.8)

It is supposcd thc scismic noisc o bc negligible for v > 10 Hz since a 3
Dimensional (3D) 7-fold filicr is uscd. According to cq. (2.11.9), for
frequencies higher than the normal modes frequencics, the scismic noise

transfer function F is bchaving like:

1t7_ 0)2 1t7_ (02
F o n=1""n + o n=]*"n
14 14 (2.14.10)
Q vertical Q horizontal

where o is the vertical to horizontal coupling cocfficicnt.
As it will bc shown in §3 a 3D 7-fold pendulum has been built in Pisa having
the following valucs of thc paramciers:

7 2

(n“=|m")vcrlical = 7-10'¢

7 2

(n"=1 m“)horizomal = 1.6-10" (2.14.11)

a= .0l

The Virgo antcnna scnsitivity in h is computed by cvaluating the noise level.
It is shown from the previous paragraphs that  the thermal, the seism ans
photon counting arc the limiting noisc sources in diffcrcnt region of the
spectrum. In Fig.2.15.1 the dotted curves show the h power spectra of this four
noisc sources whilc the continuous line shows the Virgo rcsultant noisc as
incoherent sum of the different sources; all the paramcters used in the
computation arc the same of paragraph 2.14 "Tablc of noises". Fig. 2.15.2

shows the cxpected scnsitivity for periodic signal intcgrated in onc year and
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Fig. 2.15.3 the scnsitivity for inpulsive signal, wherc the integration time
depends on the frcquency v and is ]/v..
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Figure

Fig.2.2.1

Fig.2.2.2

Fig.2.3.1

Fig.2.3.2

Fig.2.3.3

Fig.2.4.1

Fig.2.4.2

captions, chapter 2

In an incrtial system having the origin in the mass A CMS the

cffect of a GW traveling along the z axis is to displacc the mass

TT
B from the cquilibrium position by an amount Afq =hgg 5—;— (see

eq. (2.7)).

The interfcrometer's mirrors having mass mj , ma and m3 are
located at (x.y) positions (0.0) , (0.L) and (L.0) respectively. The
mirror's accelcration produced by a GW travcling along the 2z
axis is calculated introducing the mirror's coordinates with
respect to the CMS, &;, in cq. (2.9). The inertial reference system

has the origin in thc mirror's CMS systcm.

In the Dclay Linc scheme, the Lascr bcam is entering the two
optical cavitics and bounccs 2N times between the mirrors with
the purposc to incrcasc the S/N ratio of the GW signal to the

photon counting noisc.

The laser becam is cniering the DL a1 the position (xp, yp) and

angle (XY then is bounced 2N times and leaves the cavity

from the cntrance hole.

The beam is cntcring the DL at position n=0, is reflected from
the far mirror at positions n=1,3,5 and from the closc one at
positions n=2,4. 2N6 can bc larger than 2r.

Schematic diagram of the light ficld amplitudes inside a cavity;
composcd by the mirrors M3 and M3 having rcflectivity iR
and iR2 and transmittance T; and T2 respectively. The
amplitude A3 is connccied to Az through the opcerator defined

in cq. (2.2.29) containing the cffcct duc to the GW interaction.

Comparison bctween the phase shift due to the GW amplitude h
of a FP (T2<<T);) and a DL interferometer having the same
storage lime ts. When Qg tg>>1 the phasc shifts are comparable,
as it is shown by the cq.s (2.4.7) and (2.3.16).
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Fig.2.5.1

Fig.2.5.2

Fig.2.5.3

Fig.2.6.1

Fig.2.7.1

Fig.2.8.1

Fig.2.8.2

The light ficld vacuum fluctuations cntering thc unused port of
the beam splitter BS produces the anticorrclated intensity

fluctuations in the interferometer's arms.

The bcam w_. can bc brought to cxlinction by means of the
Pockels cclls PC; in this condition w4 is maximum and can be
rcuscd when Mg gives the right phasc shift. This is obtaincd
displacing Mp by mcans of the piczoclectric transducer PZT

driven by thc PD2 signal.
The power recycling scheme for a FP intcerferometer.

In analogy 1o thc scheme of Fig. 2.5.2 the photodiode PD2 signal

is uscd to displace the mirror MR in such a way 1o have

minimum illumination of PD2.

The cxternal modulation scheme: a small fraction of the
incident powcr is scnt through the Pockels ccll PC to interfcre
with the oulgoing amplitude A containing thc GW signal. The
PC is modulaicd at a frequency where the laser amplitude noisc
rcaches the shot noise. Synchronous dctection gives the signal
S.

The lascr spcctral line density before stabilization (from
Shocmaker ¢t al.[1985]) is shown in the upper curve; in the mid
one the spcctral line density after stabilization with a
reference FP cavity is shown while in the lower one it is shown
the spcciral linc density afier the combined siabilization with

the reference FP cavity and the total DL optical path.

The laser becam jitter is strongly rcduced by injecting the beam
in the¢ monomodc optical fiber OF. The injection is performed
by mecans of thc microscope objcctive M; the A/2 plate and the

polarizer P restorc the planc polarization,

The lateral beam jitter (from Shocmaker ct al.[1985]) as
mecasurcd with a position scnsitive diodc; the upper curve is the

unfiltercd lascr bcam, the middle onc represents the beam
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Fig.2.9.1

Fig.2.12.1

Fig.2.12.2

Fig.2.15.1

Fig.2.15.2

Fig.2.15.3

jitter after a modc cleancr and the lower rcpresents the jitter

after a monomode optical fiber.

The limits on the spectral strain amplitude for a FP
interferomcter having arm length L = 3 Km, as given by the
pipc vacuum fluctuations in the frequency interval O<v<103 Hz

and for thrcc pressures:
a) p=100mbar, b)p=107 mbar, c)p =108 mbar.
The dot linc is N2 and thc continuous onc is Hj.

Radiation pressure  displaces the mirror My from its
cquilibrium position. x(1) is thcn a multistablc function of the

radiation pressure.

Plot of thc RHS of ¢q.(2.12.8); il the laser power P increases the
pcak at xp4+2 may cross the y=0 axis thus crcating a ncw

d
stability point <o
ox

Scnsitivity in h powcr spcctrum  cxpressed  as l/-Jmof the
proposcd antcnna, dctermincd as a limit of differcnt noises in
the [frequcncy intcrval between 1 and 10.000 Hz. The dotted
curves arc diffecrent noisc sources while the continuous line
rcfers to the incohecrent sum, the paramcters used in  the

computation arc thc samc of paragraph 2.14.

Scnsitivity in h of thc antenna, dctermined as a limit of
diffcrent noiscs in the frcquency interval between 1 and
10.000 Hz. The curves refer to periodic  signal and the
integration timc is onc ycar; thc dotted curves arc different
noisc sources while the continuous line refers to the
incohcrent sum, thc paramcters used in the computation are

thc same of paragraph 2.14.

Scnsitivity in h of the antenna, dctcrmined as a limit of
different noiscs in thc frcquency interval betwecen 1 and

10.000 Hz. The curves reler 1o pulsc signals and the integration
time is ]/v. where v is the frcquency;  the dotied curves are
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diffcrent noisc sources while the continuous line rcfers to the
incohcrent sum, the paramcters used in the computation are

thc same of paragraph 2.15.
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Chapter 3
Description of VIRGO




3.0.1) SENSITIVITY GOALS

The gencral concept of the VIRGO interferometer is the logical consequence
of the scicntific arguments dcveloped in the previous chapters.

The scasitivity goals must bc ambitious enough to reach the range where the
astrophysicists predict at lecast a few cvents per ycar, and modest enough to
cnsurc the feasibility of the cxpcriment.

Wc aim for a shot-noisc limited scnsitivity at high frequency of :

23 . -p
=3.10 " Hz above 200 Hz.

Around 10 Hz, thc scnsitivity should be approximalely cqually lumwd—by_khn_
scismic nonsc and by thc thermal woisc of the suspension around ‘h =1.1072 ‘
| ANz or h = 2”10 25 for an intcgration limc of onc ycar. —

The achicvement of these performances would give us a very good chance o
deteet the signals from supernovac up to the VIRGO cluster. It would ensure
cnough sensitivity to deicet coalescing binarics as far as 100 MPscc. It would

allow us to expect thc obscrvation of pulsar signals from our galaxy.

3 ENER NCEPT

The VIRGO interfecrometer is basically a Michelson interferomcter (MITF),
with two 3 km long, perpendicular arms. The large length of 3 km is choscen
mainly to deccrease the influcnce of displaccment noiscs, likc scismic noisc
and thcrmal noiscs (scc 3.4).

Each arm contains a "gravito-optic transducer”, constituted by a 3 km long
Fabry-Perot cavity having a fincssc of the order of 40 (scc 3.1). This optimizcs
thc scnsitivily to gravitational waves in the frcquency domain around 1 kHz
and prevents any difficulty with the cffects of radiation pressure

The usc of a "light recycling" technique reduces the requircd laser power
from 500 W to 10W (scc 3.2).

The laser source is frcquency and amplitude stabilized using very fast,

ultrahigh gain, shot-noisc limited servo-loops (scc 3.3).
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The critical components of the interfcrometer, i.c. two mirrors in each arm,
the beamsplitter and the rccycling mirror, are seismically isolated by
multidimensional "Supcraticnuators” (sce 3.4).

The position and the alignment of the optical components are maintained by
local scrvo-loops under global computer control (sce 3.5).

The whole system operates under a high vacuum, in order to avoid acoustic
noisc and fluctuations in thc index refraction (see 3.6).

A suitablc site for the construction of VIRGO has bcen found in Cascina, near
Pisa (sec 3.7).

Data acquisition consists in running the apparatus and recording the
Mluctuations of the phasc difference between the beams reflected by the two
transducers, with a bandpass of 10 Hz to 3 kHz, while monitoring the

cuvironment and the apparatus paramcters (sce 3.8).

3.0.3) EXPLOITATION

Once the interfcromeler functions with a high cnough scnsitivity, it requires
little human intcrvention, cxcept for maintcnance. There will be some
filtcring of the data, inside th¢ VIRGO group, to characterizc the noise
statistics of the VIRGO interfcrometer, to look for periodic or quasi pcriodic
sources and to presclect possible gravitational bursts. Agreements with all the
other groups will rcsult in an cxchange of rccorded data, to allow the
astrophysicists to ecxtract morc complete information and to confirm the

pulses by an analysis of the coincidences (sce 3.8).
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3.1.1) OPTICAL COMPONENTS

.1 PECIFICATIONS AND GENERALITI

The main constraints on the optical system come from the shot-noise
limitation and from thc decmand of wideband opcration : in order to reach the
required sensitivity of h= 3 10°23 Hz'1/2 in a device optimized for the
detcction of signals around 1 kHz, it is necessary that the cffective light
power incident on the bcamsplitter of the Michclson interferometer be
larger than 500 W. This calls for a high power laser, and a special optical
design involving a ‘"rccycling” tcchnique, which iisell requires very high
quality optical components and optical coatings.:

The purposc of this scction is to describc and to justify the optical scheme we
have designed for the VIRGO project, including the laser source. The design is
bascd on cxperimental data obtained by thc GROG in Orsay, on compulcer
simulations (GROG, Palaiscau), and on many intcractions with manufacturcrs
of optical components. The lasecr pan is also bascd on cxpcrimental rcsults
obtaincd in Orsay and on somc rcasonablec cxtrapolations on thc cvolution of
commercial lascrs.

3.1.1.2) BEAM GEOMETRY

3.1.1.2.1) OPTICAL DESIGN

The basic principles of the interfcrometric dctection of gravitational waves
have bcen recalled above. Among the 1wo possibilitics for the gravito-optic
transducers, wc have chosen the Fabry-Pcrot solution, becausc of its higher
flexibility and becausc it rcquires smaller mirrors (the very large diamecter
mirrors which are rcquircd for a dclay-linc system may be very difficult to
manufacture, and arc presently nearly impossible 10 coat with the best
coating tcchnologics). In order to rcach the S00W power, the first
generation of antcana will usc recycling, in its most simple version, standard
recycling, and a 10 to 50 Waus Nd:YAG lascr opcraling at 1.06 um. Fig.3.1.1

shows a schematic rcpresentation of the VIRGO interfcrometer:
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Rc= 3450 m

D= 30 cm
R > 99,98%

N\

D=10 cm
R1=85%

R2= R11+0,01%

\
\

M3

D= 10 cm
R= 98 to 99%

Figure 3.1.1 : Schematic representation of a recycling MITF with

Fabry-Perot gravito-optic transducers

In order to minimize the contribution of shot-noise, the MITF is tuncd to a
transmission minimum, so that most of the incident light is reflected and can
be "recycled” by the mirror MR (Drever,[1981]), provided the resonant cavity
formed by MR and by the MITF as a whole is kept on resonance with the laser
frequency (this idca has been checked experimentally in Orsay). In the
following, we will bc mainly concermed with the efficiency of the recycling,
i.c. the ratio S of the light power circulating in the intcrferometer at
rcsonance to the light power delivered by the laser (the theoretical
scnsitivity improves as Vs ). The contrast of the MITF is also a very important
paramecter, but less stringent (if the contrast is not very high, then S cannot
bc large ).

The value of S is dctermined by the “"equivalent reflectivity " Reff of the
)]

1
T-Reff ~ leff

rccycling mirror MR is properly chosen.

when the transmission of the

interfcrometer, and equal to § =

The factors which contribute to decrease Reff may have various origins:

a- purc cnergy losses in the arms of the MITF: absorption or scattering

of the mirrors
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b- non perfect rccombination of the two beams on the beamsplitter duc
to misalignments, wavcfront distortions (mirror surfaces, coatings
inhomogencity, diffraction by finitec aperturcs, bcamsplitter and mirror
substratc wavefront), dcpolarization.

The cffective losses leff arc thc sum of both contributions. For the first case,
we will simplify thc problem and assumc that the missing photons are just
lost, and do not intcrfere at any level, while in the second case the losses
result from incomplete intcrference of the distorted reflected becam with the
incident laser bcam (supposedly Gaussian, TEMgQ). Wc cxpect to reach the
scnsitivity goal with a laser power of a few tecns of watts and a recycling
factor of the order of S =100, which requires that the effective losses leff be

smallcr than 1%.
3.1.1.2.2) BEAM GEOMETRY

Inside the Michelson intcrfcrometer (MITF), the gcomctry of the becams is
dctermined by the cigenmodes of the rcsonant cavilies in the two arms.
Assuming cverything is perfect, these beams will be Gaussian. They should be
matched with the incident laser bcam and with the cigcnmode of the
recycling cavity. In practice, thc confocal paramcter of this cigecnmodc is
very large, comparcd with the mciric distances which scparaic MR, BS, Ml
and M3, so that we can assumc thec bcam gcometry to bc constant in the
central arca. (this is justificd by numcrical tests).

The main optical design constraints, which determinc the curvaturc radius of
the mirrors of the Fabry-Perot cavities arec thc following

a- thc transversc cxtension of the beams should be kept small on all
mirrors, for many rcasons: diffraction losses, cost of the vacuum 1ank,
homogeneity and ecven fecasibility of the coatings. A few tcns of centimeters is
the maximum reasonable mirror diamecter, and this diamcter should exceed by
a factor 2.5 thc bcam diamcter at 1/c2 intensity points, in order to rcduce
diffraction losscs to a tolerable lcvel.

b- this samec bcam diamcter should be particularly small in the central
arca, o allow for thc use of the most homogencous optical matcrials for the
beamsplitter and thc substrate of thc input mirrors M1 and M3, minimizing
wavefront distortions.

c- it is preferable to usc non degencratc cavilics, so as to avoid exciling
high order modes when the interferometer is locked on thc TEMgQ mode, but

slightly misaligned or mismatched. To characterize a cavity, for given values
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of the cavity length and of the curvaturc radius, we have defined a merit

factor M in the following way:

EED I
2 2
M -
k—'('vk-vo) k!
where vk and vg arc the resonant frequencies of the TEMp(Q and of the TEMpy g
modes (k=m+n), as calculatcd from the theory of the Fabry-Perot resonator
with spherical mirrors (Abderrazik I}c967]) lhalLis:
-1
(Vk-vo)—;cos [l-(m)]

where R e is the curvature radius of the end mirrors of the cavities. The
wcighting factor I/k! rcpresents the probability of cxcitation of the TEMp g
mode, for a small misalignment (Baycr-Helmes [1983]). It decrcascs when the
mode order m+n increascs, so that we can reasonably stop the expansion at
k=10.
The merit factor has the dimcnsion of a frequency scparation, cxpressed in
units of the cavity frec spectral range. Its value is zcro in the casc of a
dcgencrate  cavity.
d- both arms should bc very symmctrical, to reducc the influence of

thc lascr [requency and amplitude jitter.
The obvious way to rcalize condition b is to choosc flat mirrors for M1 and M3

this localizes thec bcam waist on thesc mirrors. Fig.3.1.2 rcpresents M as a
funclion of R¢c for a cavity length of 3 km.



0.24
0.151
0.14
0.05+%
200, 2400, 3600, 3600, 4000.
Fig.3.1.2 : The degeneracy merit factor B as a function of the

curvature radius
The curvaturc radius R¢c of M2 and M4 can be sclected from Fig.3.1.3 which

represents the becam diamcter on M1 (M3) and on M2 (M4), as a function of
Rcc for L =3 km.

70



Beam waist
(cm)

\ Wr
Wo
/‘/
R,
(m)
+ . —— +—]
3500. 4000. 4500. 5000. 5500.
Fig 3.1.3 : Beam waist size on input (wg) and output (wy) mirrors

The shaded areas correspond to the zones where the merit factor M is less
than 0.10. The choice of Rcc = 3450m is reasonablc: it leads to a 1/e2 beam
diameter of the order of 14 cm on M2 and M4, and of 4 ¢cm on MI and M3, and is
not too close from dcgeneracy for any mode with m+n<ll. The region around
4500m is also interesting from the viewpoint on degencracy, but it lcads to a
too wide waist sizc on the input mirror.

It is clear from Fig.3.1.3 that this already puts some constraint on the

precision of the radius of curvature: a relative precision AR/Rcc=3% is

required.
1 MIRR I
3.1.1,3.1) LOSSES

Let's call l,; the average cnergy loss per mirror in the Fabry-Pcrot cavitics,
Ri and T; thc reflexivity and transmission of the input mirrors (M1 and M3),
Re the reflexivity of the end mirrors (M2 and M4). which are not supposcd to
transmit. This gives the rclations: ljy=/-Ri-Tij=1-Re When both T;and I,; are
much smaller than one and [pn<< Tj, which is the intcresting case, Ti is rclated
to the finesse by T;= \/(2rF) and it is easy to show that, on rcsonance, the
effective cnergy loss leff duc to thc mirror's losses amounts lo:IeffdtH:r.lmF. It

results that the mirrors losses should be lm<<7t.leff/4.F=2.10'4. a performance
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that can be guarantced only by the use of the best coating technologies, such
as lon bcam Assisted Dcposition (I.A.D) or lon Bcam Sputtcring (1.B.S.), which
have bcen developed in the last dccade for gyrolascr's mirrors.

The two causcs for losses in mirror coatings arc absorption and scattering. In
classical thermally cvaporated multidielectric coalings, thc absorption can be
madc small, as shown by thc high power handling capacity of some laser
mirrors, but scattering rcmains high because the diclectric laycrs show some
vacancies. This is attributed to thc low cnergy of thc molccules. In lon
Assistcd techniques, the accelcrated ions can communicate kinclic cnergy to
the molccules. This results in a better "filling factor” of the layers; they
beccome more resistant to chemical and mechanical aggressions, and scatler
less. Since the laycers follow the irregularitics of the substrate, this
improvement is achicved only at the condition that the substratc has a very
low roughness, what is called "supcrpolish" and means a RMS roughness of
thc order of 1 A° on a very small transverse scale, and of 0.1 A° on a
millimecter scale.

A fcw firms in Europc have devcloped or will have soon have devcloped the
IAD or IBS tcchniques for coating mirrors. The nced for very low scatlering
coatings camc from the dcvclopment of gyrolasers, at the bceginning of the
80's, and these tcchnologics are still partially classified, but arc bccoming
commercial.

We have dcveloped our own technique for mcasuring the losses of very high
rcflectivity mirrors., and wc have tested in the last 5 ycars different
"supcrcoatings" from diffcrent manufacturers (Ojai (USA), British Acrospace,
Balzcrs). All thesc coatings werc operating at 515 nm, not a favorable
wavclength becausc of absorption problems and because the scattering is
higher for short wavclengths (it varies as 1/A2) Thc mcasured losses varied
between 5 1075 and 3 10-4, dcpending on the producer and cven on the
precise position of the mcasurcment point on onc single mirror. The
clcanlincss of thc mirror is critical, and, in an non filicred room, the best
results could not bc maintained for a long period without cleaning the
mirror. This is quilc cncouraging anyway, bccausc it suggests that even
better results can be cxpecied at 1.06 pm.

In the very near futurc, wc are going to test supermirrors at 1.06 pum, from a
US producer and from SAGEM.

We have also tcsted high quality mirrors dcveloped by Matra for very high
power lasers at 1.06 um. They use standard technology., and their losses arc of

the order of 10-3, although they certainly have a very low absorplion.
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We can reasonably expect that the total losses will bc of the order of 10-4, or
cven much lower.

Both Matra and Sagem arc interested in producing the mirrors for VIRGO.
Matra has a coaling plant for large mirrors, but is only starting to study IAD.

Sagem has thc technology, but is not yet able to produce large mirrors.
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3.1.1.3.2) HOMOGENEITY AND REPRODUCIBILITY

The homogeneity of the coatings is important for the prescrvation of the
wavefront. There is no guaraniecd figurc on thc homogencity of a large area
supcrcoating, bul thc spccialists sccm to think that it will be good cnough for
our nceds.

The precise valuc of the reflectivity of cach mirror is important too. Our main
concern is that thc two arms of the MITF should bec as much symmetrical as
possible, this symmectry bcing the condition for thc rcjection of all the laser
noiscs (frequency, amplitude and beam gecometry, seec Chap.2). There is no
difficulty with the high reflectivity cnd mirrors, but it is much morc difficult
lo obtain a pgood precision on the reflectivity of a partially transmitting
mirror : for thc input mirrors, which should transmit around 15% in
intensity, thc cquality of their reflectivities could presently be guaranteed to
0.5%. A much better figurc could bc obtained if the mirrors wherc smaller,
bccause they could be coated simultancously.

The bcamsplitter may bc the largest cause of asymmetry : it is difficult to

guaranice its transmission (or rcflection) to better than 1% without new

studics.

3.1.1.4) OPTICAL SIMULATION

The losses of the MITF will also originatc in the wavefront distortions duc to
the imperfections of the optical surfaces and materials, to their
misalignments, and to their [finitc transverse size, which produces
diffraction. Since thc instrument is complicated and wec want to cvaluate the
combined cffect of different pcriurbations, these imperfections can be better

studied with a numcrical program, which we have specially developed.

3.1.14.1)- THE PARAXIAL PROPAGATION METHOD

A simulation program must be able to rcpresent short and long range frce

propagation, rcflcction and refraction of thc light bcams. We shall see that
for all thesc purposes, a paraxial approximation can be cmployed.
Consider the case of long rangec frec propagation (along the arms) : if the
spots on the cavily mirrors have roughly cqual diamcters, which is the casc
in a confocal cavity, an clcmentary Gaussian calculation tells us that this
typical diameter is
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2w=2 JLA/n=

for L= 3 km, A= 1.06 pum, this gives 2w = 6.4 cm. If the mirror diamcier D s
about Sw, then D= 16 cm. The angular deviation of a light ray bouncing in
between the mirrors is thus less than 5.10'5 Rd, and a paraxial thcory of light
propagation seems to be relevant.

If now we consider short range free propagation (interferometric area), we
sce that the paramcter L A/ w2 where L represent the propagation length is
about 10'3 which justifies again trying a paraxial approximation.

Wc are going to develop this idea.
a) Theoretical framework

The optical eclements of the interferometer are a succession of ncarly planc
surfaces in between which the light propagates frccly in the vacuum. The
first stcp of the modclization mcthod is to rcpresent the transfer of a
monochromatic wave function

o

-iot
Yit,x,y,z)=¢€ Ax,y,z)

from one end of thc interferometer arm to the other, i.e from a surface (S) (o
thc plane z=L. The Kirchhoff integral giving the optical field A at z=L
knowing it on the surface (S) recads :
ikR
k e i \n'.R ,
A(x.y,L):—I—(l+—)—A(x',y',z‘)ds (1)
2in R kR R

(S)
where n' is the inward normal to the surface (S) , and

R=d (x-x)2 3y + (L2)’

In order 1o evaluatc the rclative weights of the eclcments entering formula
(1), let us introduce the length L = 3 km of thc interfcrometer arms, the
cffective half width of thc arm H = 0.2m (which excceds thc mirrors radii and
a fortiori the beam waists) , and the wavelength A = 1.06 mm. We sec for
instance that

IR ~ 212 xL=5610"" and

I-n'R IR ~(H /L =410°
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It is casily scen that a rms roughness of 0.2 A, corresponding to a very good
optical surfacc, gives, via the phasc of the cxponcntial factor, pcriurbation
terms of about l()'4 of thc main 1crm (gcomctrical noisc). Thc preceding
terms arc thcrefore strongly dominated by the surfaccs geomeltrical noise,
and eq. ( 1 ) may bc writlen :

K eikR
Ax.y.Ly=— | & Ax.y.z)ds (2)
2in R

(S)
Supposc now the optical surfacc (S) to obey thc cquation z= [(x , y). the

curvaturc radii bcing always of thc samc order as L, it is casily seen that
FI(x , y) I« fo A where fO is a dimcnsionless factor of at most scveral units.

Then wc may wrilc :

R=v (xx) + (yy) + [L - f(xy)E = ./p2 S+ F

2 2
p= ,/ L2 + 93 and & = (x-x’)2 + (y-y')2

8

with

We have 81, ~ 292 H/L =19 10* = 82212 -~ 1.8 10

The first terms to bc considered in the development of R arc thus :

2
L o )
R=p-f+f|1-— ~ p-f+f—2 = kR"'kp-kf+kf——2
P 2L 2L
2
kf———‘S 8 7
but | 2L2|$2nf0 1.810° ~ 10 fo Rd. It turns out that this term is to be

discarded as bcing far below the gcomectrical noisc level.

For the samec rcason, we have

but fIL ~ /L ~ 10-9 so that we shall take /R = I/r. We have further
JdA
A(x' ’ }" ’ f(x' ’ y') ) = A(xl ’ )" ’ 0) + _a__(x' ’ y' ’ 0) f(x' ’ y') +
z

For a ncarly Gaussian wave, we can wrilc
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2

JA 1 H
— |~ 2—.12 AA <k —2-
dz i L
and conscquently
dA 2 -8
(f— < KFHL” = £,.3 10
dz

Owing to the preceding considerations, the Kirchhoff integral recduces to

ikp
k -ikf(x' ,
A(xvY’L)=fJe—-elmx V) Ax',y', 0) dx'dy' (3)
2in p
Now
2 4
2 2 o o
p=JyL +8 =L|1+— - — + ...
2 4
2L SL
so that
kd kd
8L
for thc last term, we have :
ks 16xH
< “3 = 2810°
8L AL

For the denominator of the integrand of (3) we get :

a1 -1610"%)

sothaa r'=L"
Finally, the wave at z=L may be computed by the following scquence :

- compute the wave at z=0
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- multiply it by the phasc lens factor @ = exp(-ikf(x' , y') )

- compute the convolution product with the paraxial Green function

This can be summarized by
AL=G*|¢ AO] 4

For the paraxial Green function, wec may take cither

_,2 2 2
ik L +x +y

ik e
Gl(x.y)=-—

2 2 2 2
JL +x +y

with an accuracy cquivalent to 10'8 Rd in the phase of thc wave, or

2 2
; .. X +y
ik elkL ik L
G(x,y)=-—— ¢

X y) L

with an accuracy of about 10°

The convolution product that appcars in  (4) reduces to a pair ol Fouricr

transforms
A =F[F(G).F(@A)]

which shows that wec only nced to know thc Green function in the Fourier

’ 2
iL kz- p2 -q

G @ for P +q <K
/1-(p+q)/k

space, namcly

or simply
i - (p2+ 2y
- tkL 2k q
Gp.q=¢ e

The resullts presented below were obtained using the latter expression. A
similar approach has bcen decvcloped by (Sziklas and Sicgman,[1975]). In the
interferometric area, the paraxial approximation is now justified by the weak

diffraction rate due to the parnticular featurcs of thc becams in this region : the
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waists of the two bcams are located on the front mirrors and are of large size.
However, in this first step in thc cvolution of the simulator, we shall neglect
the diffraction in this arca so far as rccycling is not included in the scheme.

More attention will be paid to this subject in ncxt papers.

b) The PPM Algcbra

The clemcntary transformations undcrgone by the light ray in the arms of

the interferometer are

- rcfraction in transmitting mirrors or splitters
- long range freec propagation (arms)
- short range frcc propagation (interfcromctric arca)

- reflection on mirror coatings

Owing 1o the preceding analysis, o cach of thesc wec may associatc a lincar
opcrator acting on thc wave complex amplitude. Refraction and reflection
are reprcsented by opcrators of the form

i f(x,y)

T=te d(xy) R =ire ™ d(x,y)

where t and r arc the ordinary scalar amplitudc transmission and reflection
cocfficients and f, g 1wo rcal functions rcprescnting the local phase change
duc 10 cither the recflecting surface shape (for a mirror) or thc variable
optical thickness (for a lcns). d(x,y) rcpresents the diaphragm function of
the optical clcment : d is zero outside , and unity inside.

f and g may bc the sum of a large class of terms including the ideal
geometrical form and various perturbation tcrms such as

- aberrations : a sum of Zcmikc polynomials in x/p and y/p (p being the
circular diaphragm radius) with given RMS amplitudcs

- misalignment : a linear gradient in thc phasc and no displacement of the
diaphragm contour (rotation of the elecment's axis) or a global translation

- roughness : random dcviations from the ideal surface with calibrated sclf-

correlation and standard decviation.

The long range frec propagation is represented by the propagator

P-F'GF (4)
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In order to illustratc working with the PPM algebra ., consider for instance a

Fabry Perot cavity having a front mirror M1 and a recar mirror M2 (sce
fig.3.1.4 for notation) with the corrcsponding operators Tl' R, ,R

1y
‘Hn ¥y )
].\/11 M2
<-—te 1
‘Poul b2 \*‘3

Fig.3.1.4 : Notations for the simulation of a Fabry-Pecrot cavity

that lead to the implicit equation ‘Pl obeys :

¥Y¥=T%¥ + R PR PVY (5)
] 1 in 1 2 1

Rcsolution of ( 5 ) is the central task of the algorithm wc describe below.

3.1.14.2) DE IPTION OF AL

2) Discretization of waves and operators

The waves amplitudes ., and consequently the opcrators acting upon them are
sampled on a squarc grid at equal intervals (which is required when a
discrectc Fouricr Transform (DFT) is to be employed). This gives a collection
of square arrays of complex numbers. Actions of rcflection and refraction
operators result in ordinary product of arrays , while propagation, according
to (4 ) is pcrformed by means of a two-dimensional DFT, thcn an ordinary
array product and finally a reciprocal DFT. This rcpresentation of diffraction
is ecspccially intcresting, becausc a number of cfficicnt FFT routines arc

available for performing DFT's.

imulation of cavifv

For a given input amplitude \Pin . wc have to compute the amplitude q‘out

rcflected back by the cavity. The method suggested by ( 5 ) requires first the

iterative calculation of ¥, from an approximate solution until the required
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precision is reached. As an approximate solution, we can takec the exact
cigenmode of the unpcrturbed cavity times the resonance coefficient , so that
in thc ideal intcrfcrometer, the cquation ( 5 ) is satisficd, and conscquently
the solution is rcached within 1 itcration.

Let us point out that wc can tune the cavily at resonancc by adding a uniform

phase ¢ to the propagator's : This is equivalent to adjusting the cavity length.
In order to find the value % for which recsonance occurs, we could perform

the iterative calculation of \Pl with differcnt valucs of ¢ and iry to maximize
I ‘l‘l Il by somc procedurc, but such a mcthod would be very expensive in
terms of computation time. Fortunatcly, it is possible 1o gct information about
thc resonance conditions without running many times thc cavity procedure,
by a vcry simple perturbation calculus : If we restrict our attention to small
perturbations of an ideal system, we can give an cxplicit first order
cstimation of P In practice, the finesse of the cavitics to bc considered is not
so high, and the accuracy of the first order estimation is almost always

sufficicnt.

Let us develop this idca. Call

C=R PR _P
1 2
the cavity operator. Thus ( 5 ) reads :

(Y =T V¥ ) (6)

1 1 S 1 in

1o
Y = ‘Ps + Ce V¥
The uniform adjustablc phase ¢ allows the tuning of the cavity. We shall
consider that thc situation described by the preceding cquation is a

pcrturbation of a refcrence system where mirrors have idcal shapes,
indcfinite cxtension and idcal positions. Denote by C0 the corrcsponding

(unperturbed) opcrator ; its eigenvaluecs and associated cigenvectors are
(0) ()
(&, A |}
n n

Within the paraxial approximation, the tbn(o) arc also modcs of free

propagation, and thcreforc, the input wave may be chosen proportional to

cbo(o) so that :

0) (0)
¥ =So

s 0
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the zero order solution of (6) is thus :

(0) S (0)
‘{“ = — (Do
2@ %o
- 0 e
which is made resonant by choosing P = - Arg( 7\0(0) ). Return now to the

perturbed system : At first order, we can develop the solution \l‘l of ¢q.(6) in a

serics of the ¢>n(0):

©) (0)
Wy =A[tb +2 0 @ ]
1 0 p P P

and wc can always wrile
C \Pl =A ‘I"l + ‘}"l

where A and \I"l arc completcly dctermincd by the condition

S C R
(\Pl'd)() )"

( . ) denoting thec Hermitian scalar product.

Eq. (6) thus becomes :

©) 0) i ©) 0) i
Al +Y a @ |=¥ +2e Al D +20 @  |+e W
0 p PP s 0 p PP !

which by projection onto ¢0(0) gives
(0)
( ‘PS ’ d)0 ) 1
A= -
19
l1-2ie I+ %

It becomes now clcar that the valuec of ¢ which maximizes |l ‘l‘l Il is

82



<p'0 = -Arg(1) (7)

Finally, it is casy to show that, at first order we have :

(o)

(o)
"=(C°o ' °<?) (8)

which is a well known result of the perturbations thcory. Implications of eq.
(7) and (8) arc intcresting : wc can cstimate the resonant phase by only onc

round trip in the cavity.
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¢) Simulation of a Michelson Intcrferometer

3.1.143) RESULTS

With (wo rcsonant cavilics wc can now construct a simple Michelson
interfcrometer by splitting an input amplitude Yo inlo two wavcs ‘l‘a and ‘Pb
which are used as input amplitudes for the two cavily routines, then
recombining them on the splitter with a variable phasc lag «. Variations of
a rcsult in variations of the intcgratced power on the two gates of the
interfcrometer; by scarching for a maximum and for a minimum of the
output power, it is possible to obtain both thc contrast of the intcrferometer
and thc reflected power. Wc also compute the projection of the reflected
amplitude on the lascr's , so as to cstimatc the rccycling cfficiency. When the
phasc is tuned to give the dark fringe, the chart of the intensity distribution
in the dark ficld is output (scc Fig. 3.1.10) in order to build a typology of the

different  perturbations.

a)- Finite mirror_size

The transverse cxtension of the Gaussian bcams is thcorctically infinite. It is
possible o decterminc analytically the fraction of cnergy lost through a
single apcrture, but this picturc is not complcic when the aperture is part of
a rcsonant cavity, bccause it cvalualcs the encrgy of the transmittcd beam,
but not its gcometry. The simulation code allowed us to evaluatc the effective
losscs as a function of thc diamcter of the mirrors. The results show a very
fast variation of thc losses with the ratio K of mirror diamcter to bcam
diamcter: the losses arc very high when K<2, and totally ncgligible when
K>2.5. This stcep variation of the losses with the mirror diamcter allows us to
choose arbitrarily thc minimum mirror diameters: 10 cm at thc center and 30
cm for the end mirrors. These valucs will be fixed now on and used in all the
further runs of the simulation.program.

b)- Mirror's displacements and misalignments

Fig.3.1.5 shows thc variation of thc losscs when the end mirror of onc arm
(M2 or M4) is rotated, the other mirrors staying perfectly aligned. The losscs

arc defined as the complement to unity of the maximum fraction of the light
which is reflected by the MITF and couples back into the incoming TEMg

mode.
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Fig.3.1.5 : Reflection losses of the MITF for a misalignment 6o f

the end mirror.

The alignment precision should be close to 0.3 urd. The system is much less
scnsitive to a rotation of the front mirrors, for which the tolcrance is of the
order of 1 prd.

The pointing stability of thc incident lascr beam should also be of the same
order of magnitude (< 0.5 prd).

Fig.3.1.6 shows thc effect of translating onc of the cnd mirrors (M2 or M4).

85



-10_. Losses (dB)
-20 .
230
]
. AXx (mm)
-40 1
0 1 2 3

Fig.3.1.6 : Reflection losses of the MITF for a translation of an end

mirror

The loss it induces is a combination of aperture cffcct and misalignment. The
positioning precision of the mirrors should better than 1 mm. The (flat) front
mirrors are, of course less sensitive (o translations: there is only an aperture

cffcct, which bccomes significant when the displacecment is larger than 1 cm.
¢)- Variations of the radius of curvature

The radius of curvaturc of the end mirrors, R¢e= 3.45 km, is very large, so that
D
its concavily is small: h=4—RL= 1 um, where D¢ is the diamcter of the part of
cc

the mirror on which most of the bcam cnergy is conccntrated ( i.c. the beam
gaussian diamcter, W= 12 cm) A precision of A/10 in thc manufacturc of the
mirror leaves a relative incertitude of 10 % on R¢c. The result of the
simulation is given Fig.3.1.7, wherc the two curves arc for positive and

negative relative deviations of the radius of curvature.
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0, Losses (dB)

@ _ positive curvature etrors
-10] -~ negative curvature errors

Fig.3.1.7 : Reflection losses of the MITF for a relative error AR /R

in the radius of curvature of one of the end mirrors

We sce that a precision AR/R <3% is rcquired.
- Lar wavcfron f

Wc also simulated the existence of random large scalc deformations of the
mirrors gencrated by different combinations of Zcrnike polynomials. The
results depend on the particular combination of polynomials, bccausc the
wavcfront distortion is more scnsitive to the defects which occur ncar the
bcam center than on its periphery. This can be represented by Fig.3.1.8,
where the shaded arca represcnts the dispersion of the results between two
rather different combinations of Zcrnikec polynomials giving the same RMS

dcformation.
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e second mirror choice - R=0,85
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] (AM100)
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Fig.3.1.8 : Reflection losses of the MITF
Jor a given RMS surface error
(the three curves show the variation of the sensitivity to surface defects with

the finesse and with the shape of the defect)

This puts a limit of the order of A/40 for the quality of thc mirror surfaccs.
The constraint on the wavefront distortion due to the inhomogencity of the
input mirrors matcrial is of thc samc order of magnitude. If the mirror is 10
cm thick, this implics an indcx homogencity bctter than 2.5 10-7, quitc a
difficult valuc to obtain, cven with the best kinds of fused silica.

- _Shor rrelation ran an [

Random dcformations with a short corrclation rangec can be simulated by
attributing 1o cach of the cclls of thc Fouricr transform grid rcpresenting an
optical clement a random phasc shift, thc R.M.S. amplitude of which is fixed.
This can simulate, for instance, the index inhomogencitics of the matcrial of
mirrors M1 and M3, or thc roughness of the mirror surfaces, for spatial
frequencies lower than the inverse of the cclls dimensions. The results

concerning the roughness of an cnd mirror are given on Fig.3.1.9.
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Fig.3.1.9.:
Reflection losses of the MITF for a given RMS roughness

of one of the end mirrors

The rcquirement is that this roughness be smaller than A/200. This is not a
difficulty : thc roughness of "supcrpolished" mirrors on the samc scale (a few
mm), is typically beticr than A/1000. The samc constraint applics to the index
inhomogencitics inside thc material of thc input mirrors; we will have 1o
check that.

1.1.44) PR NARY SP T E T

It is clcar that thc most critical points will be the short and large scale
dcformations of thc mirrors, the precision of the curvaturc radii, and the
homogencity of the input mirrors matcrial. The specifications on the
alignment of the mirrors and their positioning may scem severe, but thesc
paramclers can be adjusted cfficiently by high precision scrvo-systems, and
will not limit the performance in practice. Thercfore, we have run the
program with combinations of the pcrturbations c¢), d), and e) on cach mirror
and in the input mirrors maitcrial, in ordcr to decfinc the rcal mirror

requircments. Table3.1 gives a sct of specifications., which corresponds to
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feasible components and provides satisfactory rcsults : the corresponding
recycling factor is of the order of 60, so that the scasitivity goal would be
rcachcd with a lascr power of the order of 10 Watts. Thc contrast of the
interferometer in these conditions will be about 99% (without mode cleaner).

Fig.3.1.10 shows thc intensity profile of the corresponding "dark fringe".
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BEAMSPLITTER

Surfaces
Surface quality

Substrate
Integrated inhomogencity

Coatings
AR
Reflective

END MIRRORS
Minimum usablc diameter

Front surface :

surface curvature
surfacc quality
roughncess
Coaling
reflectivity

total losscs

INPUT MIRRORS

Minimum usable diamecter
Front surface :
Curvature
Surface quality
Roughness
Coalings
a) Reflective
Total losscs
b) AR.
Substrate
Integrated inhomogencity

Integrated Dbirefringence

Table 3.1

Specifications of
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the optical

A/50 RMS

< A/30 RMS

<1103
R=T= 0.5: 0.005

30 cm

Rcc = 3450£100 m
A/50 RMS
A/1000 RMS

> 0.9998
< 200 ppm

10 cm

o0

A/50 RMS
A/1000 RMS

0.85+ 0.01
< 200 ppm
<0.1%

< A/30 RMS
< 100 nm

components



Fig.3.1.10 : Residual light intensity on the dark fringe

(simulation)

Since wavefront distortions arc here the main causc of losscs, the power
transmitted on the "dark fringe” in the casc of a reccycling system is a large
fraction of the laser power. (30 % in this casc). The diffcrence between the
mirrors produce a relative difference in the light powers stored in the two
arms This gives an asymmetry of the order of 3% which is of the same order
of magnitude as the asymmetry cxpected from the inaccuracy of the coatings;
a kind of compcnsation may be achicvable in somc cascs.

As we said earlicr, the dispersion of the results for a given RMS value of the
dcformations is about a factor 10 depending on the relative wcight of the
Zernike polynomials. This demonstrates that the classical way of specifying
the quality of optical components is not adequate for usc with typical
Gaussian laser bcams.

This also mecans that the realization of thc¢ VIRGO mirrors will ask for a close
collaboration between the manufacturer and us. It suggests that, for a set of
mirrors of a given quality, it will be possible, using the simulation code after
having measured their Zecrnike polynomials, to determinc the best
combination of mirrors, and their best rclative oricntation in order to reduce

the total losscs. This optimization will also take into account th¢ measured
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characteristics of all the coatings, in order to improve simultaneously the

symmetry of the MITF.
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1,1.5) MECHANICAL AND THERMAL SIMULATION

It is important to cvalualc thc dcformations of thc mirrors and of thc optical
wavefront which will result from the weight of the mirrors, as a function of
their shapc and of thc way they arc suspended. Similarly, absorption of light
in the coatings or in the bulk material will generatc hcating, cxpansion, and
index variations.

Prcliminary studies of these two kinds of cffccts have becen donc using finite
clements programs, applied to a simple cylindrical mirror. They show that the
mcchanical dcformation will not bc very critical, but that thermal
dceformations can bccome a scrious problem, cven with good coalings having
an absorption cocflicicnt of 10-4. The poor thermal conductivity of silica,
which will be the mirror matcrial, docs not help in this respect.

The thermal lensing effecct duc to index variations rclated to absorption in the
matcrial has not been studicd yct. We have idcas on how lo compensatc for
thesc cffccts, but 0 devclop them rcquires the thcrmal modclization of the

mirror. This is onc of the prioritics for the ncar future.

3.1.2) INTERFEROMETRY

3.1.2.1) RECYCLING

The theory of recycling interferometers has becen done mainly by the GROG,
in collaboration with B.Mcers from Glasgow. This work rcsulted in the
publication of a fcw papers, the most significant onc being cncloscd here as
Appendix 3.1, The important conclusions arc that :

- rccycling is thc appropriatc solution to the lack of power of cxisting
CW single frcquency lasers; with very good (but feasible) optics, the clfective
power can be incrcascd by a factor S =100 in a widcband dcvice using
standard recycling, and by S >1000 in a narrow band intcrfcromcler using
synchronous recycling.

- the recently proposcd techniques of dcluned recycling and of dual
recycling offer the possibility of recalizing somc “intcrmediate”
configurations, whecrc both thec bandwidth and the sensitivity arc tunable and
lic bctween those of the widcband and narrow band devices. Their sensitivity
to the optical losses of the components of the interferometer is also different,
so that thecy may allow the optimization of the dcvice performance; in

particular, thc possibility of using dctuned recycling, which is a specific
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property of the Fabry-Perot devices, looks very promising, becausc it allows
onc to modify the rcsponse of an interferometer without requiring any other
change than an offset in two scrvo-loops. In the following, we will consider
only thc standard recycling technique, which we are going (o use in the first
genecration of VIRGO.

3.1.2.2) DETECTION TECHNIQUES
3.1.2.2.1) THE MICHELSON INTERFEROMETER

From the viewpoint of the interferometric technique, the important figure to
rcmember is that we have 1o mecasure a rclative phasc shift of the bcams
rcflected by the two arms of the Michelson interferometer (MITF)
o= 1.5 1017 rdHz V2, in the frequency range from 10 Hz to a few kHz.

To bc ablc to mcasurc such a small phasc shift, the dctection should be shot-
noisc limited, with a laser power of at lcast 500 Waus, at 1.06pm.

In this sccltion,wec first recall the simple thcory of a Michelson
intcrferomecter (MITF) with a D.C. dctection, and we establish its ultimate shot-
noisc limited scnsitivity. In the following paragraphs, we describe the
diffcrent high frequency dclection techniques and we compare their limit
scnsitivities to that of the MITF in DC dctection. In the casec of imperfect
contrast, wc show that modc filicring of thc bcam is nccessary to recover the

ultimatc detection scnsitivity.

3.1.2.2.2) DC MICHELSON:

Let us reccall first the basic formulas for the standard MITF shown on Fig

3.1.11 a. The DC dectection of lhcplransmiucd port gives the following signal:
P=TO(I+C cos <D)

where P is the power incident on the MITF and C is the contrast of the

fringes dcfincd as
Pmax' Pmin

C = Jmax_min
Pnux+Pmin

@ is the phase differecnce between the two arms, carrying the cffecct of the
gravitational wave. The scnsitivity of this kind of dctection to a phase shift do
is the derivative of the signal P rclative to &:

p
£=-7°Csin¢

do
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If the system is shot-noisc limited, the spectral density of the noisc, measured
in terms of currcnt on the photodiode is :

/ P :
lipor=¢€ l—°‘\/l+Ccos¢ Hz '

hv

where e is the clectron charge, n is the dctector quantum cfficiency and v
the lascr frequency. This noisc current is cquivalent to a phasc shift 6@
measured in the system, rclatcd to the above scnsitivity by the expression:
SO= Ispor =IJZhV N1+Ccos @ He 2
en |dP. nP, Csin®
hv |d®

this is the minimum dctectable phase shift of the systcm. In the casc of a
perfcct contrast  (C=1), thc best scmsitivily is obtained for the system sitting

on thc dark fringe, (@ =), and

b =

o

2hv 12
nP,

We  will take this valuc as the rcference value for the scnsitivity in the

Hz

following discussions
In practice. the contrast is always smaller than unity, and the system should
bec dciuncd slightly from the dark fringe in order to optimize the scnsitivity.
This ncw position is a function of the contrast dcfect 7-C, assumcd small:

cos @=-1+v2(1-C)
and thc rcmaining powcr on thal new position is :

Py
Prem=7 2(1-Q)

As thc MITF is not cxactly on thc dark fringec, wc must investigatc the cffects
of the amplitude fluctuations of the lascr on the detection: let AP/P be this
rclative amplitude fluctuation. Its cffect on the output current Alpem should
be smaller than the shol noisc limit at this lcvel, m . Then the relative
amplitude fluctuations should follow the condition

A_P_< 2hv

d P rom
For a contrast of 1.10-4 and Pg= 500 W, then Prem= 3.5 W, and wc find the

condition:

APIP< 3.10 10 Hz-1/2,
This is a very difficult condition to fulfill in the low [requency range,
bccause thc measurcment can be spoiled by laser amplitude noise and 1/f
noisc in thc photodctectors and the clectronics. The solution to this type of

problem is to use a high frcquency modulation technique, which performs a
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frequency transposition allowing one to get rid of the low frequency

fluctuations.

Phaese Modulators

)\

Po
| Laser } Bow Laser
8S BS

Py

c

photodetector () photodetector (&)

Fig.3.1.11 : Michelson interferometer
a) : D.C.detection
b) : Internal phase modulation

1,2, INTERNA DULA

The "classical” way to operatc a MITF in high frcquency range, with a shot-
noisc limited scnsitivity, is described in Fig 3.1.11.b: thec armlcngth is
modulated at high frcquency (10 MHz), with opposite phases in thc two amms.
The modulation frequency is chosen to bec higher than the frequency at
which excess noisc in the lascr power disappears below the shot-noise for the
power to be dctected. The phase difference & is modulated in the form: @ = &g

+ m cos St . The output power of the transmission port is then written as':

P
Pre= 5 (1+C Jocos ®y-2C J, sin®qsin Q1)

where Jo and J; arec the Bessel functions of zero and first orders of the
modulation m. This power is minimized by maintaining th¢ MITF tuned to a
dark fringe ( @9 =n ), and by trying to kcep its contrast as high as possible.
The signal is then dctected at the modulation frequency 2 and the sensitivity
of the system to a phase shift ddis the derivative of the signal PRfF rclative to
Po

dpP
RF_PoCJl cos (Do
a0,

In the samc way, wec can dcfinc a minimum dciectable phasc shift which is
2ny Y 1+Clycos D,
o=
nPo CJ,cos®,
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Dcpending on the contrast, one can find an optimum modulation depth which

maximizes the phase secnsitivity of the measurement :
1/4
Ji=(2(1-C)

and the cxpression of the secnsitivity is:

5¢= .2h_v 1+(
V 1P

We can seec that the power on the dark fringe, with the internal modulation

((I—C)))I/2 waVh
2

technique, is the same as in DC dectection:
P
Pron= VZIT-C]

The scnsitivity limit of this technique is the same also as in the case of DC
dctection; then the demand on thc amplitude stability is the same, but here
the advantage is that thc power stability requirement is in the high

frequency range.

1.2.2.4) EXTERNAL DULATION

Besides the fact that the phasc modulator might not be able 1o stand the light
power in the MITF arms, the loss that it introduces inside the recycling cavity
limits the recycling factor. In order to use rccycling techniques and to
minimizc the losses duc to thc phasc modulators inside the MITF, onc can put
them out of the MITF in an ecxternal arm, to perform a kind of hcicrodyne
dctection of the beam transmitted by the MITF. The figure 3.1.12 gives an

experimental set-up.

Laser

photodetector

Fig.3.1.12 : External modulation
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There is now a sccond interfcromcter, which is a Mach-Zchnder (MZ)
.Considering the MZ, onc has the samc kind of configuration as previously,
that is an interfcromcier with internal modulation, and in which onc arm is
the MITF, whose output is variablc in amplitude and in phasc.

It is important to rcalizc that the obscrved contrast defect is always duc
mainly to the distortions of the wavefronts in the interferomecter arms,
rathcr than to an incquality in thcir reflectivitics. The output bcam from the
MITF can bec cxpressed as the sum of two componcnts : the interference
between the undistorted bcams, supposed to have a TEM(( gcomctry, and somc
highcr order components (TEMpp). that we supposc not to interfere. Then we

cxpress the output of the MZ as :

(1-C) (1-C)
5

Pexr_'POOT'+ P2+Pmn'2 PO(‘P2 s ©

where @is the phasc diffecrence between the becams having travelled in the
cxternal arm and in thc MITF (8 contains thc gravilational wavc signal), and
Cr is the contrast duc 1o thc difference in reflectivitics. P2 is the power
diverted to the cxtecrnal arm. The relation between the different powers is:
Pp=P)+ P2=Pop + 2 Ppn + P2
The phasc modulation is in thc cxicrmal arm and 6 gets the form :
6=868p + m cos (2t

So wc can scparatc this expression in two terms: the DC signal, contributing to
thc shot noise, and the modulaied term, containing thc signal. After somc

algecbra, wc obtain the cxpression of thc minimum dctectable phase shift

(1-C) 0
Poo—z— Py+Ppn- 2\ PotPr——
b=
J,/PogP,(1-C

In the samc way as with intcrnal modulation, the phasc of thc cxicrnal arm

has to bc adjusicd to a dark fringe, in ordcr to makc the system scmsitive to the
gravitational wave. The optimum values of P2 and m are functions of C, and of
Pmn!P00

In the limit of good contrast (Cp= /), and no bcam dcfect (Pyp= 0), the S/N is
the samc as in the casc of inicrnal modulation.

When the beam distortion undergone inside the MITF is not ncgligible i.e. if
Pmn >10-4, thc DC term which contributcs to the shot noisc increascs, while
the scnsitivity of the detection rcmains roughly constant, and to rccover an
optimum of the sensitivity, onc has to modulate quitc strongly. In that case,
the sensitivily is V2 times worsc than in the idcal casc of intcrnal modulation.
One might think of using two photodiodes to monitor thc fringes signal from

the MZ; the shot noisc in the dctection is then the squarc root of the sum of
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each photodiode shot noisc, and the signal is twice that of cach photodiode.
The best sensitivity is rcached by maximizing J; which corresponds to a high
modulation level (m=1.8, giving J1=0.58), and thc secnsitivity limit is I/(\E Jr)
= 1.2 times worse than in the casc of the internal modulation. This is still
slightly bcttcr than the dciection with one photodiode, but the best thing to do
in presence of becam distortion coming from the MITF is to rcduce the total
powcr rcaching the detector by spatially filtering the beam. Then, the
sensitivity is again very close to the oplimum, as long as Ppyu<</.

S/N
N
""""" we . (1)
91 e
____________ 3)

N
1 [ ot
.61
.5
4 (1):0ne photodiode, no spatial filter

(2): two photodiodes, with spatial filter
.3 (3): two photodiodes, no spatial filter
2 M 6 8 1 1.2 1.4 1.6 1.8 2

modulation index m

Fig.3.1.13 : Compared sensitivities of external

modulation techniques

The figure 3.1.13 shows thc compared signal to noise ratio in the three kinds
of detection described, versus the modulation index. The beamsplitters of the
MZ havc bcen adjusted to thc optimum value in cach case, thc contrast defect
is 104 and the bcam distortion Pmn ) is 10-3. Onc can scc that, without spatial
filtering, it is better using two photodiodes instcad of onc and 1o modulate
strongly.

Table 3.2 gives the scnsitivity limits for all the cases. It also includes the
cxternal modulation with an Acousto-Optic shifter, which will be mcntioned
in the paragraph ) of this section.

External modulation techniques will reintroduce a high sensitivity to laser

frequency fluctuations if the arms of the MZ have diffcrent lengths. This
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Intcrnal Extcrnal Modulation External Frontal
Modulation with Phasec Modulator| A-0 shiftes Modulation
Limit phase 1/2
2n PO ﬁ
id* i i ﬁ e
sensitivity ( hn ) id id. 2 id. id
use of onc | use of two modulation
remarks photodiodc | photodiodcs| frequency  matches

pathlength of MITF

abscrvations

advanlage: casy
to implement
drawback: lossecs
of phasc modula

tion inside the

MITF

advantage: cxtra losscs inside the

MITF-allows high rccycling gain

drawback: dccrcasc

if no modc clcancr used

in scnsitivity

TABLE 3.2

(* with

modc clcancr)




difficulty is ovcrcomc by using as thc reference bcam a reflection from the
second face of the MITF beamsplitter (sec fig 3.1.12 ). In this way, the light
has travclled the samec length in the two arms, and this schemc does not

introduce more sensitivity to the frequency fluctuations of the laser.
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.1.2.2.5) RE ING WITH EXTERNAL MODULATION

To rccycle the reflected light Ry from the MITF, we insert a front mirror
which has a transmittance T,. The recycling factor, which is the
cnhancement factor of the incident light is then
S= T,
2
[1- VT, VRy|

For a given ovcrall loss of the MITF, the transmissivity of the front mirror

should bc equal to thc sum of the MITF transmission and of its loss, in order to
oplimize the rccycling gain. The incident lascr power Pg is mulliplicd by a
factor S and the highest S/N is now VS. So the minimum detcciable phase shift

in cxternal modulation is then :

1-C 1-
50 vspoo(—i‘—)“f’z*‘s P,,,,,-ZIOVSPOOP}Z—C) P

Hz
J1 A4S PgoPo(1+0)

Thc samec discussions as abovc conccrning how to overcome the presence of

bcam defects is still valid, cxccpt that the recycling cavity enhances the
cffect of bcam decfects by the factor JS. The limit scnsilivity can bc obtained

with the samec dctection configuration as in thc case of no recycling.

3.1.2.2.6) EXTERNAL ACOUSTO-OPTIC SHIFTER

In the cxternal arm of the MZ, one can also usec an Acousto-Optic (A-O)
frcquency shifter, and then make an heterodync dctection of the signal from
thc MITF. In that case, cven with a maximum cfficicncy of the A-O, the

sensitivity is V2 times worsc than with the phase modulation.

3.1.2.2.7) FRONTAL MODULATION

Another modulation scheme has been proposcd (Schnupp [1988]), where the
phasc modulator is placed in the incident bcam, in front of the rccycling
mirror. Thc interfcrometer phase shift induced by 1he gravitational wave is
dctccted on the transmitted port, as usual, in thc signal dcmodulated at the
modulation frcquency. The modulation frequency €Q has to fulfill some
conditions becausc:

» the sidcbands must bc resonant in the rccycling cavity, otherwise the

effective modulation index will bc very small :
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2L
B=n2n
2c

where n is an intcger number, and L, is the cquivalent length of the

recycling.cavity If the gravito-optic transducer in cach arm is a Fabry-Perot

cavity of length L, the condition ‘;—lc"'= n 2x must also bc verified (for another

valuc of n), in order not to reintroducc laser [rcquency noisc.

e the signal must have a maximum sensitivity to thc phase differcnce
(®) of the MITF; if R, and Rpf are respectively the intensity reflectivities of
the recycling mirror and of the MITF, we get a rclation between these
reflectivitics, thc modulation frequency £ and the residual path-length dof
the MITF:

COS(%é) =/ R,.RM
c

This condition also ensurcs thc optimum cnhancement of the modulation

index inside the recycling cavity. When R, is optimized, this reduces to:

as =’\/T2 *2nm
2¢

With this frontal modulation, onec also expects an induced amplitude
modulation on the decicctcd phase diffcrence of the MITF. If m is the
modulation index of the incident bcam, the phase diffcrence is modulated
with an amplitudc 4¢ = m VI - R, Rpyy. The optimum modulation index
depends on thc kind of loss encountercd in the MITF; with a dominant
absorption loss, the modulation can be small to reducc the amplitude
modulation effects. With a dominant loss duc to becam distortion, onec should
filter spatially thc outgoing beam of the MITF to recover the optimum
scnsitivily.

This technique scems to be very promising for the kilometric antenna;
unfortunately, duc to the rclation between the path-length and the
modulation frequency, it is not casy to lest it in a small systcm, bccause the

modulation frequency will be too high, in the gigaHertz range.
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3.1.2.3) EXPERIMENTAL RESULTS

A rigid prototypc has been implemented in Orsay, in order to test the
different kinds of modulation techniques.

With the internal modulation technique the shot noisc limited sensitivity has
been rcached for powers ranging from 10 to 200 mW, both in Orsay and in

Garching. This corresponds 1o a phase sensitivity :

-9 ~ . R
s0= [ 2 1410 rdHz"2 oroh=2102 He

nPo

in a full size antcnna.

Another important cxperiment was to verify that this phase sensitivily can
bc maintained when the interferometer is no more a simple MITF but
contains a Fabry-Perot in cach arm: the scnsitivity is then amplificd by the
cquivalent number of bounces in each arm, which is cquivalent to the
fincssc of thc Fabry-Pcrot . This expcrimcnt has been rcalized for the first
timc in Orsay with Fabry-Perot of finesse 150 in each arm and by

rccombining the reflected light from each arm.
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Fig.3.1.14: Experimental set-up
Michelson-Fabry-Perot interferometer
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Fig 3.1.14 shows the block diagram of this cxpcriment, and Fig 3.1.15 shows
the spectral density of the path-length difference of the MITF, in the
frequency range 0 to 100 kHz, both for the simple MITF and for the MITF with
the Fabry-Perot cavilics in cach arm. The improvement by two orders of
magnitude of the mirror displacement sensitivity is cxactly the expected
result

Recycling cxperiments have been done in Orsay, (Man et al.[1987]) and in
Garching (Schnupp ct al [1987] ); with a typical overall loss of 1% and a
recycling mirror Ty = 2%, we have achieved a recycling factor of 40 .

External modulations using onc and two photodiodes have becn tested in Orsay
in a rccycling MITF. The optical configuration used in thosc cxpcriments
corresponds to the schemec of Fig.3.1.12 : the cxternal light is derived from an
cxtra reflection of the beamsplitter, so it has travelled the same way as that of
the MITF arms. We cffectively checked out that there werec no cxtra
sensitlivity to the laser frequency fluctuations (Man et al.[1988]).

In this expcriment, wec cncountcred a power limitation above which we
observed optical damage on the bcamsplitter This limitation appcared for an
incident power of 0.3W, corresponding to a storcd power of 12W. This is quite
encouraging, bccausc, although we did not wusc “supercoatings", this
corrcsponds 1o an intensity of 6kW/cm2 which is about thc samc as what wc
cxpect to recach in VIRGO. The sensitivily was shot-noisc limited for low
modulation indcx, but remained a fcw dB worsc than the optimum value
because we did not have a mode clecaner at that time. The best sensitivity we

mcasured corresponds to an cffective power of 2 W (8¢ =3 10-10 rd.Hz'”z)

3.1.2.4) SCATTERED LIGHT

The problem of the cffecct of scattered light on the interfcrometer
performance is quitc complex. The effect is that light which is scattecred by
any optical componcnt can find its way back to thc signal detector, where it
will interfere with the signal bcam. It will producc a phasc shift of the
detected light, which scales with its amplitude (as opposcd to intensity). Then
even a very wcak scatlered light intensity (10-10) may produce a noliccable
phasc shift (2x 10-5 rd). This may become dangerous cither if the scattered
light optical path is very different from the main bcam path, bccause it will
increase the system sensitivity to laser frequency [fluctuations, or if the
scattered beam is reflccted from a moving surface, such as the pipe walls, for

instance. The first effect will be unimportant becausc of the very high
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stability of the laser. The sccond onc can bce madc negligible only by
decrcasing as much as possible the amount of scatiered light, and by
prcventing it from reaching the dctector after having bounced on the pipe
walls.

We will use "supcrmirrors” made with the best coating technologies on a
supcrpolished substratc to rcducc the total scattering cocfficicnt of each
surface bclow 104,

The cffect of light baffles placed inside the pipc to trap the scattered light has
been studied by K.Thorne recently (Thome,[to be published]). His results
show that the ecffect of scattered light can be made ncgligible by inserting a
large numbcer of thesc traps (>100) in cach arm of thc¢ MITF, and hc proposcs
that thcy be placed inside the tube oncc forever. This solution is possible, but
unpleasant, becausc it lcaves no possibility of error. If the cdges of the traps,
for instance, arc not sharp cnough, thecir cfficiecncy will decreasc very much
and it will be suitable to change thcm.

We have not yect chosecn a [final solution to this problem. Numerical
simulations using a Montc-Carlo mecthod or using an adapted bcam
propagation program arc being made in Pisa and Palaiscau. They will check
Thornc's calculations, and test somc ncw idcas.

The important idea here is thai Thorne’s work gives a solution to the problem.

We may improve it, but the question of feasibility is already answered.
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3.1.3) IMPLEMENTATION

3.1.3.1) THE LIGHT INJECTION AND DETECTION SYSTEM

Up to now, we have only considered a simplified intcrfcrometer reduced to its
6 fundamcntal optical componcnts. It is timc to consider the complete optical
device, which involves many morc components, whose functions are:

a)- to bring the laser bcam inside the vacuum tank: thc beam can be
transported by a set of mirrors through a window, or by a monomode fiber.
This sccond solution, alrcady implemcnted on the prototype interferometers
in Orsay and Pisa, will be thc preferred one if its efficicncy can be brought
up to about 80%. (wc prescntly obtain about 60% with grcen Argon laser
light, but it is reasonable 10 expcct somec improvemcnts in the ncar future).
The main advantage of the fiber is that it delivers a very stablec output beam,
of constant gecometry.

b)- to eliminatc as much as possible all the bcam fluctuations, by
filtering it and by providing ways to scrvo-stabilize it. Aclive stabilization
with fast, high gain, scrvo-loops acts as a high pass filier for the fluctuations,
and can reduce dramatically the frcquency and amplitude noisc of thc lasers
in the low frcquency range of interest (10 Hz-10 kHz). The other frequency
rangc of intcrest is the¢ 10 MHz range, around thec modulation frequency,
which lics outsidc of thc bandwidth of the servo-loops. The best way we have
found 1o suppress fluctuations in this frequency rangec is to use a Fabry-Perot
cavily in transmission : this acts as low pass filter, with a bandwidth : Av=5§7;.
If onc chooses a length (L) of 10 m and a fincsse (F) of 100, then Av=1/50 kHz,
and the fluctuations around 10 MHz arc suppressed by a factor of the order of
100. The nice thing about this dcvice is that it  suppresses all kinds of
fluctuations. It was first introduced as a mode-clcancr (spatial filter) by the
Garching group, which did not realize at that timc that it could also bc a low
pass filter for frequency and amplitude fluctuations. The characteristics of
mode clcaners arc described in scction 3.3. Wc intend to include such a cavity

inside the central part of the vacuum tank.

c)- to transform the bcam gcomectry, in order to match it to the
interferomcter cigenmode. This is rcalized by a bcam expander placed

between the mode-cleancr cavity and the input of the interferomcter.
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d)- to provide the modulations nccessary to the control of the
interferometer and to the extraction of the signal This is thc most complex
part of the system. It must serve thc following functions

locking of the Fabry-Pcrot cavitics in both arms

locking of the recycling cavity

locking of the Michelson interferometer to a dark fringe

locking of the modc clcancrs

optimized dctection of the signal

c)- to reject thc unwanted gcomectrical and frequency components of
thc output becam. This will be rcalized by a sccond modc-clcancr. This device is
important, becausc it prevents uscless light to reach the photodetectors. This
improves the apparcnt contrast of the intcrfcrometer and reduces the amount
of cnergy which has to be transferred to the modulation sidcbands : it results
that the scositivity is improved. and that thc demand on the dectectors average
outpul currcnt is lowcred.

Fig. 3.1.16 shows a simplified block diagram of thc enscmblc.
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Fig.3.1.16 Functional block-diagram of the VIRGO interferometer
Fig. 3.1.17 gives a morc dctailed view of thc modulations and of the

stabilization loops involved in the global control of thc interferomceter, in the

casc of a frontal external modulation.
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Fig.3.1.17: Global control of the interferometer

In the schecme proposed hcere, the laser frequency is prestabilized before the
fibcr, and the final frequency control is rcalized with onc of the long cavities
as a rcference (13 MHz modulation). The modec-cleaner itself is stabilized on
the laser frequency, and the other Fabry-Perot gravito-optic transducer is
locked to the lascr (with the low frcquency modulation-demodulation at 5 kHz,
and the fccdback loops acting on M3). The 5 MHz phasc modulation scrves to
lock the recycling cavity to the laser. The MITF is locked on the dark f[ringe
by monitoring and dcmodulating the signal at 11 MHz after thc output mode-
clcancr and by fceding back thc error signal differcntially on the mirrors
M1 and M3. If thc unity gain frcquency of this loop is higher than the
obscrvational frcquency range, the gravitational signal is contained in the
control voltage applicd to the transducers on Ml and M3.

The cxact modulation frequencics arc determined by the exact dimensions of
the apparatus: the 5 MHz must be chosen so that thc sidcbands at vj £+ 5 MHz

arc reflected by the recycling cavity, while the sidebands generated by the 11



MHz modulation must be resonant with the recycling cavity and with both
Fabry-Perot cavities.

For this global frequency control to function, it is necessary that each
suspended mass be aligned and prestabilized with a local control loop (sec 3.5).
The important point at this timec is that we do have a solution for ensuring the
control of the system; there are other possibilities and refinements, some of
which may appcar to be uscful. Changing from this solution to a better one is
a minor piecc of work oncc the transducers and the elcctronic loops have
been understood and developed.

Fig. 3.1.18 describes a possible setup for the optical systcm we will use to inject

light in the interfcrometer.
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Fig. 3.1.18 : Schematic of the light injection bench

Light coming from a monomode fiber is phase modulated (at 9 MHz) and sent
through a folded ring-cavity modec-cleaner. The light reflected by the mode-
clcaner is scnt to a detector and demodulator systcm, to gencrate the error
signal for locking the mode-cleancr to the laser frcquency. Folding the ring
cavily decreases the intensity on the mirrors for a given sclectivity. When
the system is locked, the amount of reflected light should be small, but it
reaches 100% of the laser powcr when out of lock, so the detector will need to
bc protected : one possibility is o precede it by a fast electro-optic (E-O)
shutter which can atlenuate the beam in less than a microseccond as soon as it
becomes too intense. The other obvious possibility is to attenuate the beam
pcrmanently, if no shol-noisec constraint is present..

The light transmittcd by the mode-clcaner is modulated again (at 5 and 11

MHz), passed through a Faraday isolator to prevent optical feedback, and
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cxpanded to maich the interfecromeler bcam gcomcetry, beforc reaching the
recycling mirror MR. The detcctor which measures the light reflected by the
reccycling cavity has the samc problems and thc samc protection as the first
one.

For the purposc of power stabilization, a small fraction of the bcam is diverted
towards another dctcctor, just before the beam cxpander.

Both the fiber and the final bcam cxpanders must have a very good
dimcnsional stability, or better, a remote fine adjustment capabilily, in order
to maintain the pcrfect alignment and matching of the beam (an automatic
fiber alignment and a rcmotcly controlled becam cxpander have been built
and tested in Orsay).

All these components will be integrated on a single suspcndcd mass.
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3.1.3.2) MIRRORS MECHANICAL DESIGN

3.1.3.2.3) LARGE MIRRORS

The large mirrors of the intcrferomecter (M) through Mg) are interesting
pieces of high technology. They should not only have a very high optical
quality and state of the art coatings, but also thecy should obey some
mechanical constraints

-they should bc heavy to decrease thc thermal noisc of the suspension
(sec 2.10.4). As described in Chapter 2, this formula is valid above the
pendulum highest resonance frequency, i.e. above a few Hz in our case, and
the corrcsponding noisc varics as /o2, so it bccomes negligible at high
frequency.

- they should also bc made of one single picce and have a simple shape,
so that their mechanical recsonances are of high Q and at high frequency, in
order to decrease their own internal thermal noise (scc 2.10.6). This formula
is valid below thc lowest recsonance frcquency of the mass. Since wq is
roughly inversely proportional to M1/3, (he noise is roughly independent of
the mirror's mass, as long as thc mirror is not so large as to prescnt resonant
frequencies within the dctection range.

- the product of thc inhomogencity of the material by the thickness of
the input mirror should bc small enough to keep the wavefront distortion
bclow the specifications. For an inhomogcencity &n = 2 107, the maximum
thickness is of the order of 10 cm.

Then, one has to look for a good compromise between the constraints of high
scnsitivity at low frequency and at high frequency and the thickness
limitation.

The choice of thc matcrial is quite restricted : it has 1o bc highly transparent
and homogecncous, to have a low damping cocfficicnt, and to be
manufacturable in large dimensions. Only fused silica responds to these
conditions.

We first tried to design very heavy mirrors, for low noisc at low frequency.
Aftcr somc itcrations bectween a material producer (Heracus) and a coating
specialist (SAGEM), wc ended up with a mirror shapc such as described on
Fig.3.1.19 a. The conical shapc is madc neccessary by the requircments of the
coating technology (the back of the mirror is A.R.coated). It would be possible
in that way to reach a mass of 200 kg. This mirror would be realized by
“fusing” a disk of very high quality and thickness 7cm to a massive conical

piece of lower optical quality. The whole objcct is madec of silica. The
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drawbacks of this dcsign arc that it is difficult to polish and to coat. and that

its lowest resonance frequency is a bit too low (1.3 kHz)

A «200mmp

High optical gquality
central area

mm 500mm

-
o

Fig.3.1.19 Possible mirrors designs
a) a high mass conical mirror, obtained by “fusing” a high optical
quality disk on a massive cone.

b) a high resonance frequency, single piece, disk shaped mirror

It seems now that it will bc possible to get very high optical quality silica
disks of thickness 20 cm and diameter 50 cm (Fig."3.1.19 b), with indcx
inhomogencitics smaller than 2 10-7 RMS in the ccntral arca. This could
rcpresent a good compromisc, although the wavefront distortion may be a bit
too high. But the RMS specification is not well adapted here, and we will have
tlo make the measurcment in terms of Zcmike polynomials. The mirror mass is
90 kg. the polishing and coating will bc much casier, and the first resonance
frequency is higher (about 3 kHz).

These two designs should give satisfactory rcsults. The final choice will
dcpend on further itcrations with the silica producers and the coating firms,
on cost evaluations, on the results of modeclizations of the mirrors rcsonances,

and of some more thcorctical and investigations on the thcrmal noise.
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.2.1) SPECIFICATIONS AND PR ED DESIGN

Let us remind the rcquirecments for the laser :

It should be a monomodec single frequency lascr, with an oulput power
of more than ten watts initially, scalable to 100 Watts in the future.

Its frequency and output power must be extremely wecll controlled. This
is realized by active servo loops.

Its wavclength is not a critical parameter : it must be chosen as the
rcsult of a compromisc bectween many different considerations:

- . . 1
- the sensitivity for a given lascr power improves as ﬁ

- the beam diamcter incrcases as VA, asking for bigger optics as A
incrcascs

-the apparent quality of the optical components improves
proportionally 10 A as concerns thc polishing, and to A2 as concerns
light scattering

- the laser power is to be weighed by the cfficiency n of available
photodctectors at  its specific wavclength. Silicon dciecctors provide n= 1
from A= .5 to .85 pm. while InGaAs dctectors provide m= 1| from A= 1 to 1.6
pm.

Within the range of .5 to 1.5 um, the main clement of the choice is
finally the existence of an appropriate lascr. All thc prototypes around
the world have been using Argon ion lasers at  thc wavclength of 515
nm, becausc it was thc only reasonable and commercial lascr for low and
intermediate powecrs.

As wc have dcmonstraicd a few years ago, it is possible indced 10 usc an
array of 4 to 5 phase locked Argon ion lascrs to obtain a single
frequency output power of 20 Watts, by injection-locking thesc lasers
togethcr. That scemed to be the only possibility for a while, in spite of
the many inconvenicnts of Argon ion lasers:

- their low cfficiency (typically 10-4 in single frcquency
opcration) makes thcm very costly in the casc of a continuous opcration,
both beccause of the power and the water consumption. For 1 ycar of
opcration at an output power of 20 W, the required power is about 2 100
kWh, and thc cooling water consumption of 20 000 m3.
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- the lifetime of a lascr amplificr tube at full power is of the order
of 1000 h, so that more than 30 tubes per ycar would be neccded, for a
total cost of ncarly 6 MF, or 1.2 GIL, and at lecast 30 days of operation in
non optimal conditions.
This is still the direction pursued by thc other groups at the present tlime
(although there is an cvolution towards Nd:YAG lascrs), but we do not
think it is the best way to go anymore, since the development of high
power laser diodes in thc mid 80's has opened a ncw cra wherc very
rcliable, powerful and efficient solid-state lascrs are becoming
available.
In 1986, wc dccided 1o start studying thc possibility of using Nd:YAG
lascrs for illuminating the intcrfcrometer. At that time, it was possible
to buy multimode YAG lascrs with output powcrs in cxcess of 100 Watts.
These lasers were pumped by Krypton lamps and were not optimized for
monomode opcration, but thcy appeared to be able to deliver more than
10W, for an clectrical consumption of 10 kW; this is an cflficiency of .1 %,
alrcady 100 timcs better than in the case of an Argon lascr. The krypton
lamps have a lifctime of thc order of 500 h, but they arc 100 times
chcaper than an Argon tube
Furthcrmore, the promise is that it will become possible in the [future to
rcplace krypton lamps by lascr diodcs, providing an efficicncy higher
than 10 %, and lilctimes of the order of S0000 h. Thc wavclength of the
YAG laser (A=1.06 um) is still in a convcnicnt range, now that very
cfficicnt InGaAs photodetcctors have bcecen developed (for
communications applications). We cven think that this wavelength s
prcicrable to the 515 nm wavclength because it reduces the problems of
scattered light and of mirror surfacing. Lct us add that it is also possible
to frecquency double a low power ND:YAG laser with a very high
clliciency, so that it will bc soon possiblc.to usc thc YAG lascr at the
wavclenglh of 532 nm, if this appears 1o bc advantagcous. At the present
time very high doubling efficicncics have been obtaincd at low power,
but the lifetime of the nonlincar crystals uscd to gct this result is quite
short.
The cost of the very high power laser diodes which are nccessary for
pumping a 20 W YAG lascr is still dissuasive, so wec arc presently
working at an intermediate solution which consists in a high power
krypton lamp pumped laser, which is uscd to amplify thc low power, but
ultrastable becam dclivered by a diode pumped YAG lascr.
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Therefore, we dccided that the best solution would be to usc a Nd:YAG
laser at 1.06 pm. In a first step the high power oscillator would be a
lamp-pumped YAG rod. Its frequency stability would bc obtained by
injection locking from a diode-pumped stabilized low power oscillator.
This solution could be satisfying for the first generation of VIRGO. It
would be easy to rcplace the lamp-pumped device by a diode-pumped

high power device once the cost of diodes bccomes reasonable.

:2.2) THE LOW POWER DIODE PUMPED LASER

The diode pumped laser has been studied and devcloped in Orsay during

the last two years. Fig.3.2.1 rcpresents its cavity.
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Figure 3.2.1 : Optical scheme of the diode-pumped Nd:YAG

laser

It is a standard end pumpcd laser, with a cavity length of 5 cm. The pump
lascr is a 500 mW diode. It delivers now a maximum power of 40 mW, and
can be activcly stabilized to generatc a bcam of ultra-high spectral
purity ( a linewidth of the order of 1 mHz). This device is described in an
Appendix. It is very likely one of the two or thrcc most stable lasers in
the world presently, and thc most stable Nd:YAG laser cver rcalized. Iis
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spcctral density of frequency fluctuations is of 0.01 Hz-1/2, 1 is limited
by the shot noisc of the frequency discriminant and by the fincsse of
the reference Fabry-Perot cavity, and can be improved by about three
orders of magnitude, if rcquired.

The output power of 40 mW is still low, but this can be improved: we are
starting a collaboration with the German company MBB, who has
already realized similar (but unstabilized) dcvices having an oulput

power of the order of 500 mW.

3.2.3) THE HIGH POWER LASER

3.2.3.1) DESIGN

The design of the high power device is conditioned by some particular
characteristics of thec YAG crystal.

a) thermal lensing cffect
The low clficicncy of lamp-pumping a Nd:YAG crystal produces a strong
heating of the lascr head, which must by avoided by water cooling. The
combined cffecct of hcating and cooling crcates radial tcmperaturc
gradicnts in the YAG rod, with a cylindrical symmectry. Sincc the optical
index depends on the temperature, this produces a power dependent
positive lens effect in the crystal.

b) thermal bircfringence
The thermal gradient produces stresses in the matcrial, which creatc
bircfringence; in each point of the crystal, thc main axes of the
cllipsoid arc radial and tangential. This has two dctrimental effects : the
gcometry of the bircfringence does not allow for the propagation of a
linearly polarized beam, and it also crcates bifocusing, the focal length
of the thermal lens varying by as much as 20% dcpending on the
polarization.

¢) spatial hole-burning
The presence of a standing wave inside thc crystal gencrates a spatial
modulation of thec gain saturation. So, even in an homogeneously
broadecned mecdium, all the Nd3* ions do not collaborate cqually to the
laser effect, and it becomes difficult to obtain a singlec frequency
operation.

d) description of the present laser

We have chosen to use a ring cavity to avoid the spatial hole-burning

problem. The birefringence is compensated by using a pair of similar
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amplifiers, with a 90° polarization rotation between them. The initial
polarization is defined by a polarizing beamsplittcr, and rc-cstablished
after the sccond amplifier by a half wave platc. Tunable output coupling
is obtained by a small rotation of the plate. It generates a component on
the orthogonal polarization, which is reflected by the beamsplitter and
uscd as the output beam.

Faraday rotation is used to ensure unidirectionnal opcration.

The cavity geometry is calculated for being dynamically stable and for
optimum beam size inside the amplifiers. The beam is symmetrical
relative to the median plan between the amplifiers.Fig.3.2.2 shows the
optical scheme of this cavity.

crystal

quartz ( 89° + {(B) )
rotator

Magnet

polarizer

Figure 3.2.2 : Optical scheme of the High power Nd:YAG laser

The mechanical design is intended for somec versatility, allowing
diffcrent trials, and for stability. It uses a framec of three Invar rods, to
which each optical component is connccted rigidly with an individual
Aluminium structurc. The amplifier heads, which show vibrations
induced by the water cooling, are not connected to the frame. We had
devcloped and used this technique previously for the design of stable

Argon lasers. Fig.3.2.3 shows the mechanical setup.
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Figure 3.2.3 Mechanical setup for the high power Nd:YAG

laser

2) PRESENT RE T

The high power device has been constructed and operates roughly as
cxpected. It presently gencrates 18W TEMgQ in unidirectionnal operation.
Thc output beam is not single frequency yet, as this was expected,
bccause the gain is not completcly homogencously broadened. It
bccomes single frcqucns:y just by adding an uncoatcd ctalon in the
cavity, with an output power of 15 W. The free running stability is not
very good. but scems sufficicnt to allow for standard stabilization
techniques to function.

The injecction locking system is sct-up, but has not becen operated
successfully yet, by lack of power from the master oscillator.
Preliminary cxperiments show that the high power stage can opcrate as
a rcgenerative amplifier : we have mcasured a gain of 100 and obtained
a power of about 2 W in these conditions. This could be an altemnative
solution in case we find unexpected difficultiecs with the injection

locking techniquc

32 E WORK

The  development of a high power diode pumped device is onc of the

parts of the VIRGO project which has important tcchnological fallouts
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this should produce multiwatt single frcquency lasers with an
cfficiecncy higher than 10% and a ncarly infinite lifctime. If the YAG is
pumped by a numbcr of fiber coupled diodes, for instance, it will be
possible to change a failing diode without disturbing the laser. (note
that the lifetime of a diode can rcach 50 000 hours, anyway)

The cost of high power lascr diodes is still a bit too high (10 kFF, or 2
MIL per Watt at best), but this cost still represents morc the rescarch
investment than the production cost. It must dccrease very rapidly,
sincc thcre arc now a fcw firms in the world which arc ablc to producc
multiwatt diodes. Wec arc starting to study possiblc high power diode
pumped lascrs. Quantel in France, and MBB in Gcermany, have cxpressed
the will to collaborate with us in this direction. We would start very soon

the construction of such a laser, if we get the manpower to do it.

3.2.4) DETECTOR

Thec main rcquircments for the important photodetectors (thosc who
control frequency stabilization loops as well as the signal dctcclor or
detcctors) are their quantum cfficiency which must be closc to unity,
thcir frequency response which should allow for the detection of
signals at 10 MHz, thcir ability to dcliver high average currents (100
mA) without saturation, and thecir ability to stand high levels of
illumination for short pcriods of timec (>10W for lus).

The candidatc malcrials at 1.06 pm are silicon (Si) and Indium Gallium
Arsenide (InGaAs)

3.24.1) SILICON DETECTORS

Silicon has all thc qualitics cxcept the quantum cfficiency, bccausce the
wavelength is a bit too long and Si bccomes slightly transparent. One
can cnhance its scnsitivity by using a highly resistive maicrial: the
photodiode spcctral scnsitivity is directly reclated to the dcepletion depth,
which depends on thc operating bias voltage and on the resistivity. The
quantum efficiency is given by the relation

n=(1-")

where & is thc absorption cocfficicnt at the
wavelength A, and t is thc depletion depth. At 1.06 pm, the absorption
cocfficicnt is 35 cm-! so the depletion depth must rcach about 660 um for

a quantum cfficiency of 90%. This can bc achicved starting from a
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highly rcsistive malcrial, with a polarization of a fcw hundrcd volis.We
have not verified the propertics of such a slightly cxotic dectector. It may
be that its high resistance will make it unsuitable for high frequency
opcration.

It is uscful to put an antireflective coating on the detector, because of its
high refractive index. We have also tried successfully to orient it at
Brewster's anglc in order to facilitate the penetration of the (polarized)
light.

32.4.2) INGAAS DETECTORS

InGaAs is a rccently developed material, which was studied for the neceds
in fiber communications at 1.3-1.55 um. It has a much larger absorption
cocfficicnt than Si at 1.06 pum, and its quantum ecfficiency can be madc
higher than 95%, which is cxcellent.

Its power handling propertics arc supposcd to be as good as for Silicon.
Its frcquency responsc is very good too, but this matcrial is not yct
available with the wide areca that is required to [ulfill the high power
conditions.

This is not a problem in principle, it just happens that therc arc not
many nceds for large surfacc InGaAs dctcctors outside of the VIRGO
projcct. It will bc nccessary to ask for a special fabrication and to ftest
their performance. This study remains to be donc.

The two possibilitics have (0 be cxplored more dceply beforc we arrive to

the final dcsign for the dclectors.
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33 1 tabilizati

3.3.1) LASER FREQUENCY STABILIZATION
3.3.1.1) REQUIREMENTS AND LASER NOISE

The effect of laser frequency fluctuations on the interfcrometer noisc
has bcen discussed in dctail in Chapter.2. The simplified rclation to
remember is the onc which links the spectral density of the relative
laser frecquency [luctuations to its cquivalcnt noisc in tcrms of a
gravilational signal: _
7. v

|4

AL+AF
L F

where F is the avcrage fincssc of the cavitics, and A dcnotcs an
asymmeclry between the two armms. If we assume an asymmetry of 1%, for

instance, wec find that the laser frcquency fluctuations should be very

low :

—~ _6 _
<310 Hz"  orév<10 HzHZ'?

R |~

ov
v

This rcquircment is very stringent and requircs that the laser bc very
well stabilized : in thc frcquency range of intercst, all the lascrs have
an important cxcess f[requency noise, of mechanical and acoustical
origin. High powcr lascrs havc the supplementary problem that they
nced water or gas cooling, which gencraics vibrations, and long term
thermal fluctuations. The typical spectral density of frequency
fluctuations of a (stablc) high power laser is of the order of 10 kHz.Hz"
1/2 around 1 kHz, 10'! times more than the requircment.

Thercfore, the difficulties are to find an approprialc rcfercnce, Lo
which the laser frcquency will be locked, and to realizc scrvo-loops with
a high cnough gain, a high cnough dynamic range, and a low cnough
intrinsic noise. We will scc bclow that there arc solutions to these
problems, which consist in using the large Fabry-Perot gravito-optic
transducers as frequency rcferences, and in cascading scrvo-loops to

get the gain and the dynamic range.
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.3.1.2) REFERE CAVITY ANDD N HNI

.1.2.1) PRINCIPLE

As mentioncd in the previous section, the length of an optical cavity
will be used as thc reference for the laser frcquency stabilization. The
scnsitivity of thc cavilty as a frequency discriminator is greatest ncar or
on a longitudinal resonance, becausc it is therec that the change in
intensity or phase of the light in thc cavity is thc most rapid for a given
change in the frecquency of the incident light. Onc simpiec scheme uscs
the light transmitied through the cavity. If the cavity is held on the side
of a rcsonance, small changes in the incoming light frequcncy (small
in comparison with the cavily lincwidth) arc converted lincarly intc
changes in the transmiticd light intensity. The arc scvcral probiems
associated with this arrangement: a small usable dynamic range,
sensitivity to power fluctuations, and a nced for a transmitted bcam
among thcm.

An alternative dctection scheme, using methods first dcveloped by
Pound for usc in microwave systcms and applicd first by Drever, Hall, ct
al (Drcver ct al.,, [1981]) to laser stabilization usecs the light rcflected by
the cavily in the vicinity of resonance. This light is composed of two
components: that light which was simply reflected from the entrance
mirror, and that light which entcred the cavity, contributed to the
rcsonance phcnomcnon, and then left via the cnatrance mirror. The
'stored’ light undergocs a very stcep change of phase with respect to the
second contribution from the directly reflected light as the frequency
of the incoming light passcs through the resonance frequency of the
cavity. Thc optical interfercnce between these two contributions allows
the dctection of the phase differcnce, and thus of the frcquency of the
incoming light comparcd to the resonance frequency of the cavity.

The optical arrangement used to scparate the incident and reflected
light is shown in Fig. 3.3.1. The e.g. vertically lincarly polarized
incoming bcam passes through the ‘ecasy' axis of the polarizing
bcamsplitter BS., and is convertcd into right hand circularly polarized
light by thc A/4 plate L4. After reflcction from the cavity FP, the
dircction of the circular polarization is reversed, and upon falling on
the A/4 plate is converted into horizontal linearly polarized light. This is
the ‘hard’ axis of the polarizing beamsplitter, and thus the light is
reflected onto the photodiode PD.
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Fig. 3.3.1: The Pound-Drever (technique

3.3.12.2) SENSITIVITY OF POUND-DREVER TECHNIQUE

In practice, a phasc modulation of depth & and frecquency £ is impressed
by thc electro-optic modulator EOQ on the incoming light to aid in the
detection. The frequency of this phasc modulation is chosen to be
grcater than the cavity lincwidth Av=c/2/F; to a good approximation, the
light power in thc phasc modulation sidebands does not enter the cavity,
but is recflected by the input mirror. The photocurrent from the
photodiode is amplificd and converted into a voltage, decmodulatcd at the
modulation frequency € by the mixer M X, and low pass-filtcred 1o
recover the low frcquency component. The variation of this signal with
the frcquency detuning of the laser relative to the cavily is shown in
the Appendix 3.3. In thc immediate vicinity of thc resonance of the

cavity, the voltage at the output of thc low pass filter is :
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where Av is the differcnce between the cavity resonant frequency and
the incident light frequency. The cavity is of length !/ and of fincsse F =
nNri1r2/(l-rir2) ; the two mirrors have amplitude reflcctivities 7y and
r2: the cntrancc mirror has a power transmission 7. A fraction Bol the
incident light is matched to thc TEMgQ modc of thc cavity. The Besscl
functions Jg and J) have as their argument the phasc modulation
strength & impressed by thc phasc modulator. The photocurrent off
rcsonance is Imax. and G| is the net gain, in V/A, of thec photodiode
amplificr and thc mixcr. The Fourier frcquency of the laser frequency
fluctuations is vF. Herc we have assumed that the frequency of the phase
modulation is much greater than the cavily lincwidth Ave, that the
dcviation from rcsonance Av is much smaller than Ave, and that higher
order terms in the Besscl function cxpansion of thc phasc modulation
sidecbands arc ncgligible. The Fourier frequency vF must bc much less
than the inverse round trip time vF « ¢/2l. Fundamental is the
assumption that the mirrors of the cavity are well isolaicd from
mechanical disturbances; any motion of the mirrors Ax will appcar as
frcquency [luctuations @ Ax/l=Av/v,

To calculatc the scnsitivity of this frcquency dctection mcthod, an
cxpression for the noise in the measurcment is nccded. In the idecal case,
the limiting noisc comes from the shot noisc of the photocurrent. In
addition, thecre will be (at lcast) a noisc term from the photodiode
amplifier, which will add incohcrently with the shot noisc. Thus one

can writc for the voltage noisc spectral density after the low-pass filter

V=G V2 V26l ot + I amp)

where Jamp is the amplifier noisc cxpressed as an cquivalent
photocurrent, and /mod is the pholocurrent on thce cavily resonance and
with the phase modulation. The additional factor of V2 comes from the
fact that the noise in thc upper and lower sidcbands are both mixed

down to the same (positive) frequency, and add incoherently.
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Several remarks arc uscful. In the limit where the amplifier noise ’amp
is much smaller than /pod. which is the normal operating regime, the
signal grows lincarly with the incident intensity and thc noisc as the
squarc rool; thus, thc ovcrall signal-to-noisc S/N grows with thc square
root of the incident intensity.

The effect of changes in thc mirror characleristics is somewhat more
complicated: the finesse, for r| and r2 closc to 1, is effectively
detcrmined by thc term in the dcnominator: Fe g /(1-rlr2). The mirrors
have a rcllcctivity r, a transmission ¢, and losscs p in amplitude; their
sum of their squarcs is, by dcfinition: r2+12+p2=1. For the reflection
dctection scheme, the seccond mirror M2 in the cavily is choscn to have
thc highest reflectivity possible, as the light lost in transmission (or 1o
losscs) is not uscd. The cntrance mirror M{, on the other hand, must be
carcfully choscn. In the regime where the losses arc much smaller than
the transmission, the finessc F is roughly proportional 10 the inversc of
T1. and the signal vgig grows lincarly with the finesse. If, however, the
transmission is made much smaller than the loss. the net signal will
bccome smaller, and although the resonance will be very narrow, the
rcsulting S/N will bc degraded. There is an optimum in this continuum;
it is for thc casc wherc thc transmission of thc inpul mirror is cqual to
the total loss in the cavity (duc to py.p2 and r2). For this casc, on the
cavity rcsonance and for perfect matching (B=1), the intensity of the
light dircctly reflected from My is cqual to the intensity of the light
lcaving the cavity through My, but the two arc oppositc in phasc and
destructively interferc; the light on thc photodiode would fall to zero if
therc were no modulation. Thus this is thc best casc not only for the
signal term, bccause it results in thec greatest change in thc signal
voliage Vgjg for a given change in the incident frcquency, but also for
thc noisc term where the reduction in the light intensity on rcsonance
rcsults in a reduced shot noisc. The S/N dcgrades much more slowly for
the casc of total loss smaller than the transmission of thc input mirror,
so this is the preferred casc.

Similarly, it is sccn that the matching B affccts not only the signal Vsig
lincarly (by influencing thc amount of light in the TEMgpg modc), but
also the noise tcrm (by influencing thec contrast of the interfcrence
between the directly reflected and the stored light).
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The modulation depth & affects the signal term through the product of
JoJ1. which has a maximum for 8=1.1; but becausc the currcnt Imod is a

function of the modulation depth,

2 -1
! mod =lmax[l _Joﬂ_maxl_mum_m]

(where /min is thc photocurrent on the cavity rcsonance but without
the phasc modulation), the noisc term is also influenced by the choice of
thc modulation dcpth, and thc optimum S/N  will be found for &<1.1in
general.

The last term in the cquation for Vsig has the characteristic of a low-
pass filter with a corncr frequency of Avcg=c/2lF. The signal is still
usable for higher frcquencics, but the dependence of the amplitude and
phasc on the frcquency and must be taken into account in the design of
the feedback transfer function and the shot noisc limited S/N falls with
with incrcasing frcquency. However, once the Fourier frequency is
comparablc with or higher than the inverse round trip time of 2l/c, the
amplitudc and phasc of thc signal gocs through violent changes; it is not
practical to usc the cavity as a frequency discriminator in this regime.
A two-stage frcquency stabilization system is cnvisaged for the VIRGO
project. An initial reference cavity will receive a small fraction of the
lascr powcr: the crror signal from this dctcction system will be used to
prestabilize  the laser light  beforc coupling into the principal
intcrfcrometer. A sccond cavity, consisting of the VIRGO interferomcter
itself, will bc uscd to gencrale the final error signal which will be uscd
to further stabilize thc light to the length of the VIRGO intcrferometer.
The first cavity will bc of thc order of /=50 cm in length, and will consist
of two mirrors rigidly fixed to a refcrence spacer. This cavity will be
scismically isolated to avoid mecchanical cxcitation and placed in a
vacuum system to avoid problems due to statistical or thermally induced
index fluctuations. Mirrors with losses of the order of p2=100 parts per
million (ppm) arc currently available, with minimum transmissions of
the samc order; this indicates that the input mirror should have a
transmission of roughly T1=300 ppm for thc optimum S/N ratio,
resulting in a finessc of roughly 10000. The optimum modulation 8§ can
be chosen, and the¢ mode matching factor B can be quitc close to the ideal
value of 1. The photocurrent off rcsonance /max will be determined by

the laser power that we choosec to direct into the prestabilization system,
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and the photodiode quantum cfficiency. If 250 mW are taken from the
laser power to realize this lock, the shot noise limited signal to noisc
ratio will be roughly 1.10°5 Hz/VHz.

The sccond cavity could be formed by onc of the two arms of thc main
intcrfcrometer. The mirror losses will bc of the samc order as for the
small cavity, p2=100 ppm, and the transmission of the input mirror will
be T1=0.15, giving a finessc of 40. Only a small pant of the total power in
the cavity will be used for this second step of frcquency stabilization,
but due to the great length of the cavity a very high scnsitivity will be
rcachcd : for onc-half watt of light diverted to thc mcasurcment system
(about 104 of the total power), the shot noisc limited signal to noise
ratio will be roughly 2 10-7 Hz/VHz. The cavity lincwidth will be only
Avc=c/2lF=1.25 kHz. This mcans that the shot noisc limited frcquency
stability rolls off at 6 dB/oct above this frequency, but rcmains low
cnough for all frequcncics of astrophysical interest The other limiting
factor in this sccond servo-loop is given by the maximum usable
frequency of the cavity, given by the inverse round trip time of c/2/= 50
kHz. For frequenciecs approaching this value, the phasc of the
rccuperated signal changes rapidly, and so the maximum unity gain
frequency for a scrvo-loop incorporating this cavily cannot cxcced =25
kHz. The next secction will describe methods to cxploit the available

bandwidths to the maximum.

3.1.3) SERVO-LOOP DESIGN AND PERFORMANCE

The goal in the design of the scrvo-loops for thc frequency stabilization
is to achieve shot-noise limited performance over the frequency range
of intcrest, given the constraints imposed by thc cavity and transducer
characteristics. Thc power allocated to the frecquency stabilization
systcm can be adjusted to cnsurc that the detection scnsitivity for the
GW's will be limited by the shot noisc in the main intcrfcrometer. The
cavity characteristics are determined cither by the state of the
tcchnology of mirrors or the demands of the optical dcsign for the
detection of the gravitational radiation. No singlc transduccr has all of
the characteristics necessary (o achieve the statcd goal; thus a

combination is used.
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3.3.1.3.1) TRANSDUCERS

The fundamental tradcoflf is bcetwecen dynamic range and speed.
Fortunately, the laser frcquency noise spectrum is a strongly falling
function of thc mcasurcment [rcquency: a large dynamic range is only
nccded at low frequencics (scveral hundred MHz at frcquencies less
than 10 Hz, corrcsponding to changes in a lascr cavity length of scveral
pm), and high frcquency corrcction signals arc typically very small
(scveral hundred Hz RMS  for frequencics >10 kHz, corrcsponding to
changes in a laser cavity lcngth of =10-31). A combination of
transduccrs can bc used to takc carc of this range of paramecters.The
available transducers will be discussed in order of decrcasing dynamic
rangec and incrcasing speed.

For suspended test masscs (sce scction 3.5), the only transducers which
arc sufficicntly non-invasive (from the point of vicw of thcrmal noisc)
arc clectrostatic or magnctic molors. The clectrostatic system usually
consists of a grounded tcst mass and a stationary polarized pusher-plate
(mounted on the position rclference) which form together a parallcl
platc capacitor; the attraction is always positive, bul the force can be
varicd by varying the volltage on the pusher-platec. In this case, the
actuator is simply a conductive coating on the test-mass, and the system
is casily shiclded from outside influences. The force is a non-lincar
function of the applicd voltage, but thc cxcursions are small in
comparison with thc capacitor platc spacing. The magnctic system takes
the form of small pcrmancnt magncts mounted on the test masses, with
stationary clcciromagnets mounted on the position rcfercnce (sce 3.5).
Attractive and rcpulsive forces are possible. These two transducers have
a dynamic rangc of the order of Imm, or = 1000 wavclcngths, which is
morc than cnough to corrcct for any slow changes in laser frcquency.
The frequency responsc is dcicrmined by the suspcnded mass pendulum
transfer function; for frcquencies much higher than the resonant
frequency, f>1 Hz, the transducer transfer function (TF) falls as f‘2.
The powcr handling capability is of coursc dcicrmined by the mirrors
themsclves.

Piczoclectric transducers (PZT) work by exerting a force between a
mirror and a rcfercncc mass (e.g.., a mirror mount). The force is
proportional to the applicd voltage; the hysteresis typical of PZT's is not

a problem if the transducer is in a scrvo-loop. PZT's are unsuitable for
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usc on tcst masses duc to their low intrinsic resonance quality factor (Q )
but are well suited for use on laser cavity mirrors. The usable frequency
range is limitled by the first rcsonance of the mirror-PZT-refercnce
mass system, wherc the PZT acts as a spring; thus, by rcducing the size of
th¢ mirror and the PZT, an cxtended frequency range can be achicved.
However, the dynamic range of the PZT is given by its length, and
thereforc a compromize must be made bctween these two paramelers.
One solulion is to optimize the characteristics of onc transducer for high
frcquencics, resulting in a first mecchanical resonance of scvceral
hundred kHz but a dynamic range of the order of O.lp and to oplimize a
sccond transducer for a large dynamic range of scveral pm (and a
maximum usablc frequency of scveral kHz). Again, the power handling
capability is limited by the mirrors used.

Acousto-optic (AO) modulators usc thc Bragg effect to crcale a frequency
shift in the first-order diffracted light from an acoustic ‘grating’. A
voltage controlled oscillator (VCO) is used 1o sct up the standing wave
pattern that forms thc grating, and changes in the VCO frcquency (for
which the center frequency is on the order of 75 MHz) change the
frequency of the diffracted beam. This transducer is typically uscd
outside of a resonator cavily. The frcquency response per sc of the
transducer is ypically limited by mecchanical rcsonances in the
modulator crystal to scvcral hundrcd kHz. The most important limiting
factor, when this transducer is used in a servo-loop, is the time dclay
beiween a change in the VCO command voltage and a change in the light
frequency duc to the propagation timc of the (75 MHz) sound waves in
the¢ modulator crystal. Matcerials showing high diffraction cfficiencies
and good output beam shapes have typical dclays of thc order of 1 ps,
which imply servo unily-gain-bandwidths not excceding several
hundred kHz. The diffraction angle is, with the frcquency shift, a lincar
function of the VCO frcquency; this change in output bcam position is
undcsirable in a frcquency transducer, and puts the upper limit on the
usable dynamic range 10 scveral MHz. The crystals used can withstand
powers on the order of tens of walts.

Elcctro-optic (EO) modulators utilize the Pockels effcct. They cxhibit a
change in optical path lcngth as a lincar function of the applicd eclectric
ficld. They are used as phasec modulators, cither 10 impress a high fixed-
frequency modulation for a dctection scheme or to apply a phase
correction. The change in the path length duc to the Pockels cffect is
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instantancous with the cstablishment of the clectric field, and the
usablc bandwidth is scveral tens of MHz (limited by thc driving
clectronics). The sensitivity is most convenicntly given as the phase
change available; this is a function of thc crystal used and the gcometry
of the modulator, but is typically ¢émax=n/1000 radians per Volt. Duc to
practical limitations in the clectronics, the order of magnitude of the
available dynamic rangec is about & radians. This phasc modulation
corrcsponds to a frequency modulation of f= ¢max . Hz, where Q is the
frcquency at which the modulation takes place; this indicates that a
maximum frcquency modulation of the order of 1 Hz is possible at Q=1
Hz, or ! klHz at Q=1kHz, and so forth. This limits the usefulness of this
transducer 1o high frcquencics, where it is irrcplaccable. Secveral
practical problems should be mentioned : cvery crystal that exhibits the
Pockels ecffcct also cxhibits the piczoclectric effect. This is bothersome
becausc it allows mcchanical rcsonances in the crysial to be cxcited and
to influence the transfer function, and care in mounting the crystal is
nceded 1o damp these resonances. More important is the fact that there
is somc absorption in the crystal, and the consequent hcating of the
crystal causcs dcformation and dcpolarization of thc laser beam (duc to
changes in the crystal optical index through hecat-induced stress).
Present modulators are uscful at levels of scveral tens of watts.

This overvicw of transducers shows that there arc mcthods which, when
combincd, allow thc control over frequency fluctuations from very low
to vcry high frequencies and at power levels such as will be found in
thc VIRGO interferometer and its laser. The next scction will describe
the topology and transfer functions of scrvo-loops that arc dcsigned to

take advantage of the transducers available.

133



3.1.32) TRANSFER ION.

To rcach the goal of shot-noise limited frequency stability, the gain in
the scrvo loop must bc sufficient at all frequenciecs of interest to rcduce
the initial laser frcquency noise to the measurement noisc. If, for
instance, the laser frequency noise at 1 kHz is 104 Hz/YHz and the shot
noise limited frcquency dctection noise is 106 Hz/VHz, a gain of >1010
at 1 kHz will bec needed. Techniques for maximizing the gain given the
transducers available, and topologics for thc usc of multiple transducers,

will be shown, using a stabilized diode-pumped Nd:YAG laser (Shoemaker

et al [1989], and Appendix 3.3) as an example. It is shown schematically
in Fig. 3.3.2

o

Fig. 3.3.2: Example of frequency stabilization

For a servo loop to bc stable, the slopc of thc amplitude transfer function
(TF) must be less than 12 dB/oct at the frequency wherc the gain is 1
(the unity-gain frequency or fyuG).- Equivalently, on a Nyquist plot
(where the two axis arc thc real (x) and imaginary (y) parts of the
transfer function) the curve as a function of frcquency must not
encircle the point (-1 rcal , 0 imaginary). In a practical systcm, a slope
of 9 dB/oct in the octave around the unity gain frequency fyG gives a
reasonable margin of stability (for fluctuations in gain) and a

rcasonable settling time. If the transfer function falls faster than 12
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db/oct for lower frequencics than the fyg. which allows higher gains at
lower frequencics for a given fyGg. the loop is said to be 'conditionally
stable’ because it would oscillate if the gain were to bc lowered. This is
clearly not a dcsirable attribute, but is wunavoidablec: with the
transduccrs available, and the nceded frequency stabilization,
conditionally stable loops offcr the only possibility to reach the design
goals.

The procedure for the design of a frequcncy stabilization scrvo-loop
starts  with the characteristics of the widest bandwidth transducer
available, the shot-noisc limitcd frequency dctection noise, and a
mcasurcment of the frequency noise of the laser sysiem to be stabilized.
A unity-gain frcquency fy G is choscn, based on the highest frequency
for which the transducer (or the amplifiecr or oscillator that drives it)
has a usablc responsc. This could bc due to mecchanical resonances in a
PZT, a timc dclay in an AO, or a current limitation in the amplificr
driving an EO. It could also be duc to a limited usable bandwidth in the
rcfcrence cavity, as will be the casc for the full VIRGO arm-lcngth
cavily. The opcn loop transfer function is set at 6 to 9 dB/oct in this
frequency range, including 1hc rcference cavity transfer function
(which has a 6 dB/oct rolloff above Avc). At roughly one-half the fugG.
the loop transler function can takec on a much siecper characteristic,
which can continuc to very low frequencics. The fast actuator in the
frcquency stabilized diode pumped Nd:YAG laser is an acousto-optic
modulator (A O in the Fig. 3.3.2) with a time dclay of 1.2 ps, which
corresponds to a 90° phasc shift at 200 kHz; the comer frcquency of the
cavity Avc is | MHz and thus docs not limit the loop performance. We
choosc a unity-gain frequency of fyG=120 kHz. The transfer function,
implemented by the filter Hyp, is roughly 6 dB/oct for frcquencics
higher than 60 kHz, 18 dB/oct bctween 6 and 60 kHz, and 30 dB/oct for
lower frequencies. There is some subtlety in choosing thc transfer
function 10 takc thc maximum advantagc of thc gain-bandwidth

available; the complete schematic of this filtcr is shown in Fig. 3.3.3
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Servo system for frequency stabilisation
of diode-pumped Nd:YAG
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Fig. 3.3.3: The circuit diagram for the transfer function H]

Now this loop can bc recduced to a single clement by characterizing it by
the closcd loop transfcr function H2, taken from the scrvo summing
point (cffectively the output of thc mixer in the Pound-Drever dctection
scheme) to the control signal to the fast transducer. The loop for the
next transducer, in the hicrarchy of descending spced and ascending
dynamic range, can now bc designed using thc modificd transfer
function H2. The lower limit to the frequency range to bc handled by
this fastest transducer will be dectermined by the dynamic range of the
transducer; thec measurcd frequency noise of the laser can be integrated
over the frequency range included to find the minimum desirable
frequency fxo to be handled by this ‘fast loop'. This cross-over
frcquency fxo must be lower than the maximum usable frequency for
the transducer in the sccond ‘slow loop'. The gain of the 'slow’ loop can
bec choscn so that is takes over from the ‘'fast loop' at the frequency fx o
detcrmincd above. In the casc of the frequency stabilized YAG. the
sccond (and last) loop transducer is a slow piczoclectric device PZT with
a lowest mechanical resonancc at 3.3 kHz. The AO can successfully deal
with signals down to scveral hundred Hz: thus a straightforward
transfer function of 9 dB/oct for filter H3 for the 'slow loop' is choscn,
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which allows a cross-over frequency from the ‘fast loop' at fxo= 300 Hz.
A higher frequency would be possible with a faster rolloff for H3 close
to the resonance at 3.3 kHz.

The transfer function for the completed system is shown in Fig. 3.3.4, as
a Bodc diagram (amplitude and phase). A change in gain around the
choscn opcrating point causes the phase to become oscillatory, or in the
Nyquist diagram, thc curvc to cross the point (-1.0). The measured servo

system characleristics agree well with the calculated parameters.
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Fig. 3.3.4: Frequency stabilization transfer function
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3.3.1.3.3) RESULTS FOR THE FREQUENCY STABILIZED DIQDE-PUMPED
ND:YA

Fig. 3.3.5 shows the frequency noise of the Nd:YAG system measured at
the summing point of the servo system. The top curve is thc unstabilized
noise; for these mcasurements, the shot noise limited noise floor of
12.5.10-3 Hz/m is indicated. This measured value is in agrecment with
the value calculated using the formula for the scnsitivity of the Pound-
Drever scheme given above and the experimental parameters. Local
mechanical and acoustic disturbances are responsible for the steep rise

for frequencics less than =10 kHz in the unstabilized laser frequency

noisc.

N

T lllllllll T T

N

N

I

(D)

n

o)

C

>

(]

c

Q

>

E -3 | lllllll} | lllllll} L L 1ty

(T 10 ! | 2 3 4561789 2 3 4567089 2 3 456789
10 10 10 10

Frequency (kHz)

Fig. 3.3.5 : The frequency noise of the stabilized
Nd:YAG laser

The bottom curve is thc summing point signal for thc stabilized laser.

This curve shows the suppression available with the scrvo-system. For

all frcquencies less than =20 kHz, the design goal for this system is
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reachcd: the scrvo crror is less than the shot noisc of the dctection
scheme. In fact, thcre is a considerable excess in gain available, and
incrcases in the detection system scnsitivity would dircctly result in
rcductions in the frequency noise after stabilization, without other
changes in the scrvo system. (it is interesting 10 notec that the frequency
noisc of this stabilizcd lascr is much lower than its "Schawlow-Townes"
limit, which reprcsents thc natural quantum fluctuations of the same

lascr)

3.3.1.34) EXTRAPOLATION

The lascr which will be used for the¢ VIRGO intcrferometer (sce section
3.2) will be a Nd:YAG lascr with unstabilized noisc characteristics which
rescmble thosc of the diode pumped Nd:YAG laser described above, and
the transduccrs uscd (slow PZT and AO) will also be appropriatc. Thus we
can cxtrapolatec from the results of the frequency stabilization
performed on the [requency stabilized YAG to a full scale system for the
VIRGO interfcromcter. The most notable change will be in the reference
cavily uscd and thc light powcr used for thc frequency noise detcction
system, which will give a shot-noisc limitcd [requency dctection noisc
of 1.10-3 Hz/ YHz instcad of the = 102 Hz/ VHz found for the frequency
stabilized YAG. With the present clectrical gain and transfcr function,
the frcquency stabilization system would be shot noise limited for
frcquencies less than about 1 kHz. With the addition of an EO modulator
as a fast control clement, the systcm could dcliver 1.103 Hz/ \/ﬁ;up o 10
kHz, which would bc perfectly satisfactory for the prestabilization for
the VIRGO interferometer. The design procedure for the added EO loop
could follow the 'recipe’ above, where first the EO loop would be
dcsigned. then the AO loop using the collapscd closed-loop transfer
function for thc¢ EO loop, and finally the PZT loop using the collapsed
closed-loop transfer function of the combined EO and AO loops.
Additional rcfincments (Hall ct al [1984]) can reducc thc dcmands placed

on the EO driving electronics.

.3.14) CASCADED LOOPS

The second, and final step in the frequency stabilization uscs the full
VIRGO arm length as the detection cavity. As mcnltioned above, the shot

noise limited frequency noise for this detection will be of the order of

139



2.10-7 Hz/VHz. Given the prestabilization described in the previous
scction, a scrvo-loop using this dctection cavity with a gain greater than
20 at all frcquencies of interest will be sufficient to bring the stabilized
frequency noisc down to this level. Thec maximum unity-gain frecquency
fu G pemissible in this loop is of the order of 25 kHz, duc to the very
long round trip timc in the reference cavity. Using the techniques
described carlier, a scrvo system transfer function with 6 dB/oct in the
region of the fyg and with a characteristic of 30 dB/oct for frequencics
lower than 15 kHz is chosen. This will allow the goal of shol-noisc
limited performance to bec rcached for all frequencics lower than 10
kHz.

There are several lopologics possible for this ‘sccond loop’. The most
cvident calls for a sccond sct of transducers, which would rcccive the
signal cxclusively from the VIRGO cavily. It is also possible, however, to
add the correction signals from the VIRGO cavity servo to the corrcction
signals decrived from the rigid cavity, and to apply this combincd signal
to the transduccrs. Each of the scrvo-loops rctains its individual
characteristics, and the transducer dcsign and implementation s
simplificd (Schilling [1984])

There is onc more complication to mention: The VIRGO 1test masses,
which carry the mirrors for the 3 km cavity, arc suspcnded as
pendulums. At frequencies high compared 1o the resonant frequency op
of the pendulums, the cavity is cxtremely stable. Howecver, at the
resonant  frcquency wp, the motions of the mirrors can be quile large,
and the short rigid cavity is a much better refcrence length. Thus
anothcr scrvo-loop is nccded to control the VIRGO t(cst mass mirrors in
the frequency range around wp. cffcctively holding the VIRGO cavity
‘'on resonance’ for the prestabilized laser frcquency. A very low
frcquency scrvo-system, with a unity gain frcquency in the range of
scvceral Hz, will takc as its input the crror signal from the VIRGO cavity
The transducer for the scrvo-loop will be clectromagnetic transducers
mounted on the test-masses which will also bc uscd as alignment
transducers

In Fig.3.1.18 a schematic diagram of the complcie frecquency
stabilization schemc for the VIRGO interferomcter is shown. This system
will allow the dcsign scnsitivity of the complctc VIRGO gravitational

wavce dctector to be met.
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3.3.2) LASER POWER STABILIZATION
3.2.1) REQUIREMENTS AND LASER NOISE

As in thc casc of frcquency fluctuations, the rcquircments on power
stability result from thc residual asymmetry of the interferometer arms.
There are rcquircments of different origins in two distinct frequency
ranges

« in the low frequency range of astrophysical interest, powcr
fluctuations of the lascr can gencrate noisc through the recoil of the
masscs under the cffect of a fluctuating radiation pressure. At thesc
frcquencies, thc mirrors can bc considered as frcc masses 1o a good

approximation, and thcir movement will be given by the relation :

Where &P s(w) is the speciral density of power fluctuations of the
avcrage cnergy stored in the arms at the frcquency f= w/2.7n and a
represcnts a mcasurc of thc asymmciry of thc two arms. For a mass of
100 kg and an cstimation of a= 10-2, onc gets the condition 8Ps << 100 mW
for /=10 Hz, and &P5 << 10W for f=1 kHz, given the scnsitivity goals in h:
h=3.10%"Hz " at 10 Hz, and
h=3.10" 1z a1 kH2

Given that P is of the order of a 100 kilowatlts inside thc arms, the
spectral density of the rclative power fluctuations of thc laser should be
much less than 10-6 Hz'1/2 ar 10 Hz. and than 104 Hz-1/2 at 1 kHz. This
requires an active control, bccausc most lascrs arc usually noisier than
thesc figurcs by a few orders of magnitude (notc that a similar cffect
could bc produccd by the [rcquency fluctuations of the lascr, since the
cnergy stored in the cavities is frcquency dcpendent, but the
constraints it puts on frcquency stability arc not as stringent as the
other constraints we have already discussed).

The main causes for powcr noisc at low [requencics are vibrations of the
laser cavity structure, excitled acoustically or mechanically through its
support. In a high power laser, most of thc noisc at very low frequencies
comcs from thermal effects in the laser material, and most of the noise
at acoustic frequencics is generated by thc water circulation which

cools thc amplificr. The power noisc of thc Nd:YAG laser for VIRGO is not
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known yct, but it should bc lower than 103 Hz"12 in the inlcresting
frcquency range. Onc can expect a much lower value for the future
diodc-pumped lascr.

* in the demodulation frequency range, i.c. around 10 MHz, onc
should cnsurc that the rclative power fluctuations arc not larger than
the shot-noisc corrcsponding to thc total power rcccived by the signal
dctector. The physical cffects susceptible to producc cxcess noisc at these
high frequencies arc hopefully not many; thc main noisc source in this
rangc comecs from thc apparition of transversc modes of the laser,
becating with the TEMg( mode, but this is not very dangcrous becausc the
becat frcquency is wcll dcfined for a given laser and can be avoided by
changing the frcquency modulation. Typically, with an oulput mode-

clecancr, the dctected power will bc of the order of a 0.1 Watl, which

OPs /Ze 9__ .12
_PT<< P—s~2.10 Hz

This is only onc order of magnitude above thc laser shol-noise, and

rcquires:

difficult to check, but thc mecasurcments cffeccted on the Garching and
Orsay prototypcs show that this is approximately verificd. Furthcrmore,
the input modec-clcancr removes cfficiently the high-frequency

amplitudc modulation sidebands.

142



3.2.2) SERVO-LOOP DESIGN AND PERF AN

33.2.2.1) POWER MEASUREMENT

The power stabilization studiecs which have been realized in Orsay and in
Glasgow show that thc mcasurcment itself is noisy, if it is not effected in
very wcell controlled conditions. In a typical scheme, a fraction of the
laser power is dcflected to a photodctector and the output current of the
detector is comparcd with a refercnce current generated by an
electronic current source in a differential amplifier. A servo-loop
rcacting on a power modulator maintains the cquality of the
photocurrent and the reference current. The laser beam is usually
utilized in another place, and therc arc many rcasons why it should not
be as well siabilized there as it sccms to be on the first detector:

« index fluctuations, or dust particles which scatier the beam, can
add somc cxtra noisc, which is different on the two places

« spurious interfcrence fringes may be produced by scattered
light, or by the light reflecied by the dctector, for instance, and this will
give power noisc if cither the laser frequency or the mechanical
arrangement is not stable enough.

« gcomctry fluctuations of the laser bcam, i.c. position jitter or
sporadic apparition of transversc modes will result in cxtra noise if the
photodctector response is not uniform, or if there is any diffracting
objcct on thec bcam path

« polarization cffects may also inducc different changes in two
different places.

» long tecrm stabilization requires that the efficiency of the
detector is constant, in spite of lcmperaturc changes.

For all thesc rcasons, the reference detector for power stabilization of
the Virgo laser must bc placed as close as possible from the
interferometer input,in the vacuum, and after thc becam has been
sufficiently well frequency stabilized and filtcred by the optical fiber
and the mode clcaner. Extrapolating from mcasurements made in a

standard room environment, it should not be difficult to reach a stability
level 8Pg/Ps<< 108 Hz"1/2.

3.2.2.2) TRANSD R

There are thrce main possible ways of controlling the laser power :
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e controlling the gain of thc lascr amplificr. Thc output powcer of
the laser is often a monotonous function of the power delivered by its
powcr supply. In that case, it is possible cither to control dircctly the
output current (or voltage) of thc supply, or to place in parallel (in
serics) with it a supplemcntary circuit able to add or to remove some
power. The first solution is not easy with a high powcr laser, because it
is difficult to modulate very rapidly very high powers.We have tried the
sccond solution with Argon lasers. The fecdback loop had a dynamic
range of + 5% on thc laser output power, and a unity gain bandpass of
the order of 100 kHz. This was sufficient to achicve 8Pg/Pg= 10-7 Hz-1/2
around 1 kHz. This tcchniquc is not universal becausc some lasers are
optimized for a given input power, where the output power goes
through a maximum. This is the casc for the present Nd:YAG lascr.

« Acousto-optic modulators (AOM), such as described above, can
also be used as power modulators, simultancously with their use as
frequency shifters, becausc the power diffracted in the first order is
approximatecly a sinc function of the RF power dclivered to the AOM. In
order not to loosc too much power, they will bc opcrated slightly below
the maximum. The offsct from thc maximum has (0 be adapted to the
frec-running laser fluctuations, and the power loss is neccessary larger
than half the pcak to peak lascr fluctuation. All the pcrformances of the
devicc are the same as those concerning its usc as a frequency
transducer.

* Electro-optic power modulators arc another possibility. An
electro-optic crystal, cut diffcrently as for its use as a phasc modulator,
is placed bctween polarizers. The application of a voltage generates
birefringence, and a powcr change in the light transmitied by the
polarizer. A 100% power modulation requircs a voltage of the order of
1000 V. The other characteristics (response timec, power handling
capability,...) have bcen decscribed above. Wc¢ have a ten ycars old

cxperience in the realization of such servo-loops.

3.3.22.3) LOOP PERFORMANCE

Power stabilization loops are very similar to frequency stabilization
loops, and they havec the same performances as concerns gain and
bandwidth. These performances are more than sufficient for our
application.
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3.3.3) BEAM GEOMETRY FILTERING AND STABILIZATION
1)_MON DE FIBER

The best way 1o clean the geometry of a low power laser beam and to
suppress its position and angle fluctuations is to pass it through a
monomode fiber. This solution is used currently in Orsay and Pisa to
couple the beam from the lasers to the interferometers, and is
completely satisfactory. All the geometrical fluctuations are
transformed in (second order) fluctuations of the power coupled in the
fiber, and we found that the gcometrical fluctuations of the output beam
were not mcasurable. The paramcters to be improved are the coupling
efficicncy and the power handling capability.

The fact that the core of a monomode fiber necessarily has a small radius
(of the order of a few wavelengths) is responsible for thesc difficulties.
Coupling the bcam into a very small diameter rcquires short focal
length, high aperture, aberration free lenscs. This is currcntly done
with microscopec objcctives, which are lossy because of their many
components. The maximum efficicncy we have obscrved with Argon
lasers is only 60%. Wec arc investigating different ways of increasing it
to at lcast 80%, which would be a tolerable loss, given the many other
advantages of this solution. The other difficulty is that the intensity
inside the corc rapidly gets very high, typically 107 W/cm2 for onc walt
of power, and this gencratcs nonlinear effects. We have nevertheless
succeceded in transmitting up to 1W at 515 nm through 5Sm of a 2um core
radius fiber, without observing nonlinearities.

The solution to both problems is in using fibers with a larger core; this
can be realized if the manufacturer is able to control very precisely the
index of thc fiber. A longer wavclength, such as 1.06 pm also helps in
this direction. Wec should be ablc to gect fibers for the YAG wavelength
having a core radius of about 10 um and the ability to transport a few
tens of Watts.

3.3.3.2) MODE-CLEANER
3.3.3.2.1) GEOMETRICAL PROPERTIES

The other device used in VIRGO 1o define the beam geometry is what we
call a "mode-cleaner" (Riidiger et al., [1981]) : the gcometry of the laser

beam can be considerably stabilized by passing it through an optical
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rcsonator. The gcomctric becam fluctualions can bc dcscribed in terms of
excitations of eigenmodes of the resonator.

The simplest mode cleaner (MC) consists of two mirrors of radius of
curvaturc R¢] and R, scparated by a distance L. Let T; and T2 be their
respective transmission in intensity, Rj; and R2 thcir reflectivities and p
the mirrors’ total losses. Let fk be the coupling cocfficient of the
incident bcam to the TEMg mode of the cavity. When the TEMgQ mode of
the cavity is on resonance with the incident beam frequency, the
fraction of the incident power transmiticd by this MC on the kit order

mode is expressed by:

T, 1
(1- VR Rz) *(z/ R

Ty =By

sm( ku/))

the phase angle y is thc onc way phasc propagation tcrm between the

two mirrors:

L L
=Arccos'\/co 1- cos|1 -
\{ { Rcl) RCZ)

The first part of Tk is thc transmission of thc fundamcntal mode Tg. It

can also be expressed in terms of the losses as :
4T T,

TO=—2
(T \+T 3+ p)
To ensure a high throughput for this mode, thc losses have to be small
compared to the mirror transmittances T T2 , which itself is a small
quantity. The transmission is maximum when T =T2 ., but this condition
is rather soft.
The relative suppression of the high order modes is dctermined by the
sccond term in Tg. For a given pair of mirrors, thc resonator gcomclry
must avoid the peculiar configurations like the confocal one, the
concentric and other degeneralc cascs, where somc high order modes
arc coincident with the fundamental mode. The term:

2/R R,

T-R,R, sm(kw))
should be as high as possible for all the low order modes. The global
cleaning efficiency of a cavity can bc expressed by the merit factor M
defined in 3.1.1.

In the case of a perfect matching of the incident beam, onec can reach a
transmission as high as 98%, for T; =T2 =0.99 and p=10’4.
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The other criteria which dcfines a cavity configuration is the power
density on thc optical surfaces. If P is thc laser power we want to
transmit, and w is the beam radius on the mirrors, thc power density is:

I=_._
2
W

To avoid optical damage to the multilayer coatings of the mirrors, we
have to keep the spot area mw2 above:
2 _ P
nwmin_l

max
where Ipmgx is the limit power density of the coatings (around 10
kW/cm2), In practicc, this mcans that a mode cleaner cavity for a high

power laser must have rcasonably large dimensions.

Y FILTERING P ERTI

When used in  transmission, the Fabry-Perot has another bcautiful
property, which becomes usable with supcrmirrors and/or long cavilics

it is an cfficient low pass filter. All the laser fluctuations (amplitude
and frcquency) can be scen as a gencration of sidebands. Il the carrier
is rcsonant with the cavity, thc Fabry-Pcrot filters reflects (and docs not
transmit) all the sidcbands corresponding to modulation frequencics

:Av= ¢

highcr than its linewidth, i.c. higher than 2L F.. where F is the

finessc of thc cavity and L its lcngth.
the transfer function of the cavity for the fluctuations of frequency f is:
H(f)=T—°°2
142f
Ay

This is a second order low pass filter, whosec cfficicncy becomces
intcresting when both L and F arc large (the cutoff frcquency is of the
order of 15 kHz for L= 10m and F= 1000).
Mode-cleaners will bec used in VIRGO : at the input of the interferometer,
a 6 to 15m long cavity, with a fincsse of the order of 100 will serve both
as a modc-clcancr and as a low-pass filter. The output beam of the
interfcrometer will be passcd through a second, shorter, mode-clecancr
cavity in order to improve the detection noise and to reduce the optimum

valuc of the modulation index.
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3.4) Seismic isolati L 1] | noi

4.1) SEISMIC ATTENUATION R

A full scale suspension system for the VIRGO project has been built and tested
at thc INFN PISA Laboratory. This system is called a Super Attcnuator (SA).
Thec SA system consists of a cascade of 7 vertical gas springs, cach wcighing
100 Kg, interconnccted by vertical wires =.7 m long as shown in Fig.3.4.1.
Thc SA can lcvitatc heavy 400 Kg mirrors that can be uscful for reducing the
thecrmal noise.

The necessily lo crcale a scismic isolation scheme allowing the suspension of
mirrors wcighing up to 400 Kg and giving 3 dimcnsional attcnuation of 10-2
at 10 Hz has led (A. Giazotto [1987], R. Dcl Fabbro ct al. [1987]) to design a
vertical oscillator clement (gas-spring) (R. Dcl Fabbro et al. [1988, a]).
Fig.3.4.2a shows a simplec gas spring example: a vesscl cnclosed with a small
bcllows holding a mass M; Fig.3.4.2b.c.d shows schcmatic diagrams of a
practical realization of the spring. The gas spring is composcd of two major
parts, a cylindrical vessel cnclosed by two or four bellows, supporting a
maximum of three atm, and a rigid part, called the cross, touching the
bellow's flanges on thc top and traversing the vessel along the axis. The two
parts are constrained to move only vertically with respect to cach other by
mcans of ccntering wires 1 mm thick. The wire (3.5 mm diameter) from the
previous stage is connccted to the vessel, along the axis; whilc the cross is
connected to the next stage. For examplc the mass attached to the last gas
spring is the test mass plus the cross weight.

In Fig. 3.4.3 shows the SA transfer function (TF) that has been mcasured (R.
Del Fabbro ct al. [1988. b]) in the frequency intcrval 10 <v< 68 Hz by the DCA
accelecrometer shown in Fig. 3.4.1; this mcasurcment has to be considered an
upper limit because it is limited by the DCA noise. Since the TF was measured
by shaking thc point bclow the first gas spring, not thc suspension point, in
reality we cxpect higher attenuation factors: the actual numbers at 10 Hz arc
2.10-8 for the Vertical to Horizontal (VH) TF and 5.19-9 for the Horizontal to
Horizontal (HH) TF. Correcting for the fact that the shaking point is not the
suspension point gives an upper limit (VH) =7_72.IO‘9 at 10 Hz. Since we have
mecasured a scismic noise at 10 Hz of 2.3 10-9 m/VHz this gives F= 151021
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1/\Hz a 10 Hz, comparable with the expected thermal noisc level at 10 Haz.
The normal modes behaviour has been extensively studicd using an
accclerometer mountcd on one of the test masses. In Fig.3.4.4 the SA absolute
displacement between 0 and 10 Hz cxcited by the scismic noise is shown (R.
Dcl Fabbro ct al. [1988q b]); the noise for v>6 Hz is cxpected to be given by the
acccleromcter thermal .noise. Fig.3.4.5 shows the ratio of the accclecrometer
displacement 1o the exciting seismic noise; the data, demonstrates the
nccessity to have a vertical isolation system having ncarly the same
atlenuation as the horizontal does, showing a good agrcement with the fitting
model which gives the TF. = HH + 102 VH.

From Fig.3.4.4 it follows that the largest mass displacement happens to be at
0.24 Hz (the fundamental pendulum frecquency) with an amplitude of = 14 um;
this value, which can ecasily go up to 30 um, is too large to allow locking to a
fringe when the system will be mounted in the interferometer. The low
frequency displacement must be less than few light wavelengths in order to
lock thc interfcrometer on a fringe. The usual way 1o do this is by clectronic
damping of thc suspcnsion rcsonances; it has already been shown that good
results can bc achieved on small test masses in threce degrees of freedom
(scc for example D.H. Shocmaker, thesis [1988]). The improvement with
rcspect to the original damping scheme is to apply the damping force to a
point along the SA chain, instead of applying it directly to the suspended
mass and to apply clcctronic cooling on all the six degree of frcedom (C.
Bradaschia ct al. [1989, a ]). In this way thc scnsitivity to noisc introduced by
the electronic cooling is very much rcduced.

Fig.3.4.6 shows the lay out of one clement of the clectronic damping: a LED /
photodiodc system (shadow-meter) measures the relative displacement XX
of the i-th SA mass with respect to the ground, then the dcrivative is formed
and the amplificd signal is applied to a forcc transducer acting on the mass
itscif. The force transducer is composcd of a pcrmancnt magnct attached to
thc mass M and a coil connected to the ground: a current I=A(X;-X9) flows in
the coil and produces a damping force Fg= K-l betwcen the ground and the

mass M;, where K is a factor depending on the pcrmanent magnet strength,

the coil geometry, and the distance between the coil and the magnet: in our
casc K is, to first order, insensitive to thc rclative displacement of coil and
magnel. Six independent feed back systems have been applied to the third

from the top gas spring or second suspended mass.
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Since the SA chain is itself an cxcellent scismic noise filter above 10 Hz, it is
only necessary to apply eclectronic damping bclow 10 Hz. This will be
achicved by an appropriate low pass filter.

In Fig.3.4.7 the damped displacement spectrum shows that the maximum
displacement at 0.24 Hz is now = 3.4 um, hence very acceptable for allowing

the locking of the interfcrometer o a fringe.
3.4.2) FRINGE LOCKING SYSTEM.

A fringe locking system is nccessary for two rcasons. First of all Virgo nceds
a systcm able to apply to thc mirrors a displacement of the order of the light
wavclength 1o find the position of the dark fringe; the force necessary 1o
balance the gravity and to apply lum displacemecnts to thc SA suspended mass
is of the order of 103 N.

Secondly the remnant scismic displacement below Hz, which is about 3 um at
the fundamental pendulum frequency, has to be compecnsated.

It is not difficult 1o apply forces of the order 10-3 N to a suspcndcd mass with
small magnets attached to the mass and coils connectcd to the ground, as it is
shown in fig. 3.4.8, thc current flowing in the coil gives a restoring force.
The necessity for not reintroducing the scism above 10 Hz has led us to design
a special configuration of coils for the Virgo locking system.

For simplicity let us consider two equal mirrors frcely suspended with two
simple pendulums, with wg proper circular frequency and t rclaxation time.

If xy and x2 and X, and X, arc the mirrors and suspcnsion point scismic noisc

displacemcnts respectively the cquations of motions arc

2_
Wy X;
X;= U i=12 (3.4.1)

2 .
-Q +1%—+mg

Let us supposc that mass 2 is locked 10 mass 1 by mcans of magnets and coils

in such a way to have the force F on mass 2:
F=KI
I=a(x2-x1) (3.4.2)

wherc a is the feedback gain, | is the current flowing in the coils and K
depends on the magnet and coils geometry.
Eq. (3.4.1) becomes
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Wqg X
X = 2 0°1
-Q + m§+i—g
T
w%*ﬁ%d(*z—xl) (3.4.3)
Xo =

2
-Q + mg+i%

Where M is the test mass. Hence

2~
w, (X9—X
X2-Xx]= 0 ( L 1) (3.4.49)
—Qz+ i9+w2—5—a
Tt ¢ M

which in the limit a - «gives the current

2 (- -
1= Moy gz"“) (3.4.5)

the current is independent upon the pendulum resonance function and in
thc multi-pendulum case we get a similar resultl because the maximum
displaccmcent is at 0.24 Hz the frequency associated with the total pendulum
length (5 m).

Hence the magnetic force should be
2 = -
Ki=May (X,-X,) (3.4.6)

From mecasurements of the seismic noise power spectrum (R. Del Fabbro ct al.
{1988, c]) we have

31077

2
v

Xy = (x,=%) (3.4.7)

Assuming no corrclation in cq. (3.4.6) bectween X, and X; above thc cut-off

frequency v¢. the force integrated value is

Y
oo 2 _ (3.4.8)
— 2 -7 dv M (Dg 10 6 1
KI = Mw,3 10 — = —
\Y ﬁ v/2

Ve c
where ve = 1 Hz (considering 3700 m/s the sound spced in the ground), 300 Kg
< M< 1000 Kg is the mass associated with the frequency vo = 0.24 Hz of the SA
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and wg = 2nvy: it follows that the average force we need in the locking system
is

Ki= 210N (3.4.9)

Some independent measurements in our laboratory, giving a seismic
acceleration R.M.S. of 9.10°¢ m/s2 for the SA suspended mass, have confirmed
this extimation for KL

The scismic noise is rcintroduced by a term proportional lo%% thus the

Riemann force gives the following constraint on oK 1
ox K

2~
T %% x, [K<MQ fiL (3.4.10)

From c¢q.(3.4.9) and (3.4.7) it lollows

1K -1
K ox <06 m

(3.4.11)
which is fcasible as we will cxplain later.

Another source of noisc is duc to the noise current I in the circuits. In the
fringc locking system we have designed K ~ 2.102 N/A, the force produced
by thc noise current has to bc less than the Riemann force

Kln<MQ2 hL (3.4.12)

In < 221010 AN Y,

a valuc which is attainable with commercially availablc components.

4 ADIE I
COILS)

The special requirement of the steering coils is that they must provide a
force without introducing seismic noisc into thc system, as it is shown in
€q.(3.4.11). The force on a small permancnt magnet is proportional to the
total magnetic moment of the magnet times the gradicnt of the magnet ficld.
Scismic noisc can be introduced into the system if decrivatives of the
magnetic field higher than the first arc present. The axial field gradient duc
to a single coil has a maximum at z = R/2 where R is the radius of the coil and
z is the axial distance from the coil. Therefore the second dcrivative vanishes

at that point, which is where the permanent magnet is placed. Two additional
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coils with radii R/2 and R/4 are placed, respectively, at distances R/4 and R/8
from the permancnt magnet in such a way as the second derivates of the
ficlds also vanish. The currents in thesc two sccondary coils are then
adjusted so as to cause the third and fourth derivatives of the magnetic field
to vanish. Fig.3.4.9b shows the dcrivation from a uniform gradient for the
resulting configuration for a system with R = 0.1 m. For comparison the
deviation for a single coil is also shown. It is seen that the requircment that

(aK/ax)/ K < 0.6 m-! is satisfied for a interval of more than 10 mm.

Dcrivations from uniformily in the transversc direction arc correspondingly
small.
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3.4.4) AUTOMATIC ALIGNMENT SYSTEM

A problem, rising from the mecchanical suspension of the mirrors, is the lack
of perfect alignment of the mirror both in horizontal and vertical directions,
due to imperfect mounting, balancing etc...

In order to perfectly align the mirrors it is necessary to apply constant
torques to the mirror's suspensions (o crcate tilts in the horizontal and
vertical directions. This can bc done in principle by giving appropriate D.C.
currents to the coil systcm shown in Fig.3.4.9a but this would give D.C. biases
in eq. (3.4.10). To overcome this difficulty wc have cnvisaged an intermediatc
stage suspension system which can provide the mirror tiltings without
ground couplings as shown in Fig.3.4.10. The mcthod consists in creating
forces acting betwecn the 7-th gas spring and an intermediate 60 Kg mass
and in suspending the mirror with a two-wirc sling suspension allowing
lilting in both the vertical and horizontal direction. This tilting adjustment
systecm can be driven by a quasi-DC feedback.

The interferometric mirrors and bcam splitter have 1o bc kept aligned; the
standard tcchnique to lock anything to an extremum is (o crcatc an error
signal to be uscd to lock the mass to the appropriatc position. The position of
cach mirror is vibratcd at frequencics of the order of a few K Hz, in
translation along the direction of the becam and in rotation around two axis
which are orthogonal to the beam. For all these thrce degrees of frecedom
there is a maximum in power reflected by the interferometer rcar mirror.
The modulation at different frequencics allows thc scparation of the ecrror
signal for cach decgrce of frcedom. In the following we will show that it is
possible to excite thc longitudinal and rotational degrees of frcedom by
mcans of stecring coils atltachcd to the ground.

Let us supposc therc is an crror 6 on the angular positioning of the mirror;

the intcrfcrometer output power P will be affected in the following way

2
p=r(i - (3] ) (3413

where L is the arm length, Wq the waist of the mode and P; is the incident

power.
If the mirror's angle is modulated at circular frequency QM we have

M=0+mcosQm! (3.4.14)
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where m is the modulation amplitude.

The output voltage of the lock-in detector is

2
2mL%cos Q. t- 0
5 M cosQMt -
Wp =

L2 QM2

~ == 1

_Pl( 2)2m9( / (1+2Mv D
Wo

here A _L,/an_

where av = V4 LF

where F is the cavity finesse.
In our casc F = 30 L=3103m

(3.4.15)

assuming vy = 2 KHz it follows
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the photon shot noise \fn—gives al v =vM a noisc spectral density dV

AP Py P 2hv Py
dV = =— = —= = = 3.4.17
P T Vo (3.4.17)

2hv

in order to have a clear signal we nccd
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Assuming that the systcm should be aligned in t = 10 s and as a "good” 6= 10-7

rad gives
1.6 10-13 £vm\ 2
m=-—"73 — (E rad. (3.4.20)
since Av= 103 Hz vm = 2.103 Hz m= 2.10°13 rad.

The force F for moving the mirror of an angle O cos Qmt is

F=MROG =MRm Ql%d (3.4.21)

sincc M = 400 Kg and the mirror's radius R = 0.3 m
F=38104N (3.4.22)

This forcc can be casily obtaincd since the steering coils current driver
systcm can supply SA and, being K = 2.10-2 N/A , the maximum force is about

0.1 N.

4 DED

All thc interfcrometer parts, four mirrors and a bcam splitter will be
scparately suspended by SA chains. An extra chain is nccded before the beam
splitter to support an optical table holding a modec clcaner and all the optical
components in vacuum before the beam splitter as is shown in Fig.3.1.17. All
these components have to bec suspended separatcly from the beam splitter for
several reasoms. It is important to differentiate the vacuum with respect to
the interferometer and to rcduce the scattered light entering the
interferometer, in fact a small pipe will put in communication with the beam
splittcr area and a valve will allow work on the optical table without
breaking the vacuum in the intcrferometcr. In Fig.3.1.17 are skectched these
details together with the photodiode and a mode cleaner nccessary to reduce
the noise coming from the light scattered from the pipe walls going directly

to the photodiode.
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3.4.6) THERMAL NOISE OF THE SUSPENSION

In chapter 2 the thermal noisc has been discussed, in the following wc will
show some mecasurements and possible solution to increase the quality factor
Q of the suspension.

The major limiting noise at low frecquency is expccted to come from the
contribution to the thermal noise from the suspension itsclf; i.e. losses taking
place along the wires and on the suspension points. Our target, with masses
of the order 300 + 400 Kg is Q = 106 ; a figurc like this has been obtained in
vacuum with smaller mirrors.

In thc SA thc biggest contribution comes from the last stage, becausc noisc
from higher stage arrives filtcred to thc mirror. In the present design the
mirrors will bc suspended by two wirc loops, for tilting purpose, and it will
bc tested in the ncar future using aluminium insicad of silica, because their
densitics are close. A possible alternative solution is to make a single wire
loop around the mirror, and splitting the wirc in two scparatc oncs when it is
going to lcave the mirror surface.

The measurement persucd until now on the SA can, rather pessimistically,
give a lower limit for the suspensions Q of about 10* , in a vacuum of 103
mbar. It is interesting 10 remember that the onc loop wire suspension of the
2 ton cryogenic aluminium bar of the Romc¢ Group has a mechanical Q factor
higher than 107,

34 ISMIC NOISE ATTENUATORS AND VA M CHAMBER

As we have explained in section 3.4.5 Virgo nceds six SA chains, four of them
will be located in the central building and the other two in the two terminal
areas. Each chain will be located inside a stainless steel vacuum chamber 7.5
m tall and with 2 m diam.

Fig. 3.7.6 shows a top view of thc four vacuum chambers containing a SA
chain each and located in the central arca; details of the lateral reinforces
used to reduce the vibration of the SA suspension points are also shown.

Fig. 3.4.11 shows a terminal unit vacuum chamber with some tcchnical
details. Each vacuum chamber has two rcmovable picces bolted together.

Fig. 3.4.12 shows a section of a vacuum chamber with inside an SA chain.
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As it is shown in Fig. 3.4.12 the top gas spring of thc chain is solidal to the
vacuum chamber; it is mounted on a xy table having *10 cm displacement
range on the horizontal plate in order to compensatec the horizontal
displacements of the suspension point larger than those correcied by the
stcering system. The chamber is divided in two sections having diflerentiated
vacuum, as il will be explained on the vacuum section, where the vacuum
system is described in dctails. The lowest contains the test masses with 1077

mbar vacuum.
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3.5.1) FRINGE LOCKING SYSTEM : SOME RESULTS

The cxperiments for implementing a computer aided system for the
automatic alignmecnt (Barone ct.al.[1988] ; Barone ct.al.[1989] : Solimeno ct.
al.[1989]) of the VIRGO antcnna startcd with the testing of thc fringe
locking system (hercinafter FLS) in 1988. Taking into account that the
uscful band for gravitational waves detection of the VIRGO antenna is in
the range 10Hz to 3 kHz, it is clear that the control system must achicve the
following goals :

a) to control the whole interferomcter in the range DC up to 10 Hz in
order to avoid residual noises.

b) to fringe lock the interferometer in the useful band, 10Hz up to 3
kHz, so that a proper analysis of the control signal will give us, in the final
rcalization of the VIRGO antenna, exactly what wec want to detect, i.e. the GW
signal. These goals can be achicved by implementing cither an analog or a
digital control system. Wec think that for our purposcs the digital system of
control is the best onec, ecven if we arc presently testing both systems, to
check the validity of our conccm. Until now , as far as we know, in all the
implementations of GW test interfcrometers only analog schemcs have
been realized. We postpone the discussion on the advantages of the choice
of a digital system of control to the next section.

Wec have performed some preliminary control tests by FLS, implementing a
Michelson interfcrometer in air with two cqual arms 0.15 m long, whosc
end mirrors were fixed to a vertically damped table. Wc referred onc
mirror to the one controlled via piezoelectric transducers. The control of
this interferomcter, skctched in Fig.3.5.1, was complctcly analog.

The technique we used in this case was a monodimensional FLS. We
modulated the mirror position applying a sinusoidal signal with known
amplitude and frequency to thrce piczoclectric transducers (PZT).

The output of the intcrferometer was sent via a photodiode to a lock-in
amplifier for synchronous dectection of the error signal that is
proportional to thec low frequency optical path length variations.

The control signal is generated by a proportional dcrivative control (PD)
and is scnt to the PZT via an HV amplifier. The control was performed with

two correction bands, i.e. 0 to 100 Hz and O to 1 kHz to fully analyze the
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different performance of the systcm. We tested also the performance of the
samc analog system using a plane Fabry-Perot cavity 0.15m long.

The experimental results are shown in Fig.3.5.2.

We sce that the locking accuracy is rather good : with a modulation
frequency of 2 kHz wec obtaincd relative displacements between the mirrors
of 51010 m/VHz and 5 10-!2 m/VHz for the¢ Michclson and Fabry-Perot
interfcromcicrs  respectively. The peaks in the power spectra arc mainly

due to harmonics of thec main.

3.5.2) GENERAL CONCE F DIGITAL CONTROL

We propose a digital control of the clectronics involved in the apparatus.
We emphasize that the control should always be digital, not the electronics
itsclf. In fact cfficicncy and specd considerations may oflen suggest and
imposc the choice of analog componcnts and circuits for the electronics.
The advantage of a digital control is that a single system (duplicated for
backup) may maintain the control of the whole experiment by
coordinating the aclivitics of several subsystcms, cach with its own CPU.
The main system should be a workstation, whose windowing capabilitics
allow monitoring of cach subsystem in separatcd windows as wecll as
providing tools for data collection on high capacity devices (c.g. hclical
scan lapes).

Each subsystem performs monitoring and rcgulation of sclected parts by
mcans of computcr-interfaced instruments via industry standard
intcrfaccs.

Bricfly we may summarize the advantage of the choice of a digital system of
control as follows:

a) Great flexibility using the right interfacc modules (in terms of
spced and prccision) the only things we have to study arc the
improvements or the modifications of the responsec of the controller, by
changing a software program. This can bc done morc quickly way than in
an analog schcme of control, and even with a highcr precision.

Morcover it is possible to build an adaptive control filter, assigning a
criteria for the best performance of the system, in which the software
itself will choosec the best paramcters for the controller during the

alignment phase. In this scheme, the first level control can be reduced to
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compute discrete convolution between the impulse response of a suitable
numerical filter (FIR, IIR,...) and the discrete error signal.

b) Implementation of a master module to control all the subsystcms
of the VIRGO antenna.
Bccausc of the complexity of the control system for the whole
interfcromcter,the problem of control is divided into a certain number of
subproblems, cach one on a dcdicated CPU. The master module, howcver
maintains knowlcdge of what is happcning in cvery part of the antenna,
and coordinates the actions of the subcontrollers. In this hierarchical two-
lcvel structure (morc levels can be added, if nceded) the master module may
compcnsate for interaction crrors among the subprocesses : coupling
cffects can in fact lcad to small sclfoscillations of the system, not only in
the 0 + 10 Hz band, but also in the 10 + 3000 Hz band.

¢) Digitization and acquisition of the GW signal is in fact pan of the
control system, since the crror signal in the range 10 + 1000 Hz is the GW
signal itscll. Onc nceds only to store the data after using it to control the

fcedback system.

3.5.3) DIGITAL CONTROL SCHEME APPLIED TO FL.S

Fig.3.5.3 shows a simplified digital schemc of control to bc applied to the
VIRGO antenna. The gencral schemec of the whole interferometer, showing
the locking scrvoloops and the modulation [rcquencics, is skctched in
Fig.3.1.17. In the global digital control system wc must take care also of the
slow servoloops for the mirrors alignment

These alignments can be performed by mechanical modulation technique
and synchronous detection at low frequencies. Al lcast 11 degrees of
freedom must be controlled by slow servoloops; the choice of the
modulation frequencies is not critical because thc frequency band of tilts is
very narrow. The only things we must take into account is to avoid
overlapping of zones in which the seccond harmonics of the modulation
frequencies are present, owing o the adopted cohcrent detection scheme
(lock-in amplifiers) and, of coursc, to avoid mcchanical resonances of the
mirrors

An cxperimental model of this control is now being implemented in Napoli.
and will be operative at the cnd of Scpt. 1989. The master computer is a Mac
II, with a 68020 CPU and standard pcriphcral devices (disks,printers) with a

large memory capacity (8Mb). This computer is connected via a bus adapter
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to a standard VME bus, wherc another 68020 CPU takes control of various
interfaccs on the VME bus. The subsystem controls a mirror degree of
frecedom by acting on actuators with a correction signal gencrated via
software from an error signal coming from a lock-in amplifiecr whose
input is the signal dctected from a photodiode centered on an interfercnce
bright fringe in transmission from one cavity. The set up and control of
the lock-in amplifier and of the spectrum analyzer is done by an IEE488
interface adapter on the VME bus. The signal for the actuators is gencrated
by a DAC converter board on the samc bus, and is amplified before being
applied. An ADC converter rcads the error signal from the lock-in
amplifier whose reference signal is also generated by an interfacc on the
VME bus (actually, another DAC board).

A digital signal proccssing board is used to implement an hardware FIR and
by softwarc we gencratc then an adaptive optimized PID (Proportional-
Intcgral-Derivative) correction.

A 4 Mb mcmory board on the VME bus is used for program storage and as
data buffer, in such a way that longer time intervals may be analyzed off-
linc, for cxamplc to study long-term instabilitics. Thcsc data can then be
transferred to the master computer,in our case a Mac 1I, and there dumped
to a disk file with a time stamp. The Mac Il nceds a software 10 talk with the
VME bus and thc slave CPU. We have, for thc time being, sclected the RTF-
68K, a code used at CERN. The Mac Il is connccted via Ethemet to the VAX
6320 computer of IL.N.F.N., thus allowing easy and fast file transfer for
subsequent post-processing. The protocol used is DECnct, but is going to
migratc to TCP/IP when we will move to the OS9 opecrating system. We
propose to implement similar modules to control the VIRGO antenna.

It is likely that the fast cvolution of micro-controllers and DSP's will soon

allow us to dcsign much simpler and chcaper digital control loops.
3.5.4) REQUIREMENTS FOR DATA ACQUISITION

The characteristic signal of gravitational waves, which we propose to study
can bc divided, as presently known, into two groups. The first group
consists of signals coming from star collapse, coalcscent binary stars, etc.
which arc characterized by a short life span and have a band widths which
arc few KHz. The sccond group consists of pcriodic signals coming from
pulsars which have a small band widths. This means that for periodic
signals it is possiblc to employ a rather long inlcgration time, improving in

this way the sensitivity of our apparatus. But this also means, as it will be
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scen later, that it will also bec necessary to have a very long dynamic
acquisition signal range.

Let us assume an integration time of onc yecar, which would yield a
sensitivity to h less than 10-25. We would then obtain a frequency
resolution of 3.10-8 Haz.

With the purpose to cvaluate the dynamical range necessary for storing
the signals we have to know the interferometer signal amplitude from 10
Hz up to 1 KHz.

From the data shown in Fig. 3.4.4 we can infer that a dynamic of about 103

is enough; this can easily be scen considering that at 10 Hz we expect 10-16

m i -23 = 10-19 B i
e while at KHz we expect (sce eq.(1.6)) 3.10 x L=10 el A 16 bit

(~90 dB) is then sufficient to the purpose.

With a frequency sample of 10 KHz and with two bytcs per point we obtain a
data rate of 20 KByte/sec cqual to about 1.7 GByic/day. To be able 1o
maintain a frcquency resolution of 3.10-8 Hz at 1 KHz, it is necessary to usc
a sampling frequcncy with a long term stability of at least 3.10-11. This will
allow us 10 correct the Doppler effect duc to the rotation and translation
motion of the earth; it will then be neccessary to know with a rather good
precision the relative phase of the acquired signals every 6 months. The
acquisition systcm clock must thereforc be given by a cesium atomic clock
which has a long term stability of about 10-!2. The usc of a ccsium clock
will also allow us to know thec exact instant at which will arrive a
gravitational pulse signal with a precision better than 1 ms. That will allow
us to know the direction of the signal using thc information from other

interferometers.

3.5.5) COMMUNICATION AND NETWORKIN

There arc two basic communication nceds for the VIRGO antenna: a local
Area Network to connect the various CPUs of the experiment, and a link
between the instruments uscd in the arms of the antenna.

The network needs do not pose significant problems, since the data transfer
rate from the data acquisition system is about 160 Kbit/sec and can be
accomodated by cxisting network solutions. In particular, Ethernet (IEEE
802.3 standard) gives a bandwidth of 10 Mbit/sec at reasonably cheap
prices. Becausc of the length of the arms of the antenna (3 Km) fiber optic
cables must be used. This option has also becen selected for the Gran Sasso

experiments, thercfore hands-on experience exists within INFN.
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The rccommended optical fiber for such application has a 62.5 micron core
and a 125 micron cladding, dual window, graded-index profile, multimode
glass-on-glass construction. This is an ANSI and EIA standard, and is
manufactured by several companies (i.e. Pirelli in Italy).

Using a wavelength of 1300 nm, the attenuation is 0.8 + 1.5 dB/Km, and the
bandwidth is 500 MHz - Km; at 850 nm, the attenuation is still 2.8 + 3.5
dB/Km, and the bandwidth 160MHz.In both cases, the bandwidth allows
usagc not only of the Ethernct protocol (10 Mbit/scc) but also of point-to-
point communication between instruments at the cxtrema of the arms of
the VIRGO antenna.

3.5.6) DATA STORAGE

A sampling rate of 10 KHz corrcsponds to about 1.7 Gbyte of daita per day of
opecration.

These figures do not give problems of network speced, but problems of data
storage. transport and data integrity. In our proposed implementation of
the digital control, data arc moved from memory buffers to dumping disks
(local), both used as a circular buffer, and then via the nctwork to the
central system, where they must be written into a storage unit (sec
[ig.3.5.4).

With a dumping disk of 600 Mbytc which is a standard 5.25 drive, about 8
hours of data acquisition can be stored locally. This is the time that the
network can go down without any data loss. More than one local disk can be
used if necessary, butl sincc communication is crucial to the whole system,
a 8 hour interruption should never occur. For the dala storage on the
central system, larger disks, in a "Shadow mode"”, and with 2.5 Gbyte
capacity capacity sould bc used. Since at present (mid 1989) disks with a 5,25
in form factor may have 600 Mbyte of user data and with 8 in form fatcor
the capacity is already 1.2 Gbyte, it is safc to assumc that 2.5 Gbyte disks
shall be on the market at competitive prices in the ecarly 90's.

The shadow set of disks will assure integrity of cach bit of information, as
data are automatically written to both disks., maintaining the system
operational also in case of a disk crash. We note that this feature could be
used also for the local dumping disk, but it seems to add unnecessary load on
the data acquisition CPU: in casc of a disk crash, the CPU can casily transfer
data directly from thc memory buffer to the central system via the
network: in other words, the local dumping disk is already a safety

mechanism to avoid data loss.
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From the "Shadow” set the data have to bc copicd to a different device, for
data storage and transport. We proposc 1o use the necw DAT tape dcvice, an
emcrging standard, which uses pockel-size cassettc with a capacity of 1.2
Gbyte. The main fcature of such devices, apart from the compactness. is in
the recording technology, in which data arec written using an hclical scan
mechanism. This results in Jower rotational spced, and therefore less
friction, higher accuracy and lower error rate: with standard ECC
algorithm, the bit crror rate is less tha 1 in 1016, The ECC is also able to
rccover data loss up to 500 bits. Data loss in fact occurs after the data have
been written, and is generally due 1o dust or other micron-size
contaminant parts.

The first Europcan manufacturer of DAT 1apes. originally introduced by
Japanese companics (SONY) is a West Germany company. The end user price
of such device is such that a redundant (up to four dcvices) implementation
can be reccommended. An altcrnative, but which still uses helical scan
tecchnology, is the 8 mm vidco-standard.

Because of the non-availability, in early 1989, of DAT tape dcvices in laly,
the Napoli group has cxperimented with the EXABYTE device. The main
differcnce is the media used, standard cassctic for video cameras, which has
the advantagc of a higher capacity (2.3 Gigabyte respect to 1.2 of the DAT)
but the disadvantage of a nominal crror ratc worst by a factor 102.

The tests performed were of two types. An accclcrated lifctime test was
donc, wriling the contents of 4 magnctic disks of 450 Mbytc cach to a singlc
cassctte, twice a day, for a period of a month. Each complete copy opcration
rcquircd 8 hour of clapsed time, including verification. No error was found,
including recovcrable crrors (A similar test conducted on ‘old fashioned'
1/2 inch magnetic lapes started showing crrors, recovercd however by
longitudinal CRC, after an 8 hour copy opcration).

The DAT (or the¢ 8mm vidco) cassetic tape solves the problem of data
transport and storage, but a more permancnt archival medium is also
necessary, as off-linc post processing will occur after about 1 ycar. For this
purpose, thc optical disk technology gives us an off-the-shell solution.

A great deal of ecxperience has been achicved in Napoli on WORM 1ype
optical disks, in particular on 5,25 inch form factors. (We used thc Maxtor
RXT800S device, a SCSl-interfaced dcvice whose media are double faced., 400
Mbyte per side. A write with verify test pcrformed on two disks showed
scveral errors (20), but all wecre corrected with a block re-allocation

mechanism). Similar tests conducted on diffecrent devices (in particular,
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LMSI disks and Alcatel Thomson disks) at ESO in Garching by one of us
(Russo G. et al.[1986a], [1987a), [1988]) showed a similar error rate, which
thcrefore seems inherent of this kind of WORM device. The reason is that
thc non-crascability docs not allow error rccovery by a simple block re-
writing, and morcover the errors may not show up if a verification with a
copy on a diffcrent media is not done. The conclusion is that WORM optical
disk may be used for long term (. 15 years) data archival only after a copy
to the rcwritable device (DAT tape) has bcen made. The copy from dat to
WORM may bc performed off-linc from the cxpcriment, on a daily routine
basis, c.g. in thc Pisa INFN scction. Erascablc optical disks, using magncto-
optical decvices, have alrcady bcen tested, but arc only now (carly 1989)
appearing on thc market (the FUJI and TAHITI modcls by Maxtor) and no
operaling expericnce exists.

We plan to test one of these devices in late 1989. The final choice of the
technology to use will dcpend on later studics made on the function
rcliability and most of all on the data integrity once stored.

We plan to test onc of these devices in late 1989. The final choice of the
technology to usc will depend on later studics made on the functions
rcliability and most of all on thc data integrity once stored. It will be

decided in collaboration with the other groups.
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6.1,) INTROD N

The vacuum system is the most visible and the most costly part of the project. It
basically consists of 2 tubes, each 3 km long, joined in thc shape of an L and 6
tanks, onc at each cnd of the tube and thc others 4 at the comer of the L (fig.
3.7.5). All the tubes and the tanks arc cvacuated.

Duc to the cxtreme performances rcquired, this vacuum system is not an
ordinary pipc line but a high tcchnology product. It rcquires a very spccial raw
material with very low outgassing ratc and ncw manufacturing mcthods duc to
spcecifications of dimensions and precision.

The cvacuation of the tubes is required in order to suppress many noise sources,
cach of them being strong cnough at atmosphcric pressurc to prevent the
obscrvation of gravitational waves (scc scction 2.9). The main ones arc:

-thc random fluctuations of the optical index: fluctuations of the number of
molccules inside thc volume of the light bcam producc variations of thc optical
index and, conscquently, phasc variations of the light. This kind of fluctuations
may bc produced cither by statistical variations of the distribution of molccules
or by suddcn bursts of molecules, cmittcd mainly by thc pumps (and possibly by
thc tubc walls, due to thermal or mecchanical shocks). In both cases, the effect is
proportional to the polarizability of the molecules. Fortunately, we expect the
dominant residual gas to bc hydrogen, which has a low polarizability. The
stochastic fluctuations rcquire an avcrage pressure lower than 10-5 Pa (= 10-7
Torr). Thc bursts arc to be avoided and/or monitored: their rate and amplitude
should be minimized by the choice of the pumps and the thermal shielding of
the tubec.

-the scattering of light by the residual gas molecules: in order to achicve an
intensity of light lower than that scattcred by thec mirror coatings, the pressure
must be lower than 10 Pa. This cffect is obviously not the most dangerous onc.
-the transmission of acoustic noise: the cxperimental results obtained on various
prototypes show that this is not a critical issuc: a pressure of 10-3 Pa (# 10-5
Torr) should be sufficiently low to avoid any problem.

-the brownian movement of the mirrors: in order to reduce it below 1020 mHz

1/2 it is nccessary to reduce the pressure in the tanks below a value which
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depends on the mass of the mirror. In our case, this value. approximately 10-4
torr for a 40 kg mirror, is not the critical one.

-the damping of the suspension by the residual gas, and the corresponding
incrcase of its thermal noise: the viscosity of the residual gas surrounding the
mirrors may damp the suspension pendulums. Since the thermal noise is
inversely proportional 1o the square root of the Q of the suspension, this could
increasc the thermal noise. Below 10-3 Pa (» 10-5 Torr), this effect should not be

the limiting damping factor.

3.6.2.) SPECIFICATIONS
6.2.1.) OUTGASSING RATE

In order 10 obtain high vacuum, the most crucial parameter is the oulgassing
ratc. Ultimate pressurc, pump speed and spacing, pump down times and cost of
thc system arc all dircctly rclated to the outgassing ratc. For a given maicrial,
this rate dcpends on the processing of the material, like clcaning, anncaling
and baking. But thc figurcs published in the scicntific litcrature or indicated by
manufacturcrs rcveal quitc a large sprcad (somctimes more than 4 orders of
magnitude). )

In order to get some confidence on an actual figurc for the outgassing rate of
304 stainless steel, we have built in Pisa two prototype tubcs, 12 m long and 1 m
in diamcter. One tubc was dcgreased, cleaned and bakecd under vacuum for 24
hours at a temperaturc of 120°C. We mcasured an outgassing rate of 2 10-8
Pa.m.s-! (¢ 2.10-1! Torr. I. s"lcm=-2) or better. All the derivations for the vacuum
system arec based on this figurc, which is low enough 1o allow the design of a
rcasonable vacuum system. But such a low rate involves specifications on raw
materials, manufacturing, treatment and conditioning of the element tubes,

welding, assembling and baking of the whole tube.

.6.2.2.) LEAK RATE

In order to obtain the same magnitude on optical index fluctuations, the partial
pressure of nitrogen, the major component of a gas lcak flow, must be 20 times
as big as the parial pressure of hydrogen, the major component of outgassing
load. A safety factor of 5 becing taken, thus the gas flow rate originating from

leaks could be around 4 times the outgassing rate. But in order to kecp the
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pumping system as small it is necessary for the outgassing flow of the walls, the
total lcak rate will be required to be less than 1/100 of the outgassing flow.

It is said that the lcak free specifications for thec whole vacuum system would be
accepted by contractors for a factor 2 increase in price. It secems more
rcasonable that this risk would have to be supported by the Project if lecak free
specifications on each element tube and welding are checked.

3.63) THE TUBE

3.6.3.1.) RAW MATERIAL

In a vacuum system, thc most crucial choice, beccausc it is very quickly
irrcversible, is the choice of raw material. In fact, there are only two possible
matcrials, aluminium and stainless steel, for the construction of a tube pumped
at a pressure lower than 10-3 Pa (= 10-7 Torr). SL}mlcss stecl would render
manufacture (tooling, welding) casy and presents a betier resistance to
corrosion. For cxample thc 316 L stainless stecl presents the highest resistance
to corrosion by chlorine compounds. thus we could choose 316 L stainlcss siccl
(Z2 CND 17/13 AFNOR standard). This quality could be particularly required if the
interferometer is being built in a corrosive atmospherc (within 10 km of a sca,
or in a polluted arca). According to somc tests made for the LIGO project, it is
possiblec to ask for a special anncaling of the stecl, in order to rcduce the
hydrogen outgassing ratc. This opcration is chcap: it rcduces the ratc by a factor
10 at lcast, and may cvcn suppress the nced for baking. The manufacturer will
bc asked to producc a gas analysis for the delivered matcrial in addition 10 the

standard wet chemical analysis.

36.32) LAY OUT

Each arm of the L, 3 km long, will bc madc up of 19 scctions and 2 half-scctions
and will be terminatcd at both ends by a large valve. Each section (fig. 3.6.1), 150
m long, will bc made of 2 sub-structurcs :

- a welded tube, 145 m long, ended by flanges ,

- an instrumentation sleeve, having a bellow and a flange at cach cnd. The use
of this sleeve is for pumping, measurcments and monitoring (fig 3.6.2).

Tubes and slecves will be jointed by stainless steel gaskets.
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The sleeve and the middle of the tube will be clamped o the ground. The other
parts of the section will be supported on sliding pads every 12 m to accommodate
the thcermal cxpansion that will be compensated by the clasticity of the bellows.
The tube will be 1000 mm in inner diameter, S mm in thickness and will be
stiffened by hoops (10 x 50 mm) ecvery 2 m. The structure will fulfil the
appropriate standards. It would also be possible to use a much thinner
corrugated tube, or at thc contrary, a straight thick tubc (10 mm), without the
stiffening rings. The first possibility was rcjected for rcasons of safety and for
the difficulty of cleaning it. The last one was rcjected for its cost and its weight,

which makes difficult to movc large sections.

3.6.3.3.) MANUFACTURING

The tube will be manufactured from rolled shect-mectal, weclded along a
gencrative line of the cylinder, and welded together to form an elcment tube 12
m long. Stiffcning hoops will bc welded around thc tube which will be cleaned,
anncaled at high tcmperaturc and packed in thc manufacturer shop. Each tube
will be clcaned and lecak tested before being packed and scnt to the site. After the
installation of temporary hinges, the tubc will be pumped down to 10-3 Pa (= 10-
5 Torr) and tested with an hclium controller. If the Icak rate is smaller than
4.10-10 pam3.s-1 (» 4.10°'! torrls7!) the wbe is accepted. The processes of
clcaning, anncaling and conditioning have to cnsurc an outgassing rate lower
than 2.10°8 Pam.s'! (» 2.10°1! Torr. 1. s-lcm-2), value defined at § 3.6.2.1.

On the site. a special machine will weld clement tubes into 145 m long scclions
(plasma or TIG weclding). The welding process will be dcfined in order to require
no further cleaning action. As work proceeds, the scction will be pulled off the
welding machine. The finished section will be propclled on his permanent
place.

Two welding machines, one for each arm, will bc needed to mount the whole
tube in onc ycar (1 day per welding, 15 days per scctions, 300 days per arm).
Each section will be checked for lcak frce specification. First each welding will
be tested with helium controller. After installation of temporary hinges and
thermal insulation, the entirc section will bc pumped down, baked up to 100° C
during 96 hours, then cooled during 48 hours. A quantitative residual gas
analysis (measurement of nitrogen to oxygen ratio) will check the leak [ree

specification. After this test, the scction will be filled with nitrogen up to a
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pressurc of 100 Pa, then filled with dry air up to aimospheric pressure, a filling

with pure nitrogen bcing dangerous for workers safcty.

3.6.3.4) BAKING

If the conditioning and welding specifications are strictly observed and if
carcful attention is taken for handling, no clcaning opcrations will be nceded,
but a baking at 100° C of the whole tube could be fruitful. Thcrmal screcns and
insulation arc rcquired. Thus radiative and convective losses may be decreased
by a factor 2 or 3. In spitc of these insulations, the power required to achieve a
temperature of 100° C is estimated to 3 MW . This power is only tcmporarily

nceded and may bc supplied by rent gencrating scts.

3.6.4.) THE TANKS

The tanks are conceived to keep under vacuum the pendulum chains and the
optical parts of the interferometer. The tanks have a cylindrical form, 7 m high,
with a 2 m inner diameter; such a huge dimension is necessary to have a frec
cross-section of 1 m?2 for the installation of the chains, inside their support legs
(Figs. 3.4.11, 12). The choice of the maicrial for thc tanks is stainless stecl, as for
the pipc, based on the same arguments. Each cylinder is subdivided in three
parts: the ccntral one, perfectly cylindrical, and an uppcr and a lower closing
cup. The walls are 6 mm thick with onc rcinforcing ring in the middle of the
central part and thick flanges scrving as connection means as well as
reinforcement rings.

The lower cup, containing the mirrors, has four 1 m circular aperturcs with
standard flanges, serving as access ports for installation of the optical parts and
to connect one tank with another or with the arms of the interferometer. The
conjunction pipes have clastic bellows not to transmit mcchanical forces duc to
unbalanced atmospheric pressure; for the samc aim a few of the curved plates
closing thc aperturecs are strongly fasicned to ground.

Duc to the limited space available inside the tanks, the mechanical structures
supporting the chains develop only in the vertical direction and have a limited
cross-section. To increase the stability of the suspension point and the stiffness
of the structures, they are rigidly connccted to the cylindrical part of the tanks;
the tanks are in turn stiffened by inclined steel pillars strongly clamped to
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ground trough big concrete blocks (Figs. 3.4.11, 3.7.9). Also the inner supports of
the pendula are well founded on the floor of the buildings by four legs passing
through the bottom of the tanks.

The botiom part of each tank will be separatcd from the rest by an horizonial
plate having only a small hole 10 lcave a free passage for thc suspension wirc of
the mirror. This plate is necessary to keep separate the two zones from the point
of view of the vacuum. In fact it is expected that in the upper part of the tank it
will not be possible 1o have a vacuum better of 10-3 torr, due to the large number
of mcchanical pieces, insulated clectric cables and eclectronic components. Such

a dynamic vacuum could not be tolerated in the interferometer.

3.6.5.) PUMPING

There arec two distinct phases in the pumping procedure:

3.6.5.1.) PUMPDOWN

This phasc consists in cvacuating the tube from the atmospheric pressure (AP)
down to 10-3 or 104 Pa (» 10-5 or 10-6 Torr), wherc it becomes possible to star
thc high vacuum pumps without saturating them.

This sequcnce will happen very seldom (hopcfully only once). so it is not
nccessary that it be very fast; the most important factor is "cleanliness”. that is
thc abscnce of oil pollution of the tube.

A very slow pump down will guarantee the absence of turbulence in the gas
flow, avoiding thercfore the dcposit on the optical parts of dust particles
accumulated somcwhere clse.

Two steps seecm to be necessary :
1. a rough pumping down to 1 Pa (10-2 1o0mm)
2. an intermediate pumping down 1o 104 Pa (10-6 1orr)

During the first step, mechanical pumps arc uscd. For this stage, a pumping
group is madc of onc Root pump 1000 m3/h and 1wo rotary pumps, 250 m3/h
cach. The ancillary equipment (valves, oil traps, ...) is also included in the

group.
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It is proposed to have three such pumping groups, one at the end of the tubes,
ncar thc end tanks, and one at the comer of the L, near the central tank. A
pumping group will be used ecither to pump down a tank or a tube. To pump down
a tube, of course two such groups will be used. For a tube, the required time to
pump down from the atmospheric pressure to 1 Pa (10-2 1orr) is evaluated to
about 20 hours.

For the second step (from 1 Pa to 10-4 Pa, or from 10-2 10 10-6 torr)
turbomolccular pumps arc used. If it is nceded, the twube will bc baked during
this stage. After this process, the expected value for the outgassing rate is
supposcd to be achieved.

From technical and economical points of view, the optimal disposal scems to be
three turbomolecular pumps, 1000 1/s cach per tube and two such pumps per
tank. In fact, during the pumping down of the tubc, five pumps will be uscd.
thrce proper of the tube plus onc at cach end, normally used for a tank.

Of coursc, a rough pump and a valve are nceded for each turbomolecular pump.

3.6.5.2.) HIGH VACUUM REGIME

3.6.5.2.1.) PRESSURE SPECIFICATIONS

The permanent high vacuum pumping systcm must obtain the following

specifications:
- avecrage pressure Pave < 10-3 Pa (» 10-7 Torr)
- fluctuations APaye < 10-10 pa (= 10-13 Torr) on a Ims timescale
partial pressures hydrogen < 105 Pa (= 10-7 Torr)
water < 106 Pa (= 10-8 Torr)
nitrogen < 10°6 Pa (» 10-8 Torr)

Furthermore, the recsidual gas must be frece of hydrocarbon, in order to keccp the
optical surfaces clean. A partial pressurc of less than 10-10 Pa (» 10-13 Torr) is
rcquired if one wants to avoid the cumulative dcposition of a single layer of

hydrocarbons on the optics in 4 years.
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3.6522) VA M PUMP SELECTION

- Oil diffusion pumps must be eliminated because thc oil partial pressure
rcmains too high, in spite of some recent improvements

- Turbomolecular pumps require some maintenance, and their vibration level is
too high, but their main drawback is that thcy do not produce a stable pressure
(DANZINGER. Jnl. Vac. Sc. Tec. 21 p.893). They must also be discarded.

- Cryogenic pumps are very attractive because of their high pumping speed and
their clcanliness, but these pumps produce vibrations and may not be able 10
function in the wide temperature range which is required. Also, when the
cxtcrnal temperature rises, thc semi-cold surfaces between the pump and the
tube will rcleasc bursts of molecules. It could be possible to minimize this effect
by adding a thermal control of the intcrmediate tempcerature arca.

- Getter pumps would bc the ideal solution if their capacity were a litile bit
higher (or if the outgassing rate could be made much smaller than 2.10°8 Pam.s
1 (¢ 2.10°!"! Torr.l.s''cm-2 ). They do not pump noblc gascs, but they could be
assistcd by small turbomolecular or ion pumps.

Al the present tlime, a gelter pump is under test in Pisa, in order to evaluate its
actual capacity, thus its lifctime. This componcnt pumps down a prototype tube
12 m long, the outgassing of which becing well known. The evolution of the
pressurc reveals the evolution of the pumping spced and thus the capacity of
the geticr pump.

- lon pumps arc probably the best suited devices for our application. Among
them, the diode variety is to bc preferred becausc it has a betier capacity for
hydrogen. There rcmain some questions concerning the production of
occasional bursts by ion pumps, which we are trying to clucidate in coopcration

with the German team.

3.6.5.2.3) PUMPING THE TUBE

The pump design in bascd on an outgassing ratc 0f.2.10- 1! torrlsl.cm-2. For
the tube (108 cm2). the gas flow is then 2 10-3 torr 1 s°1. In order to obtain an
avcrage pressure of about 10-7 torr. we proposc fourty ion pumps of 500 /s

each. A couple of such pumps is fixed on each instrumentation sleeve. The nced
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of valves is not obvious. Thus a minimal pressure of 10-7 1orr, at the pumps, and

a maximum pressure of 1.2 10-7 torr are obtained.

3.65.2.4) PUMPING THE TANKS

There will be a differential pumping system for the tanks. A plate with a small
apcrturc divides the tank into two parts : an upper compartment with a medium
vacuum (10-3 torr), and a lower compartment with a high vacuum (10-7 1orr).
The conductance of the aperture is cvaluated to few 10 I/s. Then, for cach bottom
compartment (high vacuum) a 1000 I/s ion pump group is required. The top
compartment (mecdium vacuum) is continuously pumped down by a

turbomolccular pump used also in the previous stage.

175



The installation of the VIRGO interferometer has to satisfy the following
requircments:

-keep the performances of the detector at the limits of present tecnologies

-build the apparatus on a flat, controlled area, as far as possible away from
mechanical vibration sources, as hiways, trains., ectc., within a rcasonable
distance from onc of the collaborating laboratorics

-kecp the cxpenses for the acquisition of the land much lower than the cost of
thc apparatus itself

-give a minimum perturbation to the geological and biological equilibrium of
the surrounding region.
A committce formed by mcmbers of the Pisa University, of the local
administration and of INFN performed a very accurate scarch in a 100 km radius
rcgion around Pisa. A larger distance would result in untolerable logistic
problems. All morphological, tcchnical and administrative aspects have been
investigated, including dctailed scismic noise mcasurcments. Two candidate sites.
cquivalent from a scismic noisc poimt of vicw, have bcen sclected as very
suitable for thc installation, and priority has bcen given to a private owncd land,
in the "comune" di Cascina ( Fig.3.7.1). If the project will be approved, thc Mayor
of Cascina assures full collaboration to solve all the Icgal difficulties in the
expropriation procedure. The second priority site is of public property, inside
the natural park of Tombolo, and will be taken into account in casc of an
impossibility to stay in Cascina. The choice has bcen done to preserve the park
from the ccological impact of the interfecrometer, even though it is cxtremely
small.
Before to report on the seismic noisc measurcments on the sites, we like to
rcmind that the "goodness” of the suspensions consists due to the fact that they
transfer to the test masses the displacements of the suspension point rcduced by
a factor 109 at a frequency of 10 Hz; the reduction factor is 10'3 at 20 Hz and 1 or
lcss below 6 Hz (see section 2.14).
In figures 3.7.2 and 3.7.3 are shown two noise spectra taken in Cascina and
Tombolo respectively, wherc an average acccleration noise level of 10-% mys2
can be secn. As an example we rcport on figure 3.7.4 a mcasurement takcn
during the passagc of an airplane; thc broad noise bump will be casily cut by the
suspension, being confined above 50 Hz. We belicve that these noisc figures

allow good performances of the interferometer.

175



From the point of view of civil engineering, the apparatus consists of a
Michelson interferometer with two 3 km arms, nominally orthogonal (angles in
thc range 60° - 120° can be acccpicd), operating inside a 1 m diamcter vacuum
pipe (Fig.3.7.5). At the crossing point a 20x20 m2 building contains, under
vacuum, four pendulum chains supporting the stabilizing optical parts, the
beam splitter and the semitransparent mirrors of the two arms. At the other ends
of the pipes. inside two 15x15 m2 buildings, thc chains supporting the other two
mirrors of the interfcrometer are installed . The buildings will be 15 m high to
allow to lift up the upper part of the vacuum tanks and make accessible the
pendulum chains (Figs. 3.7.6, 7, 8, 9).

All the buildings arc cquipped with clectricity, water, compressed air, and
crancs. In the central building (Fig.3.7.6), insidc appropriate rooms. arc
installed the lasers and part of the acquisition and control electronics. The
central and terminal buildings will be temperature controlled to a few degree
ccentigrade, kept under ovcerpressure with respect to the outside and supplied
only with filtcred air, in order to perform as a clean room of low quality. A
fraction of the volume of the buildings, surrounding the lower part of the
vacuum tanks containing the mirrors, will be scparatcd from the rest and kept
clean at a higher level (class 10000) . since all the optical parts will be cxposed
during installation, tuning and maintenance (Fig.3.7.7). In the vertical direction
the scparation will bc done at the same level where, in the vacuum tanks, a
bafflc is put to scparatc thc upper from the lower part. As described in the
vacuum scction, abovc thc bafflc there will be the whole pendulum chain and
thercfore a rather dirty dynamical vacuum; bclow the baffle only the mirror,
inside thc clcan vacuum (< 107 Torr) of the interfcrometer. In this way, also
when the vacuum tanks will be opened. the optical parts will be confined in a
cleancr zone. The floor scparating the two parts of the buildings will contain in
its thickness air-ducts and filters to supply them with a clean laminar air flow to
the room below it. The laser will be installed inside this cleancr area. Along two
sides of the central and terminal buildings there will be rooms for mechanical
and clcctronic laboratories and an assembly arca.

To avoid mechanical vibrations all cquipment containing motors or moving
parts (air conditioning, laser powecr supplics and cooling, etc.) will be isolated
and confincd well outside the buildings. For the samc rcason thc control room of
the whole interferometcr will be located in a scparate building, 50 m apart from
the central one, connccted by a bunch of cables to the apparatus. This building,
one Moor high, with a surface of 10 x 20 m2, will contain besides the computer

and the data acquisition system, the rcmote controls of the servo-loops and of the
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vacuum system. In this way, during data taking, nobody is expected (o stay close
to the test masses, with the risk of noise gcncration.

The 1 m diamctrc vacuum pipcs, containing the arms of the interferomcter, will
be installed inside a channel of prestressed concrcte, industrially produced. This
channcl (Fig.3.7.10) will have a reclangular cross-scclion, possibly with an
inner height of 2 m, to allow the passage of a man for survcy and maintenance.
The channel and its cover will be shaped in order to prevent the cntry of rain
and animals; sump-pumps will be Jocated at every pumping station, together
with the vacuum pumps, to cvacuate the water coming from condensation or any
other source. In correspondence to all the pumping stations the cross-scction of
the¢ channel will bec enlarged (Fig.3.7.11, 12) 1o allow the installation of the
pumps themselves, the vacuum control instruments and the bellows for thermal
cxpansion compensation.

The channel will rest on a bascment having a strength to guarantee the
alignment of the vacuum pipe to a 1 cm precision (pcak to peak). Along the pipes
a service road, 5 m widec, will run from one building to the other. Due to the
flatncss of the chooscn site, thc installation of thc vacuum pipe is forscen over
thc ground lcvel, even taking into account thc earth curvature, which gives a
sagitta of 37 cm over a length of 3 km. Only a small amount of excavation will be
nccessary in particular locations and a fcw small bridges will be built to cross

irrigation strcams.

177



.8.1) INTROD ON

As a preliminary rcmark, let us emphasize that the scarch for gravitational
wavce detection by Virgo is not an isolated activity. If a signal is suspected to
have a gravitational origin, the level of confidencc can be increased
dramatically with coinciding observations with ncutrino dctcctors,
traditional obscrvalories and other gravitational wave detectors including
mcchanical ones.

A common opinion in the groups involved in the detection of gravitational
waves by interferometric means is that any group should have in the future
an casy access to the data from any other groups. It appears as a physical
nccessity when the goal is the observation of short pulses in the kHz
frcquencies range; it is also the best way to recach the scientific final goal
most effectively.

As a conscquence of the international mceting held in Paris in Fcbruary 89
working groups have been constituted with the participation of Virgo,
Germany, United Kingdom and U.S.A. The first goal is to dcfine the common
rcquirecments to be achicved, concerning especially data acquisition, data
proccssing (on linc and dclayed), algorithm, etc..

The problems involved arc important but are well known from other fields in
physics and astronomy. The kind of gravitational signals which we are
concerned with have alrcady becn considered by the groups working on
mechanical dctectors of gravitational waves, in the range of the kHz, as well
as in the range of a few tenths of Hertz. No specific difficuliies are expected,
the solutions have only to be adapted. For these reasons, we will not develop
here these technical questions but we will rather consider the more specific
aspccts in the present context. We will describe what kind of specific work is
under development, what kind of work has becn donc und what are their
consequences on thc estimation of the feasibility, on the frccdom of the
implementation of the antennas.

A gravitational wave observatory cannot bec compared 1o an astronomical
observatory (as they ecxist today) beccause cach gravitational wave detector

will observe signals from cvery direction of the sky all the time.

178



It is the responsibility of data analysis to extract from the rccords the
informations conceming a given dircction or a given type of astrophysical
cvents. It is thus very important that the data [rom cvery detecior be
available 1o every one who wants to work on the subject and 0 be prepared to
extract physical informations from thc observed signals.

It would be important to have a direct observational proof of the existence of
gravitational waves as soon as possible.

Although it is not thc most important physical goal, the first detection will
have such a considerable impact that a competition bctween the groups
involved will probably take place.

If a competition is to appear for the first dectection, it should not involve any
information retention but rather a global strategy which will have to be
dcfined locally by every group as a complement to the international common
agrcements.

Starting from an origin which is the ecnd of the construction, let us assume
that the scnsitivity of the various detectors will follow the same dependence
on timec in cvery group and that the algorithms uscd (if diffecrent) will have
comparable performances. Then the crucial points are the answers which
will bc given to qucstions such as:

- What and in which dircction to obscrve ?

- What is the lower level of confidence which will be convincing ?

- How must be the time shared betwcen obscrvation and dcvelopment ?

It is clear that the answers depend on the performances of the antennas thus
thcy will change with time and to start the first is an important advantage. In
any casc, Virgo is well positioned if it starts rapidly because of its specific

ability to obscrve low frequencics (periodic) signals by its own.

3.8.2) THE INVERSE PROBLEM IN GENERAL RELATIVITY

The rcsponse of an inlerferometer is a function of time which dcpends on the
history of thc motion of the mirrors. From (his signal we can calculatc a
lincar combination of the two components of the gravitational wave ficld.

This lincar combination depends on the direction of the gravitational wave

sourcc and on thc location and the oricntation of thc antenna.

3.8.2.1) THE PHYSICS OF THE EXPERIMENT

In order to obtain this linear combination from the signal, one has to know
precisely what is the dynamical bchavior of the device. This is well known
for frequencies of order of 1 kHz. At low frequency (a few tens of Henz) a
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ncw phenomenon related to nonlincar relarded cffects might give strong
prescriptions on the way the apparatus must be operated, and a lowest
boundary might appcar in the observable frequency spectrum. This does not
make the "low frequency strategy” questionable, however this is a strong
moltivation to thc studies concerning the physics of the experiment. This
aspect of the data analysis has been currently studied from the beginning by
the Paris group in collaboration with Bilbao's university and is being

considercd now by the British group as well. (Sec appendix).

3.8.2.2. THE INVERSE PROBLEM

Once the linear combination of the gravilational polarization is known for
cach antcnna, one has to solve the inverse problcm i.c. to dctermine the
direction of the source (2 angles) and the 1two gravitational wave
polarizations (2 functions of timec). This problem is almost trivial and the
solutions are known. The main results arc that

-3 antecnnas would allow for solving completcly the inverse problem if the
signal to noisc ratio is high enough;

-1 antcnna would allow a dctection of a gravitational short pulse if no local
pcrturbation is prescnl.

Howecver wce cxpect random local perturbations not to be cxcluded for sure,
then 2 antcnnas arc nccessary to achieve a high level of confidence by
mcans of the obscrvation of coincidences. Moreover, the signal to noise ratio
will not be very high from the beginning.

The possibility of observing short pulses depends on the number of
nctworked antennas. The rcsults .are summarized in the EUROGRAV document
(scc appendix). This document puts forward the basic physical reasons why
onc can bc confident in the future exchange of data bctween the various
groups opcrating a detector in the kHz region.

The specificity of Virgo is the "low frequency strategy” which mcans that,
duc to the motion of the Earth, Virgo will dctect periodic signals in various
positions. This is approximatcly equivalent to the dctection of onc signal by
scveral antennas. Thus Virgo will have the possibility to dectect periodic

gravitational waves and to solve the inverse problem by its own.

3.8.2.3) SPECTRAL AND DIRECTIONAL DISCRIMINATION OF PERIODIC
GRAVITATIONAL WAVE SOURCES

The unique capability of VIRGO to detect periodic gravitational wave signals
(PSR generated) in the range 10 to 1000 Hz can possibly be exploited for
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discriminating gravitational wave sources in frequency and/or direction of
arrival. The following topics are being currently investigated in Napoli  and
in Salerno:

1) The design of ecfficient algorithms to implecment "optimum" detection
of gravilational wave signals modclled according to Livas (AM-FM 1type with
unknown but constant phase). The feasibility of real-timc algorithms using
current hardware with 10-7 Hz frequency resolution over the whole range of
frcquencies and direction of arrival has becn demonstrated.

2) The modclisation of the gravitational wave signals accounting for
possible random time varying phase. For example under reasonable
assumptions, gravitational wave signals are shown to possess cyclostationary
property. Correspondingly, dclection algorithms may be suggested which
improve on the classical radiometer while preserving the computational and

resolution features as in 1).
3.8.3.) THE FIRST DETECTION

The first detection is important for physical rcasons and also because it will
bc the first milestonc on the way towards the birth of gravitational wave
astronomy which is the final goal. Everyonc would like to shoricn the dclay
until the first direct gravitational wave signal is observed. The scarch for the
first detection will involve a situation wherc the noisc will still remain

important comparcd to the signal.

3.8.3.1.) THE NUMBER OF EVENTS PER YEAR

The Paris group has dcveloped a sophisticated mcthod which allows for
calculating a factor of merit of a given nctwork at a given sensilivity and for
cstimating the number of short pulses which could be observed per year by a
given array of interferometric detectors:

- With the first goal (sensitivity = 3 10-23/VHz), the cvaluations obtained from
astrophysical data put forward the ordcr of magnitude of a fcw signals per
year, wilth an important uncertainty ; this is consistent with other
estimations. On the other hand cstimations concerning pscudo-periodic
signals from coalescing binaries are much morc optimistic. From thesc orders
of magnitude we conclude that the feasibility is reasonably proved from an
astrophysical point of view at this level of sensitivity.

- The factor of merit of a given array does not dcpend very strongly on the
orientation and on the location of the antennas (within the framcwork of

rcasonable assumptions concerning the participating countries): a factor
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between 1 and 2 in term of sensitivity and likely ncar of one for the
reasonablec arrays which can be conjcctured.

Considering the difficultics of finding suitable lands in Europe it has
gencrally been  considered that  the acquisition of the land can be
disconnected from astronomical considerations and could be treated locally
and independently by the different groups without important conscquences
on the pcrformances of the [inal array.

These results arc summarized in the appendix. Thcy prove that pulscs might
be obscrved very soon after the level of sensitivity of 3.10°23/YHz has been
achicved. It is important not to bc the third to achicve such a scnsitivity if we
want Virgo to bc surcly present in the first dctection. Thus it is imponant not
to dclay the construction morc than the inversc of the number of cxpected
signals pcr ycar (which is of order a few months). However, if Virgo and the
Amcrican Ligo (two antennas in U.S.A.) achieve the same sensitlivity at the
same time, it still remains a probability of order .5 to be involved in the first
dctection of the pulses, but, according 1o preliminary calculations, the

probability is much lower for coalescing binarics.

3.83.2) THE SHAPE OF THE SIGNALS

The situation is somcwhat diffecrent for pscudo-periodic and periodic signals
or short pulscs in which a tcmporal structurc can be found. It is wcll known
that the optimal filicr for a given signal is dcduccd from thc shape of the
signal itsclf. Thus the dctection is possiblc even with a low signal to noisc
ratio when the shape of the signal is known or depends on a small number of
paramcters. The work which has bcen devcloped in Mcudon will give the
shapc of realistic signals from astrophysical phcnomcna. The numerical
codcs arc alrcady availablc and the first results are cxpected in a ncar future.
This point is crucial for a first detcction, but thc main intcrest is that ir is the

tool for future astrophysics.

3.84.) CONCLUSION

Signal analysis, in the sense of extracting the signal from thec noisc. is not a
ncw problem and has bcen alrcady solved in similar contexts: thus this
qucstion is not presently a first priority. Howcver, Virgo participates to the
intcrnational working groups on thc question because the solutions have to
be cohercntly chosen for all the groups involved and bccausc if not urging,

this question must not be neglected.
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More important is the extraction of physical informations from the output
signal: Virgo is best positioned from this point of view.

Another important point is the common agreemcnts with the other groups
and the relationship with the other fields which will have to bec effective as
soon as the first runs will take place. The Virgo participants arc very

altentive to this point.

183



Figure Captions, chapter 3

Fig. 3.4.1

Fig. 3.4.2

Fig. 3.4.3

Fig. 3.4.4

Schematic diagrams of the expcrimental apparatus.

The two SA chains are suspended in the two vertical vacuum
chambers. The two 400 Kg brass test masscs, contained in the
horizontal vacuum chamber, are also shown. The dcep coil
accclcrometer (DCA) and a calibrating piczo (PZT) are shown

attached to the right test mass.
Schematic diagrams of the gas spring and its practical realization.

a) Simple cxample of a gas spring supporting thc mass M. The

bellow is used for gas containment

b) top view of the vessel and cross structure, showing the four

bellows position and the wires concerning the two spring parts

c) vertical secction, with dctails of the suspension wires: along the
SA the vesscl is connected to the previous stage and the cross to
the next. The distance d between the two wires changes

accordingly with the spring clongation
d) gas-spring botlom view showing centlering wires.

The measurcd SA vertical to horizontal (V-H) and horizontal to
horizontal (H-H) transfer functions between 10 < v < 68 Hz are
shown by e and A symbols respectively, while the total
extrapolatcd transfer function are shown by O and ¢ respectively.
The measurement has bcen done point by point excitating at fixed
frequency the SA chain in the middle of the [irst suspension wire,
after thc [first gas spring, it is limited by the DCA accclcromcter

noisc and has to bc considered as upper limit.

Average power spectrum of the remnant seismic displacecment of
the SA suspended test mass, for 0 < v < 10 Hz cxpressed in m/VHz and
with bin width of 18.7 m Hz. The lower rcsonance peaks are mostly
coming from thc horizontal oscillators, while thc other are mostly
from the vertical oscillators. Above 6 Hz the mcasurcment is

limited by the DCA accelcrometer noise.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

345

34.6

349

3.4.8

349

The continuous line is the SA scismic transfer function: the ratio
betwcen Fig. 3.4.4 power spcctrum and the scismic noise mcasurcd
with the DCA accelcromcter. The dotted linc is the theorctical
transfer function computed as the sum of the horizontal transfer

function plus one percent of the vertical one.

Lay-out of one out of six damping systems. The magnet M is
connected to the 2-nd suspecnded mass of the SA, the coil C is
currcnt driven by the derivative of the light signal in the
photodiode PD modulated by thc movcment of the mass, then

creating a damping force.

Mcasurcd average power spectrum of the SA 400 Kg test mass while
the damping system is working; bcing 18.7 mHz the bin width of
the spectrum the remnant displacement at 0.25 Hz is 3.4 pum.

Details of the steering system to kecp the dark fringe locked.

a)Coils and magnet dcsign for the stcering system.

b) Expccted IE % behaviour as function of the coils-magnet

distance along the axis.

3.4.10 Front and side vicw of the intermcdialc stage bctween last gas

spring and the tcst mass. The intcrmcdiate stage has becn designed
to make DC torque to the test mass; it is composed of two pieces: the
top onc is rigidly connccted to thc last gas spring, the other is
suspended by the SA wirc and suspcnds the tcst mass by two wire
loops. The two parts have cross shape, the higher has coils at cach
end of the cross and thc lower magnets in order to create forces

onc respect to the other.

a) front view, the two coils for the horizontal tilting arc shown:
one of the other system coil and magnet is also shown in the

center

b) side view, all the coils and thrce out out of the four magncts are
shown; the SA wire supporting last intcrmcdiate stage and the two
wire loops are also visible stecring. On the right it is possiblc to scc

the coils system.
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Fig. 3.4.11 A terminal unit vacuum chamber is shown, the lateral supports

are sketchcd with some technicals details.

Fig. 3.4.12 Vertical section of the vacuum chamber with the SA chain inside.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

The vessel of the top gas spring is solidal to the chamber; it is
mounted on xy lable having +10 cm displacement on the horizontal
plane. The horizontal section to defferentiate the vacuum of the

mirror is also visible.

3.5.1 Analogic schcme of control by mechanical modulation of mirrors of

a Michelson interferometer.

3.5.2 a,b Expcrimcntal results concerming the analogic system of control
of a Michelson interfcrometer and a Fabry-Perot showing the
accuracy in the alignment
a)Michclson interferometer;
b)Fabry-Pcrol

. 3.5.3 Basic digital schcme of alignment control for the VIRGO antenna

. 3.5.4 Data acquisition and storage systecm for the VIRGO antcnna

3.6.1 Sidc viecw of onc scction of the vacuum pipc 144 m long with

instrumentation slecves at both ec¢nds.

3.6.2 The instrumentation sleeve, showing flanges for pumps and

measuring hcads.

3.7.1 Map of the sclected site in Cascina showing the chosen orientation

of the interfecrometer.
3.7.2 Seismic noise spectrum on thc Cascina site. The data, plotied in
acceleration, show a noise much below 39.5 microns/ssz”2

corresponding to the typical expected value of the seism.

3.7.3 Scismic noise spectrum on the Tombolo site.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3.7.4 Scismic noise spectrum in Tombolo. taken in coincidence with an

airplane.

3.7.5 General lay-out of the intcrferometer.

3.7.6 Ccntral building (plan) showing the four vacuum tanks. the

assembly laboratorics. the clecan arca (white room).

3.7.7 Central building, side view (section).

3.7.8 Tcrminal building (plan).

3.7.9 Terminal building, side view (scction).

3.7.10 The prestressed concrete channel containing the vacuum pipe and
the scrvice road.

3.7.11 The channel at a pumping station (cross-scction).

3.7.12 The channcl at a pumping station (plan).
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Chapter 4
Description of VIRGO
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41) The VIRGO collaboration
4.1.1) THE PRESENT COLLABORATION

The first step of the collaboration which has led to the VIRGO project was
taken in fall 1986, when the GROG in Orsay and the IRAS group in Pisa, which
were the two cxperimental groups most recently involved in the domain of
Gravitational Waves Detection, rcalized their complementarity and decided to
work together. In May 1987, thcy presented to INFN the first declaration of
intention concerning the construction of a large intcrferometer, together
with physicists and cngincers from Frascati, Napoli, Paris and Salerno.
From t(hc beginning, the roles in the collaboration arc well defined as
concerns the cxperimentalists:

- INFN-Pisa is responsiblec for the scismic isolation system, the dala
acquisition, the vacuum system and the site selection

- GROG-Orsay is responsible for the optics, the interferometry, the laser
sourcc and the vacuum system

- INFN-Napoli is responsible for thc automatic alignment and control
system.

As concerns the theorctical aspects:
sources arc studied in GROG-Mecudon (binarics and supcrnovae) and in

Napoli-Salerno (pulsars)

- the "physics of the expcriment" are studied in the GROG-Paris and also
in Salecrno

- modelisation studies are done mainly inside the GROG-Palaiseau, but
complecmentary work is done in Pisa and Napoli

- data analysis is becing studicd complementarily in INFN-Pisa, in GROG-
Paris, in Mcudon, in Naples and Salemo.

A complete list of institutions and individuals involved (as of May 1989) is
given in the Appendix. The members of VIRGO have met altogether in two
specific meetings, in Pisa (fall 1987) and in Sorrento (fall 1988), and
individually in many occasions.

The approval of the project implics the attribution of about 10 new

technicians, engincers, and physicists working full time for VIRGO.
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4.1.2) EXTERNAL COLLABORATIONS

A Europcan collaboration was initiated by the Paris group as soon as 1984,
concerning the feasibility studies of the large interferomcters. This
collaboration, which involves Germany, Britain, Italy, and France was
supported by two successive "twinning" grants from the¢ EEC Stimulation
program. It has allowed some collaborative work (and common publications),
and the organization of three Europcan Workshops (1985, at Schloss-
Rindberg, 1986 in Chantilly, 1988 in Sorrento). It has also led to the redaction
of a common document, Eurograv, publishecd in March 1988, which is the basis

for a Europecan collaboration concerning thc large intcrlcrometers. Eurograv

justifies the construction of at least two dctectors in Europe, and crcatcs
Europcan Working Groups to work on the enginecring problems of these
large dctectors. In Fecbruary 1989, therc was a meccting in Paris, involving the
group lcaders of the Europcan and Amcrican projects, plus rcpresentatives of
the funding bodics, including the directors of Nuclcar Physics and of
Gravitation from the NSF. It was deccided there to enlarge the collaboration to
the Amcricans, with thc goals of avoiding unnecessary multiplication of the
rescarch cfforts and of the enginecering studics, and of cnsuring the
compatibility of the data acquisition systems of all the futurc dctcctors. The
Working Groups were rcconducted with slight modifications, cach of them
having a Principal Investigator in charge of coordinating thc ecfforts in his
field. The common agrecment is detailed in Appendix 4.2

Let us make it clear that this agreement does not call for any unification of
the projects nor does it suppress all competition between the groups, but it
does ensure that every country which builds an interferometer will finally
find its place in a future detector array, by establishing an organized
information exchange and a standardization of the data acquisition and
analysis and that technological improvments will be exchanged.

VIRGO is open to collaborations with all Italian, French or forcign institutions
which intend to participate in it. VIRGO was recently joined by Reclativistic
Astrophysicists from Mcudon Obscrvatory. There are presently preliminary
discussions with a Brasilian and with an Indian team who have expressed the
wish of collaborating with VIRGO.
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4.1.3) PROPOSED AGREEMENTS

The goal of the VIRGO project is three-fold :

- to construct a large interferometric antenna with the required sensitivity
of 3.10°23 Hz-1/2,

- to continuec the rescarch in order to increasec the sensitivity and to widen
thc obscrvation frequency range as much as possible.

- 1o preparc thc cxploitation of data for thc astrophysicists.

4.1.3.1) INTERNAL ORGANIZATION

4.1.3.1.1) LEADERSHIP

From the beginning, VIRGO has two complementary, cqually responsible, co-

leadcrs
A. Brillet and A. Giazotto

They will act together both as Project manager and also as Project scientist.

4.1.3.1.2) PROPQSED AGREEMENTS

The organization of thc VIRGO group has been very light up to now: cach
subgroup was ablc 10 choosc its own way, wc noticed no sign of compctition or
of unnccessary redundancy within the group, and all the studies have
progressed  satisfactorily. Even il this loosc organization has been well
adapted for thc phasc of prcliminary studics, it can obviously not be
maintained anylonger as soon as the approval of the project by the funding
bodics gencrates dcadlines and milestonces.

In France and in ltaly, scveral groups arc alrecady involved in the project,
and it beccomes necessary to strengthen the links betwen them in order to
cnsure the maximum cfficicncy for the construction phasc.

We have identified cight distinct domains of actlivity which require ecach a
responsiblc and a few co-workers. These groups arc listed below, with

possible names for thcir principal investigators:

1) Passive scismic isolation A. DI VIRGILIO (2->4)
2) Active scismic isolation L. HOLLOWAY (2->4)
3) Optics. Laser and Detection C. N. MAN (5->6)
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4) Numerical simulations J. Y. VINET (2->4)
of the experiment

5) Mirror alignment system L. MILANO (2->4)
6) Data acquisition D. PASSUELLO (0.5->2)
7) Vacuum A. MARRAUD and H. KAUTZKY (1.5->3)
8) Buildings and infrastructure C. BRADASCHIA (0.5->2)

The number between parcnthesis at the end of cach line gives an cstimate of
thc present and the required rescarchers for cach group, in units of onc [ull-
time physicist or engincer. This evaluation may bc modulated according to
the amount of effective collaboration with the other groups, and the fraction
of the tasks which may bc commiticd to cxtemal firms or laboratories. Not all
the tasks are permancnt ncither simultancous, thus somc of the "holes” can
be filled by moving cxisting collaborators from one subject to another; the
total number of requircd new collaborators is about 10. This should not be
difficult 1o find once the project is approved

The organization could have the following structure:

A Project Commitlce would be responsible for the technical aspects of the
project. It will be composed by the principal investigators, and co-chaircd by
the group leaders. 1t should meet about once per month until the final design
is completed, and 4 to 6 limes per year subscquently.

The Management Committee will scrve to control the funding and to
coordinatc thc funding bodics. It will bc composcd by a representative of each
funding body. It will meet at intervals of 3-4 months. The project leaders will

rcport to this committee.

4.1.3.2) THE LONG TERM RESEARCH

In ordcr to preparc the future gcnerations of intcrfcromcters, long range
academic researches are necessary. Onc must distinguish clearly
- the construction, where the goal is to achicve a scnsitivity of 3 10-23
Hz-1/2 using 'known' technologics
the research activity, which involves the study of ncw idcas and

technologics.
The groups directly involved in the construction and in the long range

researches are
- INFN-Pisa
- INFN and Decpt. of Physical Sciences-Napoli
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- GROG-Orsay and Palaiscau
In addition to the groups which arc directly involved in the construction of
VIRGO, other groups are involved in the development of long term rescarches
to incrcasc the performances of the interferometer in the future and to
preparc the exploitation of the obscrvations for the astrophysicists. They are:
- The Laboratoirc de Gravilation et Cosmologie Rclativistes
(Ph.Tourrenc ct al.)
- The Dept. of Electronic Engincering at Universita di Salerno
(I.Pinto ct al))
- The Dcpt. of Electronic Engincering at Universita di Napoli
(M.Longo ct al.)
- The Groupe d'Astrophysique Rclativiste (T.Damour ct al.)
They have participated in the dcfinition of the project and are active in all
thc intcrnational collaborations.
The subjeccts studicd by these groups arc the physics of the cxperiment, the
data analysis and the modclisation of astrophysical sources. All these groups
will nccd to be rcinforced by onc or two physicists or engineers.
The Laboratoire d'Optiquc Appliquec may dccide to crcalc a more important
group around J.Y.Vinct. and thc improvment of gravitational wave dctectors
is onc of the justifications and long term goals of the development of the

"squeczing techniques” at the Laboratoire dc Spectroscopic Hertzienne de
I'ENS in Paris.

4.1.3.3) PROPOSED GLOBAL ORGANIZATION

The INFN cffectively initiated the VIRGO project, and it scems logical that
INFN kceps the Icadership among the agencics participating in VIRGO. Its
principal partner will be thc CNRS-INSU, and they must agree together on
what should be the rclative participations of Italy and France in the project.
Given that the scientific contribution to the project is approximatively
cqually sharcd between the two countrics, but that the instrument will very
likcly be built in Toscana, we suggest that the relative participation of France
should range between one third and one half of the total cost of the project.
This situation should be maintaincd after the c¢nd of the construction, for the
French astrophysicists to have access to the data and for the continuity of the
collaboration towards the fulure gencrations of detectors.

The agreemcnt between INFN and CNRS-INSU should cnsure the balance
betwcen the contributions of cach country and the scientific and

technological fallouts they may expect.
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The main other partners, up to now, have been the Universities of Naples,
Pisa, Paris, Salemo, and the Observatory of Paris. Their contributions have
been far from negligible, and they should be invited to take a participation in
VIRGO.

4.2) COSTS AND MANPOWER

This scclion gives estimated costs, in FF and IL. at Spring 1989 prices. They are
bascd on estimates from possible supplicrs. Thc total cost of thc study and
construction of VIRGO is estimated to about 170 MF, or 35 Gigalirc (GIL),
cexcluding taxcs.

The running cost, after thc end of the construction, will be of the order of 6.5
MF, or 1.3 GIL per year, for onc intcrfcrometer.

These costs do not include the long term rescarch which must be pursued in

vicw of futurc gencrations of antennas.
4.3.1) ENGINEERING STUDIES

This first subscction represcnts the cost of the cngineering studics which
must be rcalized before the final design is compleicd. The corresponding
amount should be granicd as soon as the projcct is approved in principle. in

order to allow for the beginning of the construction in 1991.

Optical simulations 1. MF 0.200 GIL
Mechanical C.A.D 0.6 " 0.120 "
Mirror substrates 0.6 " 0.120 "
Mirror coatings 0.7 " 0.140 "
Lasers and dctectors 1. " 0.200 "
Total 3.9 MF 0.78 GIL

4.3.2) INFRASTRUCTURE

Sitc acquisition 5. 1.

Roads 1. 0.2

Pipe concretec bed 6.5 1.3

Pipe iron cover 11.5 2.3
Buildings and air conditioning 11.5 2.3

Clean room class 10000 2.7 0.54

Total 38.2 MF 7.64 GIL
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4.3.3) VACUUM SYSTEM

Pipe 6 km and diaphragms 48.5 9.7
6 vacuum tanks with attcnuators 4.7 0.94
Elcctrical nctwork & transformers 9 1.8
Mounting 11.5 2.3
Vacuum pumps 12.5 2.5
4 gate valves 1.8 0.36
Total 88 MF 17.6 GIL
4.3.4) INTERFEROMETER
This rcpresents the cost of manufacturing and setting up the
intcrferometer.
Mirrors 25 5
Oplics 3 0.60
Lascrs 3 0.60
Control clectronics and 6 1.20
data acquisition
Total 37 MF 7.4 GIL

4.3.5) RUNNING COSTS

first

These costs will begin when the interferometer starts test runs. Development

costs concern small improvements of

rapidly once the data acquisition siarts.

Elcctrical power

Water, Telcphone, Services..
Maintenance
Development

Travel cxpenscs

Data storage supporis

Total
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apparatus. They

will decrcase

0.8 0.12
0.5 0.10
1.2 0.24
1.5 0.30
1.0 0.20
1.5 0.30
6.5 MF 1.3 GIL



It is possible that new technological devclopments lcad to a decrease of somc
of the costs, such as the low outgassing ratc steel, which would suppress the
need for baking the pipe and requirc a lower pumping specd, or
dcvelopments in the optical technologies, which could make the mirrors
cheaper. It is also possible that some of the tcchnological studics may bec donc
in common with the other groups with an extcrnal funding. Except for that,
the costs look rather uncompressible. Any modification of the project which
could compromise the final sensitivity must be rejected, because it would
reducc the chances of success, and becausc it would destroy the basis of the
collaboration with the other groups in view of future astrophysical
obscrvations, which is that all the dctectors must have ultimately the same

sensitivity.

4.3.6) MANPOWER

The total VIRGO manpower is presently the researchers, and six technicians.

The design and the construction phase will rcquire about 10 new positions for
about 5 ycars as it is shown in Tablec 4.0. Wc alrcady have cvidence that once
thc projecct is approved, it will become very attractive for a few scicntists and
cngincers who are already working with CNRS or INFN laboratorics. It will be

the responsibility of CNRS and INFN 1o create thesc internal changes.

ITALY FRANCE
Situation Present |Final | Difference |Present | Final |Difference
numand echnicians)| 2 | 5 +3 1| 2 o
or techmiciang) N ERE 4
Optics engineer 0 1 +1
Laser engineer 0 1 +1
Mechanical project experts 1 2 +1
Financial admin. 0 1 +1
low level service personal. 0 2 +2
Total 4 13 +9 2 6 +4

Table 4.0 : Technical support
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4.4 TIMETABLE

As it has been noticed earlicr, thc time schedule of the project is directly
rclated to its scientific content : the ambition of VIRGO to participate in the
first detection of gravitational waves implics a fast dccision process and a
tight schedule. If the project was dclayed by more than onc or two ycars
rclative to the timescale proposed bclow, that would decrcase very much the
chances of participating to the first dctection. The long term astrophysical
goal and the technological fallouts would remain, but the scientific rcsults
would be much less spectacular and gratifying.

The first yecar after approval will be critical : the final design can be
completed within a year, if some cngincering studics can be committed to
external partners and if the groups size can be slightly increased. (Without
any cxlension of the present staff and funding level, this would rather
rcquirc two ycars).

Infrastructurc and buildings arc not a difficult part of thc project. They will
casily bc complcted in two yecars, after thc sitc acquisition. Manufacture, and
on-sitc welding and testing of the vacuum pipc will requirc two yecars. They
can be started simultancously with the infrastructure works, if sufficient
funding is availablc at that timec. The instrumcntation chambers could be
mountcd and tested within a year aficr the completion of the buildings. A safe
total of thrce ycars is then nccded before the optical instrumentation can
start bcing intcgrated.

The manufacturc of the optical componcents, and cspecially of the large
mirrors, is where most of the high technology is involved.The only
companics which arc readily ablc to producc thcse components are American.
Somc Europcan ones ccrtainly have thc technical ability, but would necd to
acquirc some¢ ncw cquipment. We belicve that this would be a useful
investment, although it rcquircs somec prcliminary studics, and the
development of new machincs, so that both the cost and the dclays will be
slightly larger. This will takc two years il therc is no unexpected
difficulty.We consider a total of thrce years for thc whole operation.

The decvelopment of a high power diode pumped Nd:YAG laser is alrcady being
projected by different European firms, bccause it rcpresents a potentially
important markct for the future, when the cost of high power diodes
(presently dcveloped by Siemens and by Thomson, in particular) will become
very low. There is no doubt that such a laser will be ready when needed.
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The development of the control and monitoring systcm will take placc mainly
insidc the VIRGO group.: its duration dcpends mainly on the available staff,
but this point is not susceptible 1o delay the realization of VIRGO.

The data acquisition and analysis equipment is not critical cither in this
experimcent. Appropriate hardware solutions alrcady ecxist, thcir choice will
be mainly a matter of standardization bctwecen the different groups. Software
solutions to similar problems have already becen studied for other cxperimcents
in astrophysics, radar technology. etc. This problem will bc solved in time.

In optimum conditions, the whole instrument could start operating in the
first half of 1995 and rcach the expected scnsitivity in 1996.

Table 4.1 shows thce dctails of the proposcd timetable. The bars arc colored
light for operations involving mainly thc VIRGO staff, and dark for the work
to be realized by privalc [lirms. Thcir thickness is an indication of the

intensity of the required effort, in manpower or in cost, respectively
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Year 89 80 91 82 93 04 85 o6

Milestones Data acquisibon
starts
Optics
. Pre-studies SRR RN R A BRI RO LRRE
-Polishing

- Coaling lacility
- Manufacturing
- Installation and|

final tests

Laser

. Design ORI SRR TR TS CORRRARR,

- Manufacturing ARSI

Photodetectors

- Studies

- Manulacturing

Data acquisition/

and Analysis

- Hardware/
development

- Sofiware

| -_Tesis

Instrument

conirol and
monitoring

-local conlrols

-global control

Buildings
- Design
- Construction |

Vacuum pipe

- Design

- Manulaclure
- Assembling
- Testing

- Evacuation

Instrumentation
chambers
- Design
- Manufacture
- Tesling

Seismic isolalion
- Tests

- Manulact/
Assembling

Table 4.1 Proposed timetable

4.5 PR ED SPENDIN HEDULE

To match the optimum timctable described above, the spending curve should
have the following shape. described on Fig.4.2. The dark areas rcpresent the
cost of thc cxperiment itsclf. while the lighter areas rcpresent the
infrastructure, the buildings and the vacuum system. The fact that the

spending curvc is sharply concentrated over three years is difficult to avoid,
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unless it is deliberately decided to slow down the construction : it reflects the
fact that a large fraction of the cost goes into the huge vacuum system and its
infrastructure, which can be manufactured and assembled rapidly.

The timetable and spending curve can certainly be rcoptimized as a function
of the financial constraints of the funding agencies, but onc must try lo

avoid dclaying the end of the realization.

MF

G
60 12
10
40 8
| 6
20 =
| 2
1989 1990 1991 1992 1993 1994 1996

Table 4.2 : The spending curve corresponding to the proposed

timetable
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Appendix 3.0

SUMMARY OF VIRGO DESIGN PARAMETERS

CONCEPT
3 km armlength Michelson interferometer
Fabry-Perot type gravito-optic transducers

SENSITIVITY GOALS

h<310-23Hz-112at 1 kHz
h< 10-25 a1 10 Hz (for one year integration time )

OPTICAL DESIGN
Standard recycling, for 500 W noise equivalent power
Low finesse Fabry-Perot cavities ( finesse= 40 ), to avoid instabilities
Input and output mode cleaners
Light injection through monomode fiber

ALIGNEMENT CONTROL
CCD cameras for visual control

Low frequency modulation of each degree of freedom, feedback through low gradient coil
and magnet system

SEISMIC ISOLATION
6 multidimensional Superattenuators for the critical optical components
Active damping with coils and magnets
Puppet type wire suspensions

LASER SOQURCE
1.06 um Nd:YAG lasers, >15 W ouput power
Low and medium power stages: diode pumping
High power stage: krypton lamp or diode pumping
Multistage frequency stabilization

BUILDINGS AND INFRASTRUCTURE

3x3 km L-shaped instrument
3 laboratory buildings, with clean rooms, 15 m high, 10x20m for the end buildings, and 20x20m

for the central one.
1m diameter vacuum tube, at ground level, enclosed in a concrete channel, with parallel service

road
Control room (10x20 m)

yacuum

Oversized, to allow for light baffling, future modifications and improvments
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Instrumentation chambers

2 m diameter diameter, 7 m high, for each attenuator

required vacuum: 10-8 in mirror area, "differential pumping”

Turbo pumps, and ion pumps in the mirror area
Tubes

length: 3 km, diameter 1 m, thickness 5 mm with reinforcing rings,

316L Stainless steel annealed for low outgassing rate,

required vacuum: 10-7 torr

designed for low maintenance over >10 years, evacuated "only once”

turbo plus ion or getter pumps

ON LINE DATA ACOUISITION AND ANALYSIS

signal, 10 kHz sampling rate, 16-bit

monitoring of Tp, pressure, seismic, magnetic, lock contrrols, laser frequency and power...
Storage

optical disks, or digital tapes

Analysis
on site: prefiltering of pulse data and low pass filtering for pulsar data storage, sets of matched
filters (DSP's)

off line: validated pulse data for coincidences
"Fourier” transforms for pulsar search
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APPENDIX 3.1

THEORY OF RECYCLING INTERFEROMETERS

(reprinted from Physical review D, with the permission of the American Physical Society)
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Optimization of long-baseline optical interferometers for gravitational-wave detection

Jean-Yves Vinet
Groupe de Recherche sur les Ondes de Gravitation (G.R.0.G ), Beumene 104. Universite Pans-Sud, 91403 Orsay, France
and Laboraioire d'Optique Apphiquee. Ecole Polytechnique—~ Ecole Nanonaie Superieure
de Techniques Avancees. 91120 Polaiseou, France
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Catherine Nary Man and Alain Brillet
Groupe de Recherche sur ies Ondes de Graviianion. Banment 104. Universite Poris-Sud, 91405 Orsay, France
~ IReceived 22 February 1988)

The goal of this paper 13 10 analyze and to evaluate the different configurations currently con-
sidered for the imerferometnc detectors of gravitaiional waves. We first study the properties of ele-
mentary gravito-opuic iransducers fi.c.. delay hines or Fabry-Perat resonators) using an onginal for-
malism which allows one to understand and to compare easily the properties of compiex interferom-
eters involving these elements, such as recycling or synchronous recycling interferometers. We also
descnbe the new idea of using detuned Febry-Perot resonators, and we show that, in some cases. it
may represent the best compromise between bandwidth and peak sensitivity.

1. INTRODUCTION

Long-baseline interferometers for the detection of
gravitational radiation are presently being studied in 3
few countnes (France. ltaly. Germany, U.K., and
U.S.A.L" All these projects are based on the construction
of a large, Michelson-type interferometer with an arm
length of 1-3 km, containing some kind of gravito-optic
transducer in each arm. In order to decrease the shot-
noise level. all these interferometers will use high-power
lasers, 1n conjunction with light recveling technmiques.
The basic 1dea of recvching was proposed by Drever:® it
consists 1n building a resonant optical cavity which con-
tains the interferometer, so that, if the losses are low and
if the cavity s kept on resonance with the incoming
monochromatic light, there is a power build-up which re-
sults in a reduction of the shot noise. This can be real-
ized in different ways, depending on the geometry of the
gravito-optic transducer (delay hine or Fabry-Perot (FP)
resonator]. While the validity of this idea has recently
been demonstrated experimentally,’ its theory remained
to be published.

The aim of the present study is to establish several sim-
ple models and associated formulas giving the ultimate
photon-noise-limited sensitivities of both the current in-
terferometnc configuranons and their planned exten-
sions. In order to carry out this program some special
tools are uscful. A common formalism will be developed
which allows a straightforward denvation of the proper-
vies of arbitrary optical configurations. Companson of
different detector configurations is facilitated by the use
of a set of standard parameters.

The cases of nonrecycling delay-line and Fabry-Perot
Michelson interferometers will first be treated 1n order 10
develop the formalism. Then we will apply these results

to vanous recyvcling configurations and discuss the rela-
uve ments of each confipuranion according to the fre-
quency range, Lo the bandwidth of the signal and to the
value and the localization of ihe optical losses which limit
the power build-up.

II. OPTICS IN A WEAKLY MODULATING MEDIUM

A. General principles

Consider a plane, transverse. traceless. monochromatic
gravitational wave of frequency v,, which propagates
perpendicularly to the interferometer plane (:=0), and is
linearly polarized along the directions of the lorthogonal)
interferometer arms (x =0 and y =0, respectively):

[h,(x.3.2,0)), ng=h, cost U1 + ),
with

h,=diagih, —h,0), =2z, .
At every point of the optical path, the light frequency
spectrum will resolve 1n a carner frequency

Vopi

and two sidebands

vw:\"
The enormous ratio between optical and gravitational
frequencies allows us to neglect the polanzanion effects
and we shall use a scalar representation of the optical am-
plitudes. Only firsti-order effects in b will be considered.

The optical amplitudes at an arbitrary point of the inter.
ferometer are therefore of the form
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A(Il=(AO—%hAM"n“"—%hA:f_"m°.')¢—'-’ .

w=17v,, .

We will represent the action of gravitational transducers
upon already modulated light by linear operators S acting
upon gencralized amphtudes

A=lAg A, 4,

A'=S-A .

According to the formalism developed in a previous pa-
per.’ 1Mese operators have the general form

So 0 O
S=150 S5, O
S 0 Sy

In this formalism. the diagonal elements S, represent the
ordinary reflectance lor transmittance) of the transducer
for cach [requency (carner and sidebands) whereas S,
and S,y charactenze the power transfer from the carner
to the sidebands, i.e., the sensitivity to the gravitational
wave. Optical elements with dispersion and no gravita-
tional sensitivity will be represented by diagonal ma-
tnces, elements without dispersion nor G sensitivity by
scalar matnces (mirrors, sphitters, etc.). Owing to the
/2 phase lag between the reflected and the transmiited
waves at 2 mirror, we shall represent the action of a mir-
ror_upon the complex amplitude of an optical wave by
iV'R for a reflection, and by V' T for a transmission.

The whole interferometer is itself a gravitational trans-
ducer and has therefore an associated global operator S.
In the following we will encounter three different cases:
when 5,9 and Sy are of equal moduli, the phase relation-
ships between both and Sy will denote either pure phase
modulation or pure amplitude modulation, and when S,
and S, are not equal, one of them is much larger than

J

\\
/

L

FIG 1. Round tripin the vacuum (notation).

the other. Therefore, if the limiting noise reduces to the
shot noise, we have. for the signal-to-noise ratio (SNR),

SNR=4

11
J S. S=18p| =181,

opt

where =, and 7 are, respectively, the integration time and
quantum cfficiency of the photodetecior, and P the power
of the source. In other words. the minimum, photon-
noise-limited. detectable 4 is
Vel

l\/g,

S .

~ o

hpy=

where §v is the bandwidth of the detector. In what fol-
lows we shall consider the quanuty S, that we shall call
normalized signal to noise ratio (NSNR), as the quanuty
1o be optimized.

B. Standard gravito-optic transducers

Gravito-optic transducers are optical devices in which
the gravitational wave (GW) is supposed to have a detect-
able perturbing efect. Current examples are the delay
lines and the Fabry-Perot cavities. Both have associated
operators D and F which can be related to the elementary
propagation operator X corresponding 1o a round trip in
the perturbed vacuum® (see Fig. 1). We have A'=X- A
with

'Ilec 0 0
wl (L /¢) ruoniLsze | dite-niLse
= — ——— 0 .
X ¢ OL/¢ ¢ ¢ "
. E_I:Siﬂ(nl./c)e,n.,n)[,/g 0 em-.tm.n
¢ L /c
A _ -
]
—— Al - —~4
R | ? R
——— . RI.‘g P R._,
A’l

F1G. 2. n-fold delay line (nowation).

F1G. ). Reflecting Fabry-Perot cavity inotation).
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The value of € is —1 for 3 round tnp zlong the x axis,
and ~1 along the » axis. Consider now an n-fold delay
line with two mirrors of intensity reflection coefficients R
tsee Fig. 21. It consists in n iterauons of the X operator
and 2n — ) iteranions of the operator 1 v R . Its associated
operator is thus 1D where

Dz‘_”n-l‘/ﬁ':n—lxn

Consider a Fabry-Perot cavity (see Fig. 3) with a front
mirror of intensity reflection and transmission coefficients

J

<
~

Dm=(—”'\fi :n-le"“"'-u"" )
— Vo . | 2mmv L
Dip=t—=11"VR ¥~ 'j¢=2 gip !
\" (4
—_ v amv, L
Dyg=t —1)"VR **~'je—2 5in | —1—
\v'l C

The action of this operator on an unmodulated wave is
therefore a pure phase modulation. [t is convenient to in-
troduce some parameters which have their counterpans
in the case of cavities.

By introducing the storage time

'
4

the time coastant
2L

.'"= - .
¢cR*®

and the normalized siorage time ¢t =+, /7" which has the
minimum value 1, =R *, we get

R*=1-R,

-t~ /ey

Rn—l/1='

In what follows we shall consider kilometnc interferome-
ters (L =3 km) so that the minimum value of 7, iec.,
2L /¢ 1s about 2x 107% 5, and high reflectivity coatings
(R*=10""1s0 that +" is about 0.2 5. This set of param-
eters will be referred to as the reference antenna. As will
be shown later, the best 7, for a given gravitational fre-
quency v is of order 1/2v;%. So far as we consider
gravitational frequencies smaller than a few kilohertz we
can assume 1 >>/,,. Two more parameters are useful—
the normalized gravitational frequency [ =2=v,r" and
the maximum quality factor Q =27v,,=". (In the refer-
ence antenna, when visible light is used, the quality factor
Qis about 7.5% 10'* and f =1.26v, /Hz)

The approximate form of the operator D simplifies now
to

'Dog| =",

|Dy! =Dyl =-‘$r" sin

I 2
=1l

R,.T,. with losses p,. and with a rear mirror of intensity
reflection coefficient R.. The associaied operator F
looks like the ordinary reflectance of a Fabry-Perot cavi-
ty but with the ordinary phase factor repiaced by X:

F=[VR,+1—p, WRXI=VRRX)™".

1. Response of delay-line-type desectors

In more detail, the delay-line operator involves the
three following elements:

¢ :Aﬂ]vm- e wml /¢

Jm!-.-- A inl se
e .

4

If the detection system involves 1wo delay lines. it has a
NSNR

=2Q a1 L2
Stf= /e sin | (3

For a given gravitational {requency corresponding to f,
there exists an optimal normalized storage ume:

2
tg= ——arctan
o .

0
2

Note that fo—0 vields = ¥'— <", and thus ="' may be in-
terpreted as the maximum value of the optimal storage
time.

The optimized NSNR is then

200 7
S‘f)=—/Q- sin -}%arctan —;—” 4)
T 4]
X exp | — 7e arctan .

We have, at [ = f,,

S(/).—.\/—;?::up -%arczan -'Lzo-l

Therefore, we can give the limiting value of § when
[o—0:

S(0)=Qe .
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For f¢>> 1, a good approximation of the optimal storage
time s given by to=7/f,: i.c.,

9= 1
* - 5,10}
vy

and the NSNR becomes simply

=L
2 /o

Slf)=-2—[Q'sin

-

~ ”—P|)'\/R:¢:'“L“+\/R‘

1.e.,

I
“Vom

Stv )= lsin

v, l \
2,101 )
-\'

2. Response of Fabry-Peroi-type detectors

v
[ 1

For the Fabry-Perot cavity operator, the reievant ele-
ments are

,.u.-nu./:

U+ VR Re¥ N1+ VR, Ryew-MLrey

.d!uonll.lc

F —— ]
© 1+\/R|R:t:""l'"
v,
Fo=ieTVRy=Z sin nL
V' (4
Fy=1¢T, V'R, . sin aL
V' (4

The cigenfrequencies of the cavity are determined by the
condition exp(—2iwgl /c )= —1 and consequently, when
the optical source is resonant, the preceding operator
denotes pure phase modulation. We need now some di-
mensionless parameters analogous 10 the delay line's. We
may define the time constant of the cavity by

L
Ty .
1=V R \R,)
Owing to the constraint 0 < R, <1 —p,, we have
]

“_’_\/R‘R,‘:«uLh)“_'_’/Rleehlu-mL/q '

TR L
¢ $ (1=-vVU=p,iR,)

The rano of the time constant 10 1ts maximum value wiil
be named normalized time constant r; 1t obeys

lm<t<! withs =1=V(1—p, iR, .

In the general case, the source 1s eventually detuned from
4v,,, from 2 resonance vy which leads us 10 introduce the
normalized detuning defined by Af =27Av,, =", With
these notations, the ordinary reflectance of the cavity has
the exact expression

U=2+u_ Pell=1 Pl=r, /DA ¥sinc(ASL, /2)

1
i
1Fol*=7%-

where the notation sinc(x) denotes the function sin{x)/x.
Fortunately a simple approximate form can be given
when Af is much smaller than the free spectral range and
when 1, <c 1 which is satisfied when gravitational fre.
quencies are restricted 10 a range of values less than a few
kilohenz:

|Fool = |1- 4] -1} '
® 1+af4?

The minimum value of | Fy| is reached at resonance
where

Iletu= I |_2‘| .
Within the same approximation, we have

2A£111—1) l

ArgF o =7 +arclan
8w 1-2=as%?

1+ AL =1, /t)sinetiASf1,, /2)

r

We have further

[Fiol = Qii1—1)
T VIsarVIsaf st
| Fao Qril=1)

T VIsafeVIsaf 4

In particular when the source is resonant (Af =0), we
have the special case

|Fool = 11-21 .

-f)
|F|o|=|F:°|=_QL'_

1+,
We have consequently, for the NSNR,
Sifim2-n (s)

\/|+/‘|’.
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When the normalized gravitanonal  frequency
/°=2:r',°'.-" tends to zero. the optimal valuc of =g has
the limiting value ="' /2 and the limiting valye of the SNR
turns out to be Q /2. When S5 5> |, the function S(1) be-

gins to saturate as soon as

2 1
- . 10}

loz—-f . e, 7 5§ = o .
[ b f)

This value will be taken as a reasonable choice, for the
true opuimal value is much higher but irrelevant, giving
only a slightly better value of S. In this case, we have, for
the NSNR,

~ ‘

S(N1= R
j '/%‘F"f:)ln

in particular, (6)

S(f°)=l.787% .

In dimensional expression, this is
Sivg =tdv g, /v )1 +12v, /\."0'):]- 1z
and

S =1 8w /vy

Let us point out an important feature— with Fabry-Perot
cavities, it is possible 10 use a detuned source with respect
10 the cavity eigenfrequency of an amount Af=f, so
that the sideband generated by the gravitational wave 1s
resonant

Vot = Vo= ‘,1'01 .
leading 10
12
&ill—1)
Fegl= 1=~
® ‘ YR
and
t(l—1)
|Fiol = 2

U3+ = forf)
When fo>> 1, a reasonable choice of =5 is again
1

-0
vy

Ts=

and with only one resonant sideband, the optimized
NSNR becomes

=0892 !
SUN=0.89 T ™M

or

Slv,)=10.89v,,, /7"

X[1+801=v, /v )1

Figure 4 gives a companson of the sensitivities versus v,
for a delay line, for a2 Fabry-Perot both at resonance and
with detuning, in the conditions we have described above.

Tt e etaaes

100 g Nz

F1G. 4. Transfer funcuion of a Miche!son interferometer with
multipass arms (optimized at 100 Hz): (1} delay lines; (2} reso-
nant FP cawvities; {3) detuned FP cavities.

The detuned Fabry-Perot is less sensitive than the other
configurations. but the fact that it brings a higher
reflectance makes it interesung when recycling 1s applied.
as we will see 1n the next pan.

ITL STANDARD RECYCLING

A. Principles of standard recveling

A classical Michelson interferometer tuned at a dark
fringe behaves just like a mirror—most of the power in-
coming (rom the source is redected back. We can use it
as the second mirror of a cavity, the front mirror of it 1s
called the recyching mirror. It will be shown that this
configuration increases the SNR by allowing more
efficient use of the available power. Figure & shows the
principle of operation. Let R,,T,.p, be the parameters
{reflectivity and transmittivity coefficieats. losses) of the
recyching mirror and Rg, T, ps those of the splitter. Itis
easy 1o show that at a dark {ringe we have an operator §
for the whole system:

A'=S-A,

where the relevant coefficients of S are

F1G. 5. Sketch of the standard recyching setup.
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iG|°|
1=l =ps1VR,1Ge
"Gyl
1=1=pgiV'R, G|

1Syl =1=p VT,

|Sm1=(|—p,a\/?.

G 1s the operator associated with a gravito-optic trans. *

ducer, either a delay line or a Fabry-Perot cavity, direct-
ed along the y axis, and G’ the operator associated with
the same transducer, directed along the x axis; both have
the same cocficients G,, but opposite coefficients G4, and
Go;. Qne sees already that the recvcling rate can be opti-
mized fox given losses and G, we find

(VR p=11=p, N1 =pg) | Geo | -

So that it is possible to give optimized values of the com-
ponents of the NSNR:

1Sl = 1G] (l—p,)(l—p,l’ n
AL FETEP T T TN
(1=p, N1 =pg P 2
'Syl =1Gxpl T 1
1=tl=p, N1 =pg) lel

By assuming low extra cavity losses p =p, +1pg we may
wnte simply

1Go
'slol-_- —_——
VI1-tl-p)Ggi®
(8)
'Gal
ISpl=

VI-0-p) Gl

In the reference antenna we shall take p,=10"* and
ps=10"2. The problem 1o be discussed below is the op-
umizauon of either the storage time for delay lines, or the
decay time for cavities, when recycling is applied. In the
general situation, the optimal value of that time constant
will depend on the gravitational frequency fg at which
one wants to optimize, and on the recycling losses denot-
ed by p. Two frequency ranges will appear: the low-
frequency range and the high-frequency range. In the
low-frequency range, long storage times are required, the
recycling losses are therefore dominated by the
reflectivity losses in the arms, and the optimal storage
ume 15 almost independent of p. In the high-frequency
range, the required storage times are relatively short, so
that the losses in the arms may happen to be comparable
with the recycling losses p, and the optimal storage time
will depend on both p and f,. The effective value of p
will be determined not only by the losses of the recycling
mirror and of the beam splitter, but also by the fact that
the interference on the beam splitter may be aflecied by
small misalignments or by a slight asymmetry between
the two arms of the Michelson interferometer.

B. Standard recycling with delsy lines

In the case when G represents a delay line, as shown
earlier, we have

|Gy =¢"",

LR I
2 e,

IG.°;=|G:°|=-?!sm

So that, assuming low losses, the phase relations denote
pure amplitude modulation. and the NSNR of the global
system is given {for extracavity losses p =p, +2pg ) by

a
=—zg---=z
siN ARGy

sin

9)

For a given gravitational frequency denoted by f,, the
corresponding optimal normalized storage time is given

"by the implicit equauon

-hol

2 Jo
fo 7 arctan 2 [1=t1=ple
which is easily solved by iterations. For values of f,
small compared to 1/p (say v{”' < 50 Hz in the reference
interferometer), 14 is seen to be almost independent of p
and takes a value near 0.8 for zero frequency. The corre-
sponding limit for the NSNR is 0.4Q. A convenient in-
terpolation formula valid within this range is

1o=(1.56+0.18/3)'7 .

Now, in the case when the normalized gravitational fre-
quency is large enough (say n;°'> S0 Hz in the reference
interferometer), we can put t=x/fy << | and wnte

2 |'? Isintz 201
Stfo)=Q|— —_—
fo Qlfo Vx+pfo/2

The optimal value of x is solution of

Plo
X+ —=1an

2

X
2

The solution x, takes values in the range (2.33,=] for
values of pfq/2 in the range [0, < ). A good interpola-
tion formula valid except for low frequencies is

0.81pf, Xq

xo=2.33+ PRTFYYA then r,:—z‘.rl.o; .

The optimized frequency response of the recycling setup
is now

1n
s«/)=-? ﬁl sin 3:—}‘{ . (10
0 «J0

In paruicular, if the frequency [, is within the especially
interesting band 1 << fq << 1/p say S0 Hz to 500 Hz in
the reference antenna, we can write

sm=o.9i—?\//_., sin ‘—/”L .
0

in particular S(/°)=0.85(Q/\/7;) or, in ordinary nota-
tion,
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Such an optimized transfer function (for 100 Hz) is plot-
ted 1n Fig. 6.

C. Case of resonant Fabry-Perot cavities
The relevant operator G is now F:
[Fogl=11=211,
|Fiol = Fl=Qtl=n/Vi=f1t.

The phases are such that the NSNR with the optimal re-
cvcling rate rxkes the form

2011 —1)

— - (n
ViefVi—tl—pill=215

StN)1=

In the low-frequency domain. when the extra cavity
losses are small compared to the reflectivity losses of the
cavities, i.e.. p <<t which corresponds typically to the
frequency range 0— S0 Hz for the reference antenna,
S/ becames independent of p:

- I
Stfi= —+
/=0 =/
The optimal value of 1 at /= f¢ 15 then
t —_]_—
ST =gyt
The corresponding optimized transfer function 1s
sin=2 ! _—
v f!_f)
1«V1~f3} ——

Vi+f}§

If now fis large enouch { > SO Hz 1n the reference anten-
nal, wecansett =x//q << |50 that the NSNR becomes

Sifg)1= —2- x

P
Vii—x®

2o

X - —

4

|

s/0 ! '

F1G. 6. Transfer function of a Michelson interferometer with
multipass arms and standard recycling toptimized at 100 Hzk
1) delay lines: (2) resonant FP cavities: t31 detuned FP cavities.

3.1

The value of x which makes S eptimal 1s solution of

1"-:—¢=0

The exact solution 1S somew hat cumbersome but the fol-
lowing interpolation formuia :s quite sufficient for our
purposes:

In fact.if 515 not too high (within the band 50— 500 Hz
n the reference antennal, the solunion differs little from
x9=1,50 that we can take 1y =1/fg; t.e.,

0 —
b 0
pEAA

The opuimized [requency response of the recycling setup
1S NOW

fo 171
Sifi=Q | -
S =15
in parucelar 12
S(fg)=‘—g—_—
In ordinary notation we have
e 172 1
S(\' ‘=\‘c -"; -
& pt \,‘.u [l_h,‘/v‘o-,)u.

An optimized transfer function (for 100 Hz! is represent-
ed on Fig. 6 50 23 10 be compared with the case of delay
lines.

D. Case of detuned Fabryv-Perot cavities

As already noted. Fabrv-Perot cavities can be driven
out of resonance, leading to a different response to gravi-
tational frequencies. to a siightly worse signal amplitude,
but a higher reflectivity. This mode of operation 15 ex-
pected (o give interesting results 3 recycling
configuration. Let us discuss this idea.

Assume the optical frequency to be detuned with
respect to an eigenfrequency of the cavity by an amount
equal to the gravitational frequency to be detected:

= ‘01
Vom =Vo- v, .

The detuned cavity operator. as shown earlier, contains
the following elements:

. drtl=1)
Foi‘=1- ~
ool PRYEE
:F|o|= Q”‘_”

VI+AS TV IiAf = rt

With an opuimal recveling rate for v, =v%'

p=v, and with
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Af =fo. we find the NSNR as
St/
[1_(! _/0,:::}u:

The peak value. S(f, ) is

Stf1=

Qitl—n
ptl+=fasrsanl—n—p)'

Stfy)= "3

We shall consider that p << 1, for 1t will be seen that this
approxmation holds even for relatively high frequencies
(up to the kilohertz in the reference antenna) due 10 the

fact that high values of the optimal time constant +§ are .

required in the detuned system. The resulting expression
for the peak value of the NSNR s

n
)=

Stfe)=Q | ———
fol=0 (pfd—41 <4

The optimal value of 1 is

2
1y = ———————
° 3—‘1-1'2pfa)ln

—— 12
M=V

—Sifo!=Q —
B3+Vis2ps3 0

(14)

The NSNR has a narrow-band-1vpe behavior character-
ized by a bandwidth of

8/ =[3=11=2p731 V73 .

The transfer functions of delay line and resonant FP in-
terferometers are not essentially changed by standard re-
c¢ycling apant from a gain factor, but the transfer function

0-2
T T v T v
s$sQ
- -
- 4
- 4
b -
B e
- 4
L N i
-
i\l
0 — -
00 .

F1G. 7. Transfer funcuon for standard recycling with de-
tuned FP cavities and nonopumal time constant. (1) 1= 1,,; (2
temt,, /2;(3) temt,, /4. RFP: standard recvcling interferometer
with resonant FP cavities ifor compansonl.

of the detuned FP interferometer becomes resonant, due
to the long ime constant required. i is easily seen that,
in the limit pfg—0, S(fg)—Q@/4. and 8/ —4V I liis
more 1nteresting 10 compare these charactenstics 10 those
of the following section concerning synchronous recy-
cling. With a choice of x,, two or three times less than
the optimal value, the linewidth is seen to be increased
while the peak value 1s only slightly decreased. giving in-
teresting transfer functions, with a finite-band response
locahzed in the gravitanonal spectrum. Examples of
transfer functions corresponding to that mode of opera-
tion are plotied in Fig. 7. Figure 8 summarizes the dis-
cussion of standard recycling systems by a piot of the op-
timal NSNR value for the different sysiems.

IV. SYNCHRONOUS RECYCLING

A. General principles of synchronous recycling

The basis of synchronous recycling is to include two
mutually o—hogonal gravito-optic transducers in a ring
cavity of high finesse. If the effective storage time in each
arm is equal 10 half the gravitational penod. the phase
lag between the perturbed and nonperturbed light waves,
or better, between two counterpropagating waves, is ex-
pected 1o increase with time up to 8 limiting value im-
posed by the finite losses of the recvehing cavity. We con-
sider a ning cavity (see Fig. 9) with a recveling mirror of
parameters R,,T,.p, as in the previous section, and a
transfer mirror of parameter R,. In this nng cavity, two
orthogonal gravito-opuic transducers, G and G* are iIn-
cluded. Let G and G’ be the two corresponding
operators —both have the same G, coefficients, but oppo-
site Gg,,Gg: coctficients. The global operator associated
with the nng cavity included in the recyeling setup is S
with

YT

Ty

.Vl"" )

A sl Lalall

AL e 1008

IR ETT]

N1l 4
1

FIG. 8. Opumal values of the NSNR versus gravitationa) [re-
quency (or standard recycling sysiems: (1) delay lines—no re-
cyching (for companson); (2) resonant FP—no recycling (for
campaneen!; (1) delay lines—standard recyching; (4) resonant
FP—standard recycling; (5) detuned FP—standard recycling
(peak value).
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S=[VR,-1=p, W R, =G G 1=VR,R,e="G"-G)~" .

where 1a1s the total length of the transfer paths. A direct computation of the coefficients of S gives

-7, \/F,CIN‘I‘GQ,(G,, —Gg)
T (I=VR.R,e“GL N1 =V R,R,e¥="G)

So

B. Synchrenous recycling with delay lines

In the case ofdelay lines, the preceding setup may be regarded as a very long ring cavity of length of 4aL +2a. I fol-
lows that the free spectral range between two cigenfrequencies i1s ¢ 74nL (a being very small compared 10 L) and that a
gravitational wave of frequency ¢ /4nL will be able to transfer light power from a carrier at resonance to two resonant

sidebands. Let us develop this idea.

By replacing G by the delay line operator in the recycling formula, we obtain, assuming a >> 1,

—_ v
—IT,\/R,R"'R helmul.lce «linNL 7¢O sin

(]

2
nflL ]

Sio=

where 2 =2wa /c. Sy has a similar expression with 1 re-
placed by — 1. It is always possible to choose z in such a
way that the carner frequency is a resonance of the glo-
bal ring cawvity:

eu't-mLh= 1.

Then,

— A
AT,V R,e "?sm‘ %
(1=VR,Re=*")|1=V'R,R,e~Ye-ul"|

{15y

Sif1=

We intend 10 optimize the maximum of this function of N
which is reached for fqt==, iec., v',°‘= 1/27,. This
means that for that parucular gravilational frequency,
the optical carrier and its two sidebands are resonant in
the ring cavity:

Voot =V '+ Vopus Vom T V|

are successive eigenfrequencies. At

F1G. 9. Sletch of the whole synchronous recyeling setup.

1= \/ﬁtuk Ingtummlsey | \/TR,E“R In dimul v, —4aflLlsey

ve =\"'°'
we have
4T,V R,e -:”,°—IQ-
Stfol= 2

U=VRRe "oy
The opumal value of the recycling rate is therefore

- ur/_('

VR, =il -, )\/T‘i-,e
vielding an optimal peak value (R, =1):

-2e//f,
5(/0)=i2_‘_—°_.

0 11 —ple-‘”,"
with 116
p=1l=ll-p,IR, .

A plot of S(v, ) is given in Fig. 14. The limiting value for
very low frequencies is therefore S(0)=0; for f, not too
low we have

Sifol=—2

s+pfa/d

When extra cavity losses p are weak (in the reference an-
ienna, p has been given the same value as in the case of
standard recycling. namely, p=2.1X 10-%), we have a
flat maximum of the function S(fy): within the region
1 <<fo<<4/p, S{fy)=Q/=. In the general case, the
transfer function can be expressed as

Stf1=Sfy)

Uz/fol)—pre 70

~4ws /g

X |1+ tf=So)

t—tl—ple

17
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This is a resonant type response charactenized by a band-
width [full widih at half maximum {(FWHM)] of

_¥3l—ti—pie My

""/o

&f

lotl=ple

for the central band 1 << fg<<47/p, we have the very
simple result:

sin=2

' -
~ - ["7'{/_/-0,;]“:. 6/24\/3 .

(18

C. Synchronous recycling with Fabry-Perot cavities

1. Classicol properties of coupled cauvities

When the gravito-optic transducers are Fabry-Perot
cavities, the recvcling setup may be viewed as a system of
three cavities: two long cavities of length L coupled by
means of a third shor one of length a (see Fig. 10). If we
ignore losses and external coupling, we can see that such
an optical device has a system of ergenfrequencies ob-
tzined by duplication from the spectrum of a single iso-
lated cavity—each ergenfrequency vy of the isolated FP
cavity is split into two new cigenfrequencies: v ,,vg COf-
responding to symmetnc and antisymmetric eigenmodes.
The values of v, .vs depend on the tuming of the coupling
short cavity. When the coupling cavity is at 2 maximum
of transmission, the coupling 1s sirong and the difference

fv,—vg!

is of the same order of magnitude 2s the [ree spectral
range. On the contrary, if the coupling cavity is at a
maximum of reflection, the coupling is weak, and the fre-
quency gap becomes small. Assuming extremely high
reflectivities of the rear mirrors and finite reflectivities of
the front mirrors, 1t can be shown that

1-V'R,

2y, —vo!L /¢ =arctan I—_cot(zﬂ) .
- 1
I-VR,

2mlv, —vgll /c = —arctan [————=—1tan(2/4) | ,
1-VR,

—

arm

pibuite

coupling
cavity

F1G. 10. Coupled cavites.

where - :s the propagation phase over the length 2a, 1.c..
the tuning of the short cavity isee Fig. 11). We have,
furthermore.

I-R,
VR, sinlz/2)

Vy—Ve= arctan

< )
=L

For z near O or 2=, that s, for a high transmission
coefficient of the coupling cavity, we have

[+
|vy=vgl =—

L’

which 1s the {ree spectral range of a nng cavity of length
4L. Because of the strong coupling, the front mirrors are
ignored.

For : =, at the maximum of reflectivity of the cou-
pling cavity, we have

¢R?}

e -t
Ivs=val anl

s

Ri=1-R, <« .

where -5 1s the common ume constant of both long cawi-
ties. For high values of <. values of | v, —vg | compa-
rable with gravitational frequencies can be attained, and
power can be transferred from the carner 1o one sideband
provided that their frequencies coincide with v, and vy,
respectively We are going 10 discuss this idea below

2. Synchronous recycling with FP caunities

Figure 12 summanzes the notation involved. The opti-
cal paths were separated for more clarity. We have as-
sumed a separation between the two counterpropagating
waves so that we can apply the preceding formula for
synchronous recycling which is vahd for 2 ring cavity.
This can be practically done by suitable elements which
are not taken into account here, for their losses can be in-
cluded in the transfer losses. By using the matnx algebra
presented in Secs. I1 A and 1B, it can be shown that the
operator associaled with the whole system 1s such that

12Lsctar, :.

120 7€ 130 g

F1G. 11. Eigenfrequencies of a system of coupled cavinies.
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— v,
T,V R, PR, = sin
1

2
aL
c

iSwi = :

We have used the following notation:

2wa

(1—p, VR e/ L \/R,

| 1+ Reiebee 13| | o Retu=0iLse s, —\/;,—R:t':f.zﬂl—\/ﬁt"*’z_ !

t1=p, )vzelllu—ﬂlLI¢+VE

:=-—c—l R:\/R.R;- F= |+ Relutse

- l_,_R':Hu-ﬂlLlc

Only one sideband can be made resonant at time. We shall confine our attention on S,o. The discussion for Sy, is quite

analogous. The NSNR is therefore S{f)= | Sq].

Let Af be Yhe normalized detuning of the source with respect to an eigenfrequency of an isolated cavity:
Af=2= \7”,—v°).-". and let f be the normalized gravitational frequency: IEI?\" +*. With this notation we obtain

T AVE TR, sint &’
/ 2
Stf1=

I l_\/rR:‘.[:- 13' l_\/rR:(u.\[-[n

with
A= |1—VR,Re“F'|, B=|1-VR,R,e"F |

We assume the frequency of the source (carnier) to coin-
cide with the antisymmetnc eigenfrequency of the sys-
tem:

%+Arg}'.=_: tmod2=) .

In order to find the peak value of S(f) we assume further
the lower sideband frequency to cotncide with that of the
symmetnc eigenmode:

%+ArgF_ =0 (mod2=) .

Let us see at which value of f the preceding coincidence
takes piace. We must have

t2nlArgF)=tanlAref _ )= —1anfz/2) .

A general form of the phase of a detuned cawvity was
given in Sec. 11 B2 yielding

/2

F1G. 12. Synchronous recycling with FP cavities: noation.

20

-'IAB

ArgF ==+arctan

071 —=1)
1=2r=af%?

A8~/ -1

ArgfF _ = <+arctan —
d 1=2=Af=f1"1"

By solving in f the preceding equations we obtain the
gravitational resonant frequency as a function of the car-
rier detuning:

-y 2
/uxel =A% »

ANt
The requirement that Af makes the carrier to coincaide
with the antisymmeine eigenmode 1s now

2n

QA1 =1)

= —lan
1-2r—ay%3

2
2

the solution of which relates the antisymmetric detuning
Af 4 ‘o the tuming of the coupling cavity:

Af 0=t1=1)cot % ,4- =feot’ | £ |+1-u "
(22)

The same equation would give the symmetnc detuning:

Afst=(1—tIcot % l— [ll-n’cot: Zl+i-u ”
Q23

The resonant gravitational frequency can be related to 2
by

Jot=tAf =8 s
1\
£ +1l-2

=211 =1 cot’

The laser source can be properly tuned to coincide with
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the antisymmetnc eigenfrequency, by locking 1t on the
mimimum of reflection of the ring cavity corresponding to
the antisymmetnc resonance. We intend now to optimize
Stfy) when f, has its minimum value, namely, when
:=w:then

Afg=VIi=-2r,
Afgi==VI1=21,
Sei=2V1=U

In this same special case, the reflectivities of the cavities
are the same Tor the carrier and the sideband and we have

IFE | = | FY | =1=-21 .

If fo>>1. we have 1=2/f,
rs=1/7v{" as found 1n Sec. IVC 1.

Taking in1o account that A/ ,,Af¢,f, are small com-
pared with the free spectral interval of the cavities, we
find 2n approximate form for the peak value of the
NSNR:

and consequently

T,
[1-VR R 11=20)
The optimal value of R, is \/?,=(l—p,)\/?,ll-2u.
so that the optimal peak value is finally

: I
Stfo)=+Qfot* -
fo)=1C/ I—{i—p, iR (1=21)

Stfet=1LQf ot}

(24)

'see Fig. 14). The relauon giving fof as a function of ¢
can be inverted giving

4 —
=—tV 1+ f3/4—1) 2s)
/3

so that, if fg>>1, the approximauon 1=2/f, holds.
Then

2V
Stfo)=" v

where p has the same definition and value as in Sec. IV B.
If further f, is not 100 high (fq <<8/p) we have an es-
timation of the optimal value of S{fg): S, =Q74. In
fact, S{fq) has a flat maximum of about that value in the
range | << fo <<8/p (50 Hz 10 500 Hz in the reference
antenna. and falls 10 zero when f; becomes esther very
small or very large.

Let us return now 10 the general case, when z denotes
an arbitrary tuning of the coupling cavity, not near : =
tmod 27) however, and let us study the transfer function
S(f). It is possible 10 give a very simple approximate
form of S{f) when f is near fo and fg in the optimal
range defined above: 1 << f << 8/p. Let us set

of Recycling

neglecuing second-order terms in 1 or «. only the phase
term in the quantity named B will change and with

~dinani g /4|

HIArgF _ -2t
e =€

we obtain
sin’(2 /2)
[1=2sin°(z/4)])[1 +2cos’tz /4]
|

ixcotiz/4)
U1 +2sin(z/4)

=:Qfo!

X

which vields, owing to the relation fo1 =2/sintz/2),

4Uf —fo) cos'iz/4) -

{1+2sin"tz74))

Q lsin(z/2)1

StN= S
/ I+ sin(2/2)

126)
The gravitational bandwidth ss, therefore,

6/=V3 ) =2sin-(z/4) (FWHM) .

cos*1z/4)

In the special case : = = we have simply

sin=L !

ST Sy —farar =3

127)

The preceding form is quite similar to that found for de-
lay lines. The synchronous recycling system using
Perot-Fabry cavities is however continuously tunable in
gravitational frequency by adjusting the optical path in
the coupling cavity and the corresponding reflectance
phase of the cavities (see Fig. 13) by tuning the [requency
of the laser, instead of discretely (by changing n) in the
case of delay lines. Figure 14 summarizes the results ob-
tained for the sensitivities of the two types of synchro-
nous recycling systems.

F1G. 1. Transfer functions of 3 synchronous recveling inter-
ferometer with FP cavities at vanous reflecuvity phase
tArgF =2/2, =/4, ©/8, =/16): tunability.
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F1G. 14. Synchronous recycling interferometers: peak value
of the NSNR: (1) case of delay line; (2) case of FP cavities; (3)
staandard recychng with detuned FP and optimal time constant
(for companson).

V. WIDEBAND AND NARROW-BAND ANTENNAS

The discussion of the different recvcling schemes has
shown that the gravitational frequency response of the
corresponding interferometers can be decply different
from that of the intial nonrecvcled transducers. As a
first approximation we can distinguish between the cases
of widecband responses, and the cases of resonmant, or
narrow-band responses. In all the following cases we will
give numencal estimations of the shot-noise limited sensi-
tivity based on the reference antenna and on an effective
laser power nP of 10 W at a wavelength of 0.5 um, which
vields
¥}

oo | c2x10-10 Hem17

nP

A. Wideband antennas

Apart from the ordinary nonrecvcling interferometers
involving delay lines or FP cavities, the standard recy-
cling scheme provides us three new wideband systems
that are to be compared. Recall the essential features of
each.

1. Michelson interferometer with delay lines and no recycling
Zero-frequency limit of the NSNR amplitude:
St0)=Q/e .
Opuimal siorage time for fo>> |, corresponding optimal

response and minimum detectable, photon noise limited
h:

r.,=/'—-‘°. sm=1j9~ {sin %-/Lo

at v',°'= 100 Hz, w'e have hpy=1.7%10"P? Hz~ '

=12
Stfo) 70"

2. Michelson with FP cavities and no recycling

Zero-frequency
S10)=Q 2.

limit of the NSNR amplitude:

Optimal time constant and opuimized response:
2

lg=—0 .

°" /o
n=2Q____ 1 ____

sh=7 A=dafirpins’

S(/on=%.s—/‘2°-.

for v{?'=100 Hz we obtain hpy =1.9x 10" Hz~'7,

3. Micheison with delay line and siandard recycling

Zero-frequency  limit of the NSNR amplitude:
5(0)=0.40.

Near-optimal time constant, optimized response in the
band | << fq. Pfo << 1.

2.3
S
-]
—1. l11rr
stn=09212y/ UL
S/ ! So[sin A l

SUfe)=085—2—
So VT

for vi*'=100 Hz. we have hpy =3 5% 10~ Hz~'7

4. Michelison with resonant FP cavities
and standard recycling

Zero-{requency limit of the NSNR: 5(0)=Q /2.
Optimal time constant, optimized response in the band
Jo>>lpfo<<l:

tg=~—.
o
Q 1
N1=—<= T
Y Ve =L
Stf )=—,g-_—-.
* v,

for vi?'=100 Hz, we have hpy =4.2x 107 H2™'2,

We can conclude that delay lines and Fabry-Perot sys-
tems are almost equivalent from this theoretical point of
view, either in conventional or recyvcling antennas.
Furthermore we note that standard recycling provides a
gain of 0.4/ f, within the preceding range. When no re-
cycling is applied, the optimal NSNR is proportional (for
[05>11 10 Q/f, i-e., 16 vop /vy and thus, is indepen-
dent of the interferometer arm length, provided that the
suitable time constant is achieved: Whether it has been
obtained by many refiections over a short distance or by
few reflections over s long distance does not matter. On
the other hand, when recycling is applied, we see that the
NSNR becomes proportional 10 Q /V/ f4 and that the in-
terferometer size 1s now important. A larger size allows
fewer reflections in achieving the optimal time constant
thus lowers the reflectivity losses of the arms, which per-
mits a higher power buildup 1n the system and finally a
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better SNR. If we now examine the ‘very-low-frequency
limst, all systems are limited by their upper bound on the
possible storage times: 11s 1s why the zero-frequency lim-
its for all wideband systems 1s a fractuion of Q. In that
very-low-frequency part of the graviational spectrum,
the photon noise limited sensitivity will improve linearly
with the length of the detector.

B. Narrow-band antennas

Let ug recall briefly the essenuial {eatures of the three
types of narrow-band receivers for GW that we have en-
countered up to now. .

1. The siandard recycling setup with detuned FP cavinies

Zero-frequency limit of the peak value of the SNR:
S101=Q /4.
Optimal time constant, opumized response 1n the band
|<</0.Pf°< 1:
b

f°=——'. T
I-(1=2pf}) .
Wawrys ]

A1V 1230

Stfol=0Q —_Pio_l
3+V1+2p51
Stfo)

Stf1= fo

[N=if =Sor3)'

Bandwidth: 5/ = [3+11=2p/31]VY: for the reference
antenna at v'=100 Hz, we get hp=2.3x10""
Hz='/, 8+, =15.4 Hz.

The features of this kind of recvcling become 1dentical
10 that of synchronous recycling when p tends to zero.

2. The synchronous recycling setup with deloy lines

Zero-frequency limit of the peak value of the NSNR:
S(0)=0.
Opuimal storage time. optimized response in the band
Jo>>l.pfo<<!:

= !

to=—, S( )=—Q-———— .
°" /o =3 [1+30f =foP)7
Bandwidth: 6/=4V-3: for the reference antenna we have
at v\'=100 Hz, we get hypy=8.3x10"% Hz"'7,
§v,=5.5 Hz.

3. The synchronous recycling setup unth FP cavities

Zero-frequency limit of the peak value of the NSNR:
510)==0.
Optimal ume constant, optimized response in the
range fo>> 1, pfg<<| assuming an antiresonant cou-
pling cavity (2 =+
-l -2V
=7, ST T

Bandwidth: 6/:4\/3; for the reference antenna: at

\-"°'=- 100 Hz, we get Apy = 10-* Hz -2 5v, =SS Hy
Delay lines or Fabry-Perot cavities in synchronous re-

cychng systems are thus almost equivalent. We can say

that the gain obtained at the peak value of the NSNR by

‘synchronous recycling 1s roughly a factor of 0.1/, with

respect to no recvcling, and a factor of 0.4V jo with
respect to standard recyching, when the optimal decay
time is achieved, we aiso note that standard recvcling
with detuned Fabry-Perot cavities is charactenzed in the
realisuc part of the gravitauonal frequency spectrum by
the same charactenstics as the synchronous recycling.
For shorter values of the decay ume, a smaller peak value
of the NSNR. but a larger bandwidth are obtained.
Moreover, the product (peak value)X (bandwidth) is
larger in the standard recycling sysiem with detuned cav-
ities. which means that it should be especiaily interesting
in the case of not purely monochromauc sources.

The scaling factor Q shows the importance of the inter-
ferometer arm length. The synchronous recychng system
1S very sensitive to intracavity losses: an increase of the
apparatus size results in fewer reflections to reach the
suitable time constant. therefore. in 2 higher finesse of the
ning cavity, which increases the SNR.

V1. CONCLUSION AND PERSPECTIVE

We have presented here a unified formalism ior the
study of all the kinds of passive interferometers which
have been proposed so far for the detecuon of gravita-
tional waves. This allowed us 10 compare direcily the rel-
ative shot-noise limited sensittvities of these interferome-
ters. The important results are the following.

(i) The sensitvity gain brought by the use of recvcling
techniques vanes with the gravitational frequency. for
the reference anienna, in the frequency range between 50
and S00 Hz, 1t is roughly equal to the square root of this
frequency fexpressed in Hz) in the case of a wideband an-
tenna (standard recveling), and 1o the freauency in the
case of a narrow-band antenna (synchronous recvcling).
It lies between these two values in the intermediate case
of detuned recycling.

(ii) The use of a recycling technique calls for very long
arm lengths: the sensiuvity is proporuional to the length
in the case of a narrow-band recvcling system, and to the
square root of the length, in the case of standard recy-
cling.

(iii) Delay-line or Fabry-Perot gravito-optic transduc-
ers show essentially the same sensitivity in all cases, but
the Fabry-Perot systems are much more versatile: while
any modification of the transfer function of a delay-line
sysiem requires a major change of the apparatus (moving
or changing mirrors), the response of a Fabry-Perot sys-
tem can be adapied rapidly with just a slight change of
the laser frequency or a micrometnc movement of one
mirror.

liv} The new technique of standard recycling with de-
tuned cavities gives the possibility of finding a comprom-
ise between bandwidth and peak sensitivity, which should
prove 10 be very useful, specially at the time of the detec-
tion of the first signais, when the senasiuvity of wideband
systems will still be marginal.
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tv) The smallest detectable gravitational-wave.ampli-
ade h,, obtainable with a realistic laser (7P =10 W) and
ne use of recvcling techniques should guarantee the ob-
srvation of a few events per vear, since the present
heoretical estimations for strong extragalactic sources in
he local cluster give amplitudes h around 3% 10~
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Frequency stabilization of a Nd:YAG laser

APPENDIX 3.2

FREQUENCY STABILIZATION OF A YAG LASER

(to be published in Optics Letters)

A frequency-stabilized laser-diode pumped Nd:YAG laser
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Groupe de Recherches sur les Ondes de Gravitation

Batiment 104, CNRS, 91405 Orsay France

Graham Kerr
Depzrtment of Physics and Astronomy

CUriversity of Glasgow, Glasgow G12 §QQ Scotland

Abstract:  We describe a frequency stabilized diode pumped Nd:YAG laser. which is
actively frequency stabilized relative to a reference Fabry-Perot cavity using the Pound-
Drever technigue. We describe the servo-loop 2nd the measurement of its noise 2nd sain
performance, and demonstrate its ability to recuce the laser frequency noise close o the
shot noise limit of 12.5 mHz/v/Hz. This corresponds to a linewidth of =1 mHz, well below

the Schawlow-Townes ‘limit’ of 0.13 Hz which applies for a free-running laser.
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Laser sources exhibiting very good short-term frequency stability are necessary in
most schemes for the interferometric detection of gravitational radiation [1,2] and in other
precision metrology and spectroscopy experiments. The technique of stabilization to a
reference Fabry-Perot cavity, either in transmission [3) or in reflection |4,3] is well estab-
lished, and has been applied to various lasers i.-\rgon 2], HeNe I6], Dye ITE‘. Nd:YAG lesers
showing very good long-term passive stability have been demonstrated |8]. We report
here on the application of the Pound-Drever technique to Nd:YAG lasers, 2nd present a
comparison%etween calculated and measured signal to noise ratios for our system.

The laser consists of a linear cavity of 7.5 cm which contains the Nd:YAG crystal, an
étalon w0 select a single longitudinal mode, a Brewster plate to select a linear polarization,
and the output coupler. One end of the Nd:YAG crystal. which is pumped longitudinally
with a laser diode (SDL 2420). is coated for meximum refectien 2t 1.06 u= and > 90%
transmission at §07 nm (the pump wavelength); the other end is anti-reflection coated
for 1.06 um. The output coupler is mounted on 2 piezoeleciric transducer to allow slow
changes in the length of ihe cavity to be correcied. The lzser threshold is 2t 80 mW of
pump power, and the meaximum single-frequency power 2t 1.06 um is 20 mW.

The fundzmental source of laser frequency noise is spontaneous emission, which con-
tributes a small but random phase jitter to the stimulzted emission {9]. An estimate for the
linear spectral density 5 measured in Hz/+'Hz of this white noise source is given by [10]
U = Avc\/2hug P, where Av, is the FWHM linewidth of the laser cavity, 4 is Planck’s
constant, v, is the laser frequency, and P the totzal power lost from the cavity (output
power plus losses). This is the Schawlow-Townes limit for the frequency noise of a {ree
running lzser. For the measuremenis presented here, one has v = 0.2 Hz/\/l_‘l;. For our
work, the linear spectral density of frequency fluctuations is the relevant measure of this
noise source, 2nd is also the quantity most directly measured; however. to aid in compari-

son with other lasers, one can calculate the laser linewidth Av, due to a white frequency
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noise; it is given by [11) Av, = 72, Thus, the laser frequency noise due to spontaneous
emission can be expressed as a total linewidth of the laser Ave = 0.13 Hz.

The optical path for the frequency stabilization is indicated in Fig. 1. A Faraday
iso~lator F is {ollowed by 2n acousto-optic modulator AO, which serves zs 2 fast frequency
control element. An electro-optic mod;xlat.or EO impresses a 10 MHz phease modulation
on the beam for the system of synchronous detection. A Fabry-Perot cavity FP is used as
the frequency reference. The incoming laser beam is closely matched to the TEMgo mode
of the refer;nce cavity with the lens Ls. To reduce the coupling from transverse motions of
the beam into zpparent frequency fluctuations, the cavity is kept far {rom the degenerate
case; thus, excitation of higher-order modes in the cavity will not resuit in a change of
the shape of the resonznce curve (which would be possible if the cavity were very close
10, but not exactly. degenerate). The light reflected from the cavity is separated from the
incorning beam with polarization optics Pol and A/4. 2nd {2lls on the photodetector PD.

The calculaied and measured signal voltage of the output of the mixer 2s a function
of the diffecence in frequency between the cavity resonznce and the incident laser light
is shown in Fig. 2. The analytical form follows from a consideration of the interference
between the light directly reflected from the entrance mirror 2nd the light stored in the
optical cavity 4,12]. In normal operation, the Fabry-Perot cavity is vsed in the immediate

neighborhood of resonance. In this regime, we can derive the signal voltage at the output

(2]

where Av is the difference between the cavity resonant frequency and the incident light

of the mixer:

-4
16l 72 ’

" ™72

frequency. The Fabry-Perot cavity is of length | and finesse ¥ = =r;ra/(1 — ryr2); the
two mirrors have amplitude reflectivities of ry and r;; the entrance mirror has a power
transmission of T. A fraction M of the incident light is matched to the TEMqg mode

of the cavity. The Bessel functions Jo(6) and J,(6) have as their argument the phase
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modulation strength 6 impressed by the Pockels cell. The photocurrent off resonance is
Imsx and G, is the net gain, in V/A, of the photodiode amplifier and the mixer. The
Fourier frequency of the laser frequency fluctuations is vr. Here we have assumed that the
frequency of phase modulation is much greater than the cavity linewidth Ay, = ¢/2(7
that the deviation from resonance Av is much smaller than Av,, and that higher order
terms in the Bessel function expansion are negligezble.

This sensitivity is to be compared with the noise voltzage U, resulting from the

quadratic sum of the photodiode amplifier noise 2nd the shot noise of the photocurrent

Tp = Gl\/i\/ze(fmod = I'.mp) )

where [, is the amplier noise expressed as an equivalent photocurrent, and /504 is the
photocurrent on sesonance and with the 10 MHz modulation. The additionzal factior of v2
comes from the fact thzt the noise in the upper and lower sidebands are both mixed down
to the same (positive) requency, 2nd add incoherently.

Fits to the experimentzl curves, for both the demodulaied signal of Fig. 2 znd the
transitied light intensity, allow an accurate determination of the experimental parameters
ryr2 end 6. To determine M, the transmitted light intensity for the TEMgpo mode Jgg is
measured, as well zs the sum all of the peaks }_ Jnm of the unwanted higher order modes
which are excited when the laser frequency is scanned over one free spectral range of the
reference cavity. Then M = Ioo/(loo + 3 Imn), where typically 20 higher order modes
make a measurable contribution. The photodiode amplifier noise J 5, is determined by
finding the zero-intercept of the linear relationship between the measured noise power (in
V2/Hz) and the photocurrent for a shot-noise limited light source; the expected lineas
behavior is observed, assuring that shot noise is correctly measured.

For a tvpical measurement, we have (=0.18 m, M =0.91,

=613 and Avc=1.1 MHz, §=0.36, Jmax = 0.614 mA, I50a = 0.279 mA, and Jimp =
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0.063 mA. Using the calculated values for the signal and noise, one expects a unity signal-
to-noise ratio for 12.5 mHz/v/Hz.

The sensitivity and noise can also be measured. A calibrated frequency modulation
at f:,|=50 kHz is added to the VCO (see below), with the servo-loops closed but with a
unity-gain frequency less than f.,). This .gi\'es the sensitivity in V/Hz. To determine the
noise, light directly from the laser is put on the photodiode; the noise is measured at the
mixer output for a photocurrent equal to I;nod. (An incandescent light source drawing
the same p}:otocurrent Pod gives the same noise 2s the lacer. indicating that the laser is
shot-noise limited at 10 MHz.) This independent determinaticn of the unity signal-to-noise
ratio yields a value of 14.3 mHz/v/Hz for the measurement z2bove. Extensive experiments
in which the finesse, modulation, matching, and power were varied verify that the formulae
for the signal and noise 2bove describe well the measurement system. Special care has to
be tzken to ensure the linearity at every step of the detection system in order to reach the
close agreement observed (= 1.2 dB) between the calculated and measured signal-to-noise
ratios.

The signal path for the servo system is indicated by the soiid lines in Fig. 2. Two loops
are nested to obtain 2 combination of wide bandwidth and large dynamic range. The inner
loop, consisting of the photodiode PD, mixer M, amplifier G, filter H;, and the voltzge
controlled oscillator VCO, uses the acousto-optic modulator AO as the control element;
the principal limitztion in the gain-bandwidth of the servo-svstem is given by the delay
7 = 1.2 pus in this modulator. The outer loop takes its input from filter H;. It consists of
filter H2 a2nd high-voltage amplifier G2, and utilizes the piezo-electric transducer of the
laser output coupling mirror 2s the control element. The laser {requency can be controlled
over about one-half {ree spectral range, or 500 MEz. Here the first mechanical resonance of
= 3.3 kHz in the transducer limits the gain-bandwidth possible. The unity-gain {requency
of the inner loop is typically 120 kHz and the crossover {requency to the outer loop typically

300 Hz. To tzke advantage of the limited bandwidths availzble, the slope of the feedback
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network H, is 30 dB/octave at up to = 1 kHz, a'nd then 18 dB/octave until the region
of the unity-gain {requency, where it becomes 6 dB/octave: and for Hy it is maintained
2t 9 dB/octave. The gain of the combined loops at. for instance, 1 kHz is of the order
of 10° (or 120 dB), and exceeds 10° at 10 Hz. The calculated and measured closed-loop
transfer-funciions for frequency fluctuations agree well.

Fig. 3 shows the frequency noise of the Nd:YAG laser 2s measured 2t the error point
of the servo-system. The top curve is the unstabilized noise; for these measurements,
the shot noise limited noise floor of 12.5 mHz/\Hz is incicated. Local mechanical and
acoustic disturbances are responsible for the steep rise for {requencies less than =10 kHz.
The relaxation oscillation results in a peak a2t =~ 90 kHz. In the region between 10 kHz and
70 kHz. the spontaneous-emission induced laser frequency noise of 0.2 Hz /v Hz dominates.

The bottom curve is the error point signal for the ctabilized laser. While it is not
2n independent measure of the frequency fluctuations, this curve shows the suppression
available with the servo-system, which agrees well with the predictions of the loop perfor-
mance. The servo-loop performance is limited zt frequencies zbove =10 kEz by the gain
in the servo-loop, 2nd zt lower {requencies by the noise of the amplifier which forms the
summing junction for the servo-loop. This floor of 3 mHz/ v Hz is lower than the the ac-
tual frequency noise of the stabilizgd laser, which, for all frequencies lower than =40 kHz,
cannot be less than the detection noise of 14.3 mHz/vHz: however, the reduction of the
noise below the Schawlow-Townes ‘limit’ of ~ 200 =Hz/+Hz is perfectly feasible. If the
frequencs' noise is limited by the detection noise, the resulting total laser linewidth is of
the order of Ave =1 mHz.

The first steps toward a high-power short-term frequency stable Nd:YAG laser have
been made. A practical system for a low-power reference oscillator has been demonstrated,
which will be used to injection-lock [13] a high-power Nd:YAG laser. The excellent agree-

ment between the measured and calculated signal-to-noise ratios for the detection system
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is reassuring for the plans for laser-based gravitational wave detectors and other criti-
cal applications of short-term stabilized lasers. Higher powers and narrower reference
cavity linewidths will allow substantially better shot-noise limited pesrformance if the gain-
bandwidth of the servo system is 2lso increased; possible solutions are the use of the
electro-optic modulator for fast phase corrections [14] or the implementation of two cas-

caded reference cavities 2}.

We wigh to thank R. Schilling of the Max-Planck Institut fir Quantenoptik for his
helpful comments concerning the calculation of signal and noise. Tkis work has been

partially sponsored by EEC stimulation grant =5T2J-0093-2F.
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Figure Captions

Fig. 1. The ac:iively stabdilized laser. Optical components: YAG, Nd:YAG laser (with
PZT Tength control); Ly, Lz, La, collimating and matching lenses; F, Faraday isolator;
AO. acousto-opiic modulator: EO, electro-obtic modulator; Pol. polarizing beamsplitter;
A/4. A4 piate: FP, Fabry-Perot cavity. Electronic components: PD, photocioce: OSC,
10 MHz oscillator; MIX, mixer; Gy, Hy, amplifer and §lier for the acousto-optic “fest’
loop: VCO?T volizage-controlled oscillator; G3, Hg, amplifer and flier for the PZT ‘siow’

loop.

Fig. 2: The error signal 2s a function of the lzser frequency. The solid line is the su-
perpositicn of ihe measured curve and the fitted analytical curve: the (wo are efectively
incistinguizhztje. Also shown is a x100 horizontal expansion of the central part of the
curve; the coited line is the Jtiied analytical curve, with the measured data peints inci-

cated.

Fig. 3: Top curve: the frequency noite, expressed as a linear speciza) cdensity. of the
unstzbilized laser. For {requencies greater than 10 kHz, the noise is dominated by the
Schawlow-Townes limit of 0.2 Hz/vHz. Bottom curve: the stzbilized laser, measured at

the error point of the servo-system.
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Noise caused by gravitational attraction

The force due to gravitational attraction bctwcen massive objects in
movcement and the Virgo test masses has to be less than the Ricmann force.
Let us consider in a plane xy, a mass M moving along x with vclocity v
and the closer antcnna test mass m having coordinates x = 0 , y = -D ; the

gravitational force is:

mMGD
Fx(t) = (D2 + x2(1)) "2
3.3.1
Fy(t) = m M G x(t)

where G is the Universal gravitational constant. The computation of I?; and

~

Fy, compared to the Riemann force gives the following limits for h

oo G Ty, 32

x (l)[_,'l'fv2 33.2

'Ty) mrv::f; Sz r(_l/zj K, ‘u:,_D)

where I' is the gamma function, Ko and K; arc Bessel functions of
imaginary argument, o = 2rv,v is the frcquency, L is the intcrfcrometer
arm length and n is the number per second of massive objects. The
bchaviour of the hyx and hy dcpends on the K functions, in fact these

oD

functions are decply falling incrcasing the argument —~.

In Fig. 3.3.1 is shown h = Jh: + h: integrated in a year and D = 25 m. The
continuous line refers o n = 1. s' , v = 130 K/h and M = 1 Ton; the doticd
line refers o n = 0.1 sec.”! , v = 90 Km/h and M = 100 Ton. We¢ have choscn

for Virgo 50 m of respect area around the SA chains.
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Noise due to gravitational attraction. Thc computation is done for
massive object M, passing with ratc n and travelling along a line

with constant spced, with minimum distance D = 25 m from a
Virgo test mass. The continuous line rcfers to objects travelling
at 130 Km/H with a mass m = 1 Ton and with a rate of 1 per

sccond. The dotted line rcfers to objects travelling at 90 Km/H,
with m = 100 Ton and a ratc of 0.1 per second.
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1.SUMMARY

This report examines the scientific case for constructing interferometric gravitational
wave antennas, and argues that a network of detectors is required if complete
astrophysical observations are to be possible. For Europe this need is best satisfied by the
construction of three independent, but networked, interferometers. For each instrument,
the limiting background signal spectral density should be significantly better than 3.10-
23/Hz (corresponding to a strain sensitivity of better than 10-21 for a 1 kHz bandwidth),
over a frequency range extending from a few kilohertz down to tens of hertz, if possible.

Such a sensitivity over a wide bandwidth could result in the annual observation of several
hundred events of various origins.

Although the detailed scientific priorities and strategies that have been selected are
different, the proposals presented to their respective funding bodies by UK, German and
Italian-French groups already incorporate these goals, and the working group has
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established a framework for active collaboration between these groups. This is now
operational, and five specialist groups have been formed to work on different aspects of
the design of long-baseline interferometers. The aim is to find cost-effective solutions to
the many common design problems whilst retaining the independence and flexibility
necessary to respond to different funding scenarios.

Collaboration in the construction of detectors would probably best be done through
conventional bi-lateral agreements.

2.BACKGROUND

All the European groups working on the interferometric detection of gravitational
radiation have been collaborating successfully for several years. Early in 1987 it became
clear that the rate of progress and the performance levels actually achieved were such that
the groups should put forward a coherent plan for the joint development and realisation of
a network of interferometric antennas. As a result, a representative ad hoc group met on
three occasions to discuss and formulate the objectives and working principles of a
European collaboration, now christened EUROGRAYV, to design, build and operate such
a network. This report is a summary of the conclusions of that group : it is directed to the
concerned scientific community and especially to the funding bodies whose support is
required if this ambitious but timely project is to be realised.

3.PRESENT EXPERIMENTAL SITUATION

There are three European groups (the Max-Planck-Institut fur Quantenoptik,
Garching, the University of Glasgow, Glasgow, and the Italo-French group, named
VIRGO: Istituto Nazionale di Fisica Nucleare and Universite Pierre et Marie Curie) and
three other groups (MIT and Caltech in the USA and the ISAS group in Japan)
developing interferometric detectors.

The Garching group has a 30m delay line interferometer, with which they achieved a
limiting strain sensitivity spectral density of the order of 10-19/Hz in 1986.

The Glasgow group has a 10m Fabry-Perot interferometer and has recently achieved

a displacement sensitivity of 1.2 10-18m/Hz at about 1kHz, which also corresponds to a
strain sensitivity spectral density of the order of 10-19/Hz.
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The VIRGO prototype is smaller (O.5m, with the possibility of extension to Sm): it
is used to test new ideas and techniques rather than to achieve a high strain sensitivity,
and has reached the shot noise limited sensitivity for O.3W of light power.

In paralle] with the development of interferometric detectors, groups in Maryland,
Stanford, Louisiana State, Rome, Perth (West Australia), and China operate bar
detectors.

The interferometric prototypes in Garching and Glasgow have reached a sensitivity
comparable to that of the best bar detectors, namely strains of the order of a few x10-18.
However, it is generally accepted that the interferometers have important potential
advantages over the bars : the quantum limit to their sensitivity is a few orders of
magnitude better, and they are likely to be more able to operate in a wideband and
frequency tunable mode, thus providing much more information once a signal is detected.
Itis believed that the next major step will be the construction of large interferometers : the
straightforward extension of the arm length of the well understood Garching prototype to
3 km, for instance, should result in an immediate gain in sensitivity of nearly two orders
of magnitude for signals around 1 KHz. Moreover, several techniques to reduce the noise
are now being developed that should lead to a sensitivity considerably better than the first
goal of 3.10-23/Hz (or 10-21 in strain), which is achievable within the limits of present
proven technology. Thus, for the purposes of assessing event detection rates, a strain
sensitivity of 10-22 can reasonably be assumed.

The current position of world leadership in the development of interferometric
detectors enjoyed by the European groups is due, at least in part, to the excellent level of
cooperation achieved over the past few years (assisted by a European Commission
"Twinning" award) and to the fact that their interests are (given the diversity of their
approaches) to a certain extent complementary. Thus the Garching group is at the
forefront of development of the delay line technique and the Glasgow group is in the same
position with the Fabry-Perot system, while the VIRGO group is advanced in low
frequency seismic isolation, interferometric techniques, and laser technology. Both the
Garching and the VIRGO groups have successfully demonstrated light recycling (which
gives increased light power in the interferometer and hence an improved sensitivity).

This broad-based range of skills is enhanced by various collaborations with
interested European companies which have initiated their own development programmes,
with matching technological goals. This should help to ensure that a collaborative
European project will remain at the forefront of the development of the field, and will
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continue to make innovative contributions. The considerable advantages accrued through
this fruitful collaborative diversity can be best maintained through the "simultaneous”
construction of the three proposed detectors, as will be discussed below.

4. THE CURRENT PROPOSALS, AND
RELATED ACTIVITIES

The scientific motivation for, and the historical development of, gravitational wave
detection is sufficiently well known for its repetition to be unnecessary, while the case for
building a network of detectors will be given in detail in the next section.

The three European groups have presented three separate proposals for the
construction of long baseline interferometric detectors to their respective funding
authorities. Similar proposals have been made jointly to NSF by MIT and Caltech.

The instruments in these proposals are logical evolutions of the present prototypes,
incorporating ideas which are now, or soon will be, under test in one or more of the
laboratories involved. It should be noted that within a few years the present prototypes
will have reached the limits of their practical development, from the point of view of
ultimate sensitivity, although they will still be invaluable as developmental test-beds for
equipment for the long-baseline instruments.

All these proposals have the strong support of their respective institutions, and have
received positive endorsement for their outstanding scientific value, but actual funding is
not yet assured.

The Glasgow group first presented their ideas in 1984 and a detailed Design Study
was prepared with the help of the Rutherford Appleton Laboratory and University
College, Cardiff, and was presented to the SERC early in 1986. This group has very
strong support from the University of Glasgow, which has now secured planning
permission for 2 3 km detector at either of two sites in central Scotland and has an option
to build at one of them.

The group from MPQ, Garching, has been active in the planning of a large antenna

for about the same length of time as Glasgow. They first presented a proposal for a long-
baseline detector to the Max-Planck Society in early 1985. Since then they have continued
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to develop their ideas and presented an updated version of the proposal to the
Bundesministerium fur Forschung und Technologie in early 1987.

The VIRGO project has been considered, and has been supported since June 1987,
by the Commission I of INFN, which recommends that funding for the project should
start in 1991; as a consequence of this recommendation the VIRGO project has been
officially included in the 1989/93 INFN scientific plan approved by the INFN Directive
Board. The project is also supported by the Universite Pierre et Marie Curie, Paris, and
by the region of Toscana, which has offered two possible sites.

It must be stressed that expertise, interest and active collaboration in Europe is not
confined to the experimentalists: theoretical subgroups are included in the VIRGO group
together with experimental ones (Relativistic Gravitation, Optics, Astrophysics) and the
Relativistic Astrophysics group at University College, Cardiff is also involved in the
overall project (sources, data analysis, numerical relativity). Theorists provide the input
conceming various expected gravitational events, the evaluation of the different possible
networks, the underlying fundamental physics of the final devices. and future data
analysis.

The work of several other groups is strongly associated with the needs of the
EUROGRAY project. Quantum optics groups at MPQ in Garching, at the Ecole Normale
Superieure in Paris and at Strathclyde University, Glasgow, are interested in contributing
to the development of the sophisticated laser technology required, and in particular to the
development of "squeezed states”. In the Observatoire de Paris the full importance of the
studies on numerical General Relativity, wave emission and wave propagation are being
examined in anticipation of the birth of gravitational astronomy: this sharpens the existing
interests of their Department of Relativistic Astrophysics and Cosmology.

There are two groups in the USA : MIT and Caltech. The MIT has a long history of
activity in gravitational radiation research, while the Caltech group is somewhat more
recent. They have combined to produce a joint proposal for two long baseline antennas in
the USA : the LIGO project. Although this project has in the past suffered various delays,
it was strongly recommended by an NSF panel in late 1986. The collaboration has
recently been reconstituted, and will be seeking funds from NSF during 1988: their
schedule suggests construction is unlikely to begin before mid-1990.

The MIT group is currently re- activating their experimental programme after a major
reconstruction of their delay-line prototype, while the Caltech group is continuing work
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with their 40m Fabry-Perot prototype. Quite recently, the sensitivity achieved at Caltech
has come close to that of the Garching and Glasgow prototypes, also yielding a strain
sensitivity of about 10-19/Hz .

In summary, the European groups are well advanced in their plans for long baseline
detectors, they continue to maintain a high rate of progress with their prototypes, and
have established leadership in the field. The availability of the prototypes during the
detailed design and construction phases of new long baseline detectors means that new
ideas and techniques can be efficiently evaluated without compromising the main projects.
The existence of these well understood prototypes also completely removes any need to
build a "demonstrator” long baseline detector.

5.CASE FOR A EUROPEAN NETWORK OF
LARGE INTERFEROMETRIC DETECTORS

The fundamental reason for building an array of large interferometers is to give birth
to gravitational wave astronomy. This is an attainable and timely goal: the probability of
success with today's proposals is high, and there is no reason to expect it to increase
significantly if the project is delayed.

While an array of detectors is essential, there are two important thresholds for doing
good science with a worldwide network of detectors: three detectors and five detectors.
The significance of these thresholds is described below, but first a brief explanation of the
scientific objectives in observing gravitational waves might be helpful.

The observation of gravitational radiation is important because:

The astrophysical information obtained by a nctwork is likely to make major
contributions to the study of cosmology, stellar evolution, and nuclear astrophysics.

For instance, one can expect the most convincing evidence for the existence of black
holes to be given by gravitational astronomy.

Observations of supernovae and of other gravitational collapses would illuminate
and perhaps even finally settle old questions like the rates at which collapses occur and
pulsars and black holes are formed, the stiffness of matter at high densities, and the role
of neutrinos in the explosion.
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Observations of the spiralling together of two compact astrophysical objects in a
binary system (called a coalescing binary) are likely to be even more frequent than
supernova detections, and will be one of the richest source of physical information as
well. They are among the best "standard candles" in astronomy, and as such can provide
the distance scale and age of the universe (Hubble's constant), surveys of the mass
distribution of the universe out to redshifts of order 1 with no absorbtion or obscuration
in any direction (on account of the weakness of the gravitational interaction), and the
study of many more important astrophysical questions (e.g., the equation of state of
matter at high densities, the maximum mass of neutron stars, the fraction of stars that
become black holes, their mass distribution, the evolution of the star formation rate out to
redshifts of order 1, the nature of the "missing mass" in clusters of galaxies, the existence
of an early generation of star formation).

Observations of a stochastic background of gravitational waves could confirm or
falsify current theories whereby cosmic strings act as the seeds for galaxy formation.

As one of the four fundamental forces of nature, the direct detection and study of
the free dynamical gravitational field is of great importance to physics. There is little
doubt that "gravitons" exist: any relativistic theory of gravity predicts them; Einstein's
general relativity theory is well tested in many aspects and makes specific predictions
about their properties; and indirect evidence from the "binary pulsar” system PSR
1913+16 fully supports the predictions of general relativity. But fundamental theories of
physics must be tested as directly as possible, and observations of gravitational waves
with a network will allow a more or less complete study of the property of the graviton
(mass, spin), depending on the number of antennas in the array.

The immense densities of matter in sources that give rise to detectable gravitational
waves make such sources attractive "laboratories” in which we can study fundamental
nuclear physics beyond the limitations of present and foreseeable particle accelerators.
Gravitational radiation is our only direct probe of these laboratories. Gravitational wave
observations could play a role in nuclear physics similar to that played today in high-
energy physics by cosmological observations.

Recent estimates of the number of events per year that one could expect a network to
observe have been made by the European theoretical groups on the basis of the physics of
the sources and the expected sensitivity of arrays of detectors. Assuming a broadband
strain sensitivity equivalent to 10-22 in a one kiloHertz bandwidth, even the most
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pessimistic assumptions lead to event rates of a few per year for the primary sources
mentioned above, and optimistic rates reach several million per year for coalescing binary
systems.

Recent studies by the same theory groups have shown how significantly a
coordinated network improves the sensitivity and the event rate, and thus the scientific
return of the detectors over earlier estimates based on their operation in a simple two-
detector coincidence mode. The efficiency of an array (the fraction of all events it can
capture) increases dramatically with the number of interferometers. The volume which
can be observed increases by a factor 1.7 from two to three antennas and by a factor 3
from three European antennas to five U.S.-Europe antennas. Several other examples
could be put forward but of course the efficiency is not the only point to be considered;
given finite resources, a considered balance has to be made in choosing between more
detectors and better thresholds in each.

In order to be able to use detected gravitational radiation signals to make the
observations described above, it is necessary to be able to extract the following
information:

the position of the source in the sky;
the amplitude of the signal as a function of time;

the polarisation of the signal as a function of time.

Determining this information is conventionally referred to as solving the inverse
problem.

If general relativity is assumed as a model, then three broadband antennas (of
comparable sensitivity, so that all detect the radiation with equal efficiency) are absolutely
necessary, and even then there is a two-fold ambiguity in the solution. This ambiguity is
easy to understand. The time delay between the arrivals of the signal at any two detectors
determines a circle on the sky (in a plane perpendicular to the line joining the detectors),
on which the source must lie. Among three detectors there are two independent time
delays, giving two circles on the sky, which will intersect in general at two different
points. Thus, four detectors are the minimum needed to give a unique solution to the
inverse problem. However, practical considerations plus the gain in sensitivity and
therefore in the volume of the universe observable to the network, point strongly to a
requirement for five detectors worldwide.

4.1 --VIII



Eurograv

A comparison of the performance of different sized networks of detectors shows
why this is so. The assumptions made in this comparison are that the countries involved
are the European ones and the U.S.A., that the interferometers are built on reasonable
sites with reasonable relative orientations, and that they operate with a broadband
sensitivity equivalent to 10-22 over a one kHz bandwidth.

FIVE LARGE INTERFEROMETERS.

Scientifically, the major benefits of having five detectors are the increased accuracy
with which the inverse problem can be solved and the greater size of the observable
volume of space: roughly 3 times as large as for three detectors. (This is because the
limitation to the sensitivity of the detectors is their internal noise, which is independent
from one detector to another, so that a five-detector network can operate at a lower
threshold than a four-detector network can, for a given "false-alarm"” rate.) The great
range of the network means that it could detect coalescing binary events out to a distance
of 2.3 Gpc, or 7 x 10 9 light years: these events occurred nearly half the age of the
universe ago. The expected event rate would be many per day. Finally, the redundancy
of information from five detectors would be invaluable in analysing and interpreting the
gravitational waves from unanticipated sources: the new discoveries that gravitational
wave detectors will almost surely make, which present-day theorists were not clever
enough to predict.

Five networked detectors would also allow a study of the tensorial nature of the
graviton. They would provide a complete set of differcntial measurement for the
polarisations of metric theories. Theories with massive gravitons, extra gravitational
fields, or "fifth-force"-type couplings might be distinguishable from general relativity in
an analysis of the data from such a network.

An extremely important practical advantage of five detectors is the redundancy
within the network. No detector will be able to operate 100% of the time: there will be
interruptions or reductions in sensitivity for servicing and improvements, as well as for
mechanical failures (vacuum pumps, lasers, etc.). With five detectors it would be
possible to schedule at least the interruptions for servicing sensibly so as to ensure that the
minimum requirement of four operational detectors was always satisfied.

We believe that a network of five detectors worldwide should provide such a rich

source of data that it will revolutionise astronomy and rapidly establish a role for itself as
one of the major astronomical observing instruments for the next 25 years.
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FOUR LARGE INTERFEROMETERS.

Four detectors is the minimum number required to give a unique solution to the
inverse problem. In principle the information provided by four detectors contains enough
redundancy to start a test of general relativity's predictions with bursts. The directional
error box is smaller than for three detectors, and is some five times smaller for a joint US-
European network of four than for a purely European three-detector network. The
volume observable by a four-detector network is only 60% of the volume observable by
five detectors, but is 70% larger than that accessible to a three-detector network, giving
corresponding changes in the event rate.

THREE LARGE INTERFEROMETERS,

This is the threshold, or minimum requirement, for observations that can give birth
to the new science of gravitational wave astronomy. As explained above, the inverse
problem for bursts -- determining the direction, amplitude, and polarisation of the waves -
- has a nearly unique solution, provided that one assumes general relativity as a model for
the waves. Observations by three detectors give directional error boxes of the order of a
few degrees for a European network, depending on the strength of the waves, the nature
of the source and the correlation times of the detectors. In going from two to three
antennas, the fraction of events missed because they occur in only one antenna drops
from 60% to 10%, and the volume which can be observed increases by a factor 1.7.

If three independent detectors are placed near to one another, they lose directional
resolution but gain effective observable volume, because they have a high probability of
coincidences for supernova-type bursts from all over the sky. The coincidence
probability is typically bigger by 60% for a pure European array of three interferometers
than for an array of two interferometers in USA and one in Europe. In the case of a three
interferometer network, Europe has the ideal size for significant directional resolution
without any significant decrease of the effective observable volume. A European array
would also give good spacings for the observation of the stochastic background, in the
sense that the distance between any two interferometers would not greatly exceed the
wave length of the observed radiations.

A network of three antennas has such a large advantage over only two antennas that

it must be a reasonable European goal to build three detectors, which should define as
large a triangle as possible (for the best directional resolution). Such a network would be
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capable of providing extremely useful scientific information on its own, regardless of
what happens elsewhere in the world.

TWO LARGE INTERFEROMETERS.

Two gravitational wave detectors is the minimum number needed for a positive
detection of bursts of gravitational waves; if only a single detector were operating one
could never be certain that a possible gravitational wave burst event was not generated by
some poorly understood local noise source. Unless bar detectors reach a sensitivity better
than 10-21, two interferometers will be required in order to give a reasonable chance of
detecting gravitational waves. Two is also the minimum number needed for the detection
of a stochastic background of gravitational waves.

Apart from this particular case, however, the astronomical return from two detectors
is limited because the most interesting sources for astrophysics will be those giving off
short bursts of radiation (supernovae and coalescing binary systems, for example). Even
with two interferometers, these can only be detected, not measured: because of the almost
omni-directional antenna pattern of each detector, two detectors cannot provide enough
information to determine the amplitude, polarisation, and direction of the waves. This
also means that it would not be possible to test whether the waves obey Einstein's
polarisation predictions.

ONE LARGE INTERFEROMETER.

One large interferometer alone could be used for the detection of the periodic
radiation from nearby pulsars, if its useful frequency range extended to low enough
frequencies. If bar detectors are able to reach a sensitivity of better than 10-21. a single
interferometer could also be used to search for events in coincidence with them.

Such a big laboratory might be useful in the initial stages of a network project; it
would allow flexible scheduling of the construction programme and would serve as a
common research and development base for all the groups of the collaboration. It must,
however, be stressed that there is no scientific argument for delaying the decision to
construct an array of detectors until such a single detector laboratory is operational, both
because the existing prototypes are available for the development work that would be
carried out, and because the time delay implicit in this course of action serves no purpose
other than to increase the final cost of the network that is essential if astronomically
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useful observations are to be made. Thus as many antennas as can be funded should
be constructed on essentially the same timescale.

6. THE COLLABORATION - EUROGRAYV

The European groups currently involved in the development of interferometric
gravitational radiation detectors have agreed to form a collaboration, EUROGRAV. All
members of the collaboration will work towards establishing the best possible European
network compatible with funding and other restrictions, with the aim of establishing a
gravitational astronomy.

Membership is not exclusive, and it is to be hoped that any other groups interested
in the field will participate in the collaborative programme. EUROGRAYV extends to all
aspects of the development of long baseline interferometric detectors, and is a logical
extension of the existing EC supported programme of research and development.

The collaboration functions through a Coordination Committee, which is
representative of all the interests involved in the observation of gravitational radiation by
interferometric means. This Committee meets at least three times per year to coordinate
and review

(a) the EC funded collaborative programme,

(b) the various working parties (see below),

(c) interactions with external bodies on behalf of the
collaboration.

The Committee chooses a "spokesman™ who will act as the interface between the
collaboration as a whole and the outside world, and who could, for example, be expected
to speak for the collaboration at conferences etc.

Through the Committee, five specialist working groups to study five immediately
important topics (vacuum systems, seismic isolation, optics, experimental facilities and
data acquisition, and data analysis) have already been formed and coordinators chosen
from among the Committee members. These working groups will study common design
requirements and problems, and will aim at evolving uniformly acceptable cost effective
technical solutions. The starting point, in all cases, will be the existing proposals, for
which a great deal of preliminary conceptual design work has been completed.
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It must be stressed that the aim is not to arrive at a single design for three absolutely
identical antennas, but rather to ensure the adoption of optimised solutions where there is
scientific and technical evidence for the existence of such solutions. In addition, of
course, duplication of effort will be avoided, so that there should be very significant
savings of both direct and indirect costs.

There are certain areas, for example in the choice of Fabry- Perot or delay line
optical systems, where the superiority of one approach over another has not yet been
demonstrated. In some cases, of which the above is an example, it may not be possible to
establish that superiority, if any, without constructing a full, long-baselinc,
interferometer. It is important, and has been accepted by all the working groups, that a
flexible approach to these problems is adopted from the outset. The final designs that
evolve will be capable of easy modification, so that even quite major technological
changes can be incorporated at a later stage.

Within this collaborative framework the different groups will retain their
independence, scientific and financial, and this will be maintained when the construction
and operation of antennas is under way. It is envisaged that, in general terms, the finances
would be handled by a series of bi-lateral agreements between the various funding bodics
involved in the construction of an antenna. It is appreciated that many practical details
would remain to be settled before collaborative construction of a network of detectors
could begin, but it is felt that the outline framework agreed is sufficiently simple and
flexible to allow a solution acceptable to all parties.

CONCLUSION

The scientific case for proceeding rapidly towards the "simultaneous” construction
of three detectors in Europe is an extremely strong one.There is no scientific reason to
delay the construction and there are several good reasons not to do so, e.g.the high
probability of success, the human and material costs of any delay in the present situation,
and the timescale necessary for the construction and commissioning of each individual
detector.

An array of three detectors in Europe would give the European groups the minimum

scientific independence necessary to enable Europe to maintain its leading position in the
field. Technically and scientifically the European groups have the capability to construct
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and operate a network that could make the first detection of gravitational waves and that
could reach the critical number of three antennas that would see the birth of gravitational
wave astronomy.A decision to build only, say, one European detector in the hope that the
U.S.would build two would have serious disadvantages and long term consequences: the
three detectors would not be able to pinpoint sources on the sky, they could not test
general relativity, and the sensitivity of the network would be only marginally adequate if
the most pessimistic estimates of event rates turn out to be correct.On the other hand,
three European detectors operating with an American array, built either simultaneously or

subsequently, would become one of the most important astronomical instruments of the
modern age.

The European funding bodies involved in the proposals presented to date are invited
to endorse the formation of a collaborative European programme directed towards the
construction of a network of detectors, and to discuss how best the objectives of that
programme can be realised in order that European science can capitalise on its past
investment and present scientific and technological lead.
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GRAVITATIONAL WAVE RADIATION
DETECTION

COLLABORATION AGREEMENT BETWEEN US GROUP AND EUROPEAN GROUPS

A meeting was held in Paris on February 14 1989. It was attended by representatives
of the BMFT, CNRS, NSK, SERC and of the British, French, German, Italian and US
Groups, and was able to agree on the following points :

*That the time was now appropriate for the existing informal cooperation
arrangements between US and Europe to be formalised into a collaboration which would
cover all aspects of the design, construction, development and operation of independent
long baseline interferometric gravitational radiation detectors. Subject only to the normal
constraints of commercial confidentiality, this colluboration must be free and open in the
exchange of ideas and information.

« These detectors would be separately built and maintained by collaborations formed
specifically for this purpose, but would be operated as a single network. Thus all
detectors should have closely similar sensitivities which must be such as to allow
astrophysically interesting observations to be made. The technology proposed in the
current projects (USA, French/Italian, and British/German) is compatible with the aim of
a strain sensitivity of 10-22 at 1kHz, and with the dual longer-term goals of enhanced
sensitivity at higher frequencies and increased bandwidth by improving the low frequency
(<100HZ) sensitivity.

« Several topics, which will be detailed later, were provisionally selected as being
of immediate interest.

« In each of the selected topic areas, a 'lead’ group would undertake to provide the
driving force to ensure that the collaborating partners did actually work together in a
mutually acceptable way on an agreed programme.

« Each of the lead groups would nominate an individual to act as coordinator for
that specific activity.

« It is not necessary for all groups to contribute to every activity.
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 The existence of these collaborative activities does not remove or diminish the
freedom each group has to adopt its own solutions to common problems.

* The agreed topics, lead groups and nominated coordinators are given below :

.Lasers France Brillet
Mirrors, beam splitters etc Germany Leuchs
Isolation systems Italy Giazotto
Data Acquisition UK Ward
Data Analysis UK Schutz
Control Systems USA Spero
Vacuum USA Weiss
Detector Simulation France Vinet
Astrophysics (Signals, sourcesetc) USA Thorne

* In addition, the MPQ group has undertaken the responsibility of coordinating
work funded by the European Commission from 1989: the coordinator is A Ruediger

« It was further agreed that it was essential that the Data Acquisition and Data
Analysis groups should include both hardware and software in their brief and would aim
at establishing long term agreed intemational standards.

TI :

The nominated coordinators, including the two from the US group yet to be named,
would solicit information on activities in their specific topic areas from other groups by
Easter (March 24).

This information would be collated by the coordinator, distributed :hpl.to all
groups:ehpl. with an outline programme/plan of action for the collaboration to consider.

Rapid feedback, which means total commitment from all participants, is essential if
this process is to converge on an agreed programme and way of working.

A meeting of all coordinators plus group leaders would be held in July, most
probably to coincide with GR-12 (Boulder, 3-8 July). This meeting would review and
evaluate progress and future plans.
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We present the study of a passive n-fold pendulum to be used as a three-dimensional seismic noise attenuator. A 7-fold pendu-
lum, under construction ai the INFN laboratory in Pisa, is expected 1o provide a horizontal and vertical attenuation factor of
10-'" and 10~ ° respectively at 10 Hz and 15 capable to sustain a 400 kg test mass used in a large base interferometric gravitational

wave anienna.

1. The seismic noise reduction is a crucial problem
in the task of setting up a gravitational wave antenna
sensitive in the low frequency range, where one hopes
to detect waves emitted by rotating massive stellar
objects like pulsars as well as signals due (o coalesc-
ing neutron stars and collapsing bodies.

In this paper we present the resuits we have
obtained in calculating the attenuation functions of
a passive n-fold pendulum. Such a pendulum is
capable of seismic noise reduction both in horizontal
and vertical direction. These seismic attenuators are
designed in such a way as to be capable to sustain
heavy test masses for a large base interferometric
gravitational wave antenna and to reach a horizontal
and vertical attenuation factor of the order of 10-"'
and 10~° at 10 Hz respectively.

One-dimensional active seismic attenuation sys-
tems have been realized [ 1-3] reaching a horizontal
attenuation value of about 10 - ¢ at 10 Hz. These sys-
tems are rather difficult to operate at a high ampli-
fication level, due to the presence of feedback
instabilities, and furthermore it is rather inconceiv-
able to design a multi-stage three-dimensional (3D)
systemn capable of sustaining such heavy test masses.
For these reasons we were led to study a passive three-

' Fermilab, Batavia, USA.
* Laboraiono ENEA, Frascat, ltaly.

dimensional attenuator. In particular the attenua-
tion in the vertical direction is exploited by gas
springs, which have the advantage of not having hys-
teresis and low frequency normal modes as mechan-
ical springs have. Furthermore a gas spring can lift
very heavy loads and still have a very low stiffness.

2. First we present a study devoted to solving the
problem of obtaining a relevant suppression of the
horizontal component of the seismic noise in a fre-
quency range as low as possible. Let us consider a
system composed by a cascade of n masses con-
nected by wires and suspended at a fixed frame. We
call this system an n-fold passive pendulum.

In the small angle approximation the equations of
the horizontal motion can be decoupled, therefore
we limit ourselves to study the system in one dimen-
sion. In our scheme we suppose the wires to be
unstretchable and the pendulum masses concen-
trated in their own CMS. In the study of the n-fold
pendufum we have assumed the following conditions:

(a) the total length L of the pendulum is a fixed
input parameter.

(b) the pendulum masses have an equal value of
m, with the exception of the test mass, which has
mass fm, where fis an input parameter,

(c) the distance between the contiguous masses is
L/n,
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(d) the relaxation time coefficient t is equal for
all pendulum stages, t is a fixed input parameter.

For each pendulum mass one can write the equa-
tion of the motion, therefore for an n-fold pendulum
one obtains

[2/93"'2("*'/'—/()—3]1’“.=(n+f—k—l)Xk

+(n+f—k-2)Xi,2 (k=0,n-2),

(Z/Q(z)+l)xn=xn—l- (l)

where the last equation cannot be represented in the
sequential form, since it refers to the last mass, and
the other n—1 are labelled by the index k, where the
value k=0 refers to the suspension point. The quan-
tity X, represents the horizontal displacement of the
kth mass. The complex quantity Z and the real one
£23 are defined as follows:

Z=-Q2*+iQt, Qi=gn/L,

where R is the circular frequency and g is the gravity
acceleration constant. If we define a set of n quan-
tities A;:

A‘v’|=4“o+2(n+f—k)—3 (k=0. n—Z).

A,,=Ao+l, (2)

where A, is defined as Z/Q2, then the system of
equations (1) can be written in the form

AA#IXL--o!:(n"'f—k—l)XL

+(n+f—k-2)xk¢2 (k=0-"-2)'

Anxnzxn—l' (3)

The system of equations (3) can be put in the fol-
lowing way:

X(=Bk.|Xn (k=0,’|—2),

Xn-|=BnXln (4)
where the n+ | quantities B, are defined as follows:
B,'.,.|=l, B,,=A,=Ao+l.

B = AieBioa—(n+f-k-2)B,.,
ke = (n+f-k-1)

(k=0,n-2). (5)
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Fig. 1. Honzontal attenuation funcuon (n=7) versus frequency.

From the set (4) we can take the equation for k=0:
X,/ Xo=1/B,, (6)

which gives the ratio of the amplitudes of the last
mass over the amplitude of the pendulum suspen-
sion point. Hence the complex function 1/B,
expresses the horizontal transfer function of the n-
fold pendulum. The study of the absolute value of
the transfer function (6) shows three well separated
regions in the frequency parameter:

(a) a flat region at the lowest frequencies, where
the attenuation is 1;

(b) a region where n resonance peaks rise over an
almost flat base, the peak widths depend on the
parameter t;

(c) a region where the attenuation function
deccreases with the law of ¥—22,

The third region is suitable in suppressing seismic
noise. Pushing this region toward the low frequen-
cies implies keeping the pendulum resonances as low
as possible. In fig. 1 a typical horizontal transfer
function in the case of n=7 and f=4 is shown. The
flat region ranges from 0O to about 0.1 Hz; from 0.1
Hz to about 4 Hz there is the peaks region and above
4 Hz the attenuation function begins to decrease. The
last region from 4 Hz to infinity shows an exponen-
tial falling with a power — 14. The noise suppression
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factor is rather impressive: at 10 Hz the transfer
function reaches the value of 1.45%10-'2 In fig. 2
is shown the attenuation function of a multiple pen-
dulum versus the number of stages (=6, 7, 8, 9) at
three fixed frequencies: 10, 15 and 20 Hz.

3. Let us present now the study of an n-fold pen-
dulum having a gas spring at each stage in the ver-
tical direction only. It is easy to verify that a vertical
cascade of n springs and n masses is capable to sup-
press the vertical component of the seismic noise. The
choice of gas springs instead of mechanical ones is
due to some merits of the former:

(a) the capability of bearing heavy masses with a
rather low stiffness;

(b) the lack of hysteresis effects;

(c) the ease of operation in adjusting the spring
length.

This last point is rather imponant if one has 10
arrange a long chain of gas springs. The performance
of a gas spring is described elsewhere [4], in this sec-
tion we discuss the attenuation factor of a vertical n-
fold harmonic oscillator. The stiffness K, of each
spring is given by (see ref. [3])
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K, =y(Po + MgIS,)S3V+K,,, (7)

where V is the cylinder volume, S, the piston area,
P, the external pressure, y the adiabatic constant and
Mg the total weight supported by the jth stage and
K., the total stiffness of mechanical origin (bellows
etc.).

The n equations of the n-fold harmonic oscillators
are

ZY,:.Q,’(YI,, —YI)+Q,2¢|(Y,-&| —-Y’)
U=1,n-1),

ZY,,:Q:‘:( Yn—l—yn)’"/Mu (8)

where 22 =K,/m and Z=-0?+iQ/t and Y, is the
vertical displacement of the jth mass. €2 is the cir-
cular frequency and t the relaxation time, supposed
to be equal for all springs. M, is the lowest mass i.e.
the test mass of the antenna. In expression (8) the
vertical displacement Y,_, for j=1 represents the
displacement of the suspension point. Let us define
the n+ 1 quantities A,

A,=1, A =(MImY(ZQ)+1,

An—l ~I=[(Z+Q£-;+Q:0I—;)An—/

—Qz"—/-4n¢l—/]/‘2£-; U=l*n_|)' (9)
Substituting eqs. (9) into eqs. (8) we obtain
},I—I=A/-l}'n (./=lo ")- (lo)

From the first equation of the system (10) (j=1),
we get the relation between the displacement of the
suspension point and the test mass:

Y,/ Yo=1/A4,. (11)

The complex function 1/4, is called the vertical
transfer function and its absolute value is plotted in
fig. 3 versus the frequency for n=7. The stiffness
values K, have been deduced by fitting the expen-
mental data (see fig. 6 of ref. [3]) and extrapolating
to higher masses. The vertical attenuation function
looks very similar to the horizontal one, and in com-
plete analogy three different regions can be distin-
guished with the same characteristics. The vertical
attenuation function is 2.38x 10-% at 10 Hz. In fig.
4 the attenuation function is shown at 10, 15 and 20
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Fig. 3. Vertical attenuation function (n=7) versus frequency.

Hz as a function of n (n=6, 7, 8, 9). A criterium to
equalize the horizontal and vertical attenuation, leads
to the choice of n=7, assuming the vertical to hor-
izontal coupling of the motion to be of the order of
10-2.
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4. Let us evaluate the oscillator resonances coming
from the described attenuator. Both the horizontal
and vertical transfer functions (eqs. (6) and (11)),
can be represented as a complex polynomial expres-
sion of the order 2n in the following way:

TF=1/F,

F= Y a(i2) (j=0,2n). (12)

Since the a, are real it follows that the roots of F are
conjugate. If we indicate with iQ=iw,—1/21, the
roots of F, the TF can be written

2

=M—2 (=
™= nw}—9’+irz/r, U=1.n). (13)
The TF absolute value which results is:
- w? .
ITF| = n ((wjz _QI)J +(Q/t‘)2]"2 (U=1.n).
(14)

From expression (14) it appeares that the TF behav-
iour in the different frequency regions is:

ReQ«w, ReQ~w, Rel>»w,,

as discussed above and grafically shown in figs. | and
3.

The resonance frequency v,=w,/2n has been cal-
culated both in the horizontal and vertical case for
L=5m, t,=10%s and K, taken by the experimental
data of ref. [3] and extrapolated up to M=10" kg.
The values obtained are listed in table 1.

Table |

J v, (Hz)

horizontal vertical
1 0.24401 0.39565
2 0.7583t 1.22524
3 1.35458 2.26042
4 1.90512 3.12087
5 2.37280 3.84846
6 2.78994 4.61551
7 3.25575 5.17409
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5. The 3D 7-fold pendulum discussed in this paper
seems 10 meet the attenuation factors as required by
a low frequency interferometric gravitational wave
antenna [5] working down to 10 Hz. The construc-
tion of such a seismic attenuator is under way at the
INFN Laboratory in Pisa.

The authors are grateful to Professor A. Stefanini
for valuable suggestions and useful discussions.

PHYSICSLETTERS A

28 September 1987

References

1] A. Giazotto, D. Passuello and A. Stefanini, Rev. Sci. Instrum.
57 (1986) 1145.

(2] N.A. Robertson, R W.P. Drever, L Kerrand J. Hough, J. Phys.
E 15 (1982) 1101.

[3] P.R. Saulson, Rev. Sci. Instrum. 55 (1984) 1315.

{4] R. Del Fabbro, A. Di Virgilio, A. Giazotto, H. Kautzky, V.
Montelatici and D. Passuello, Performance of a gas spring
harmonic oscillator, to be published.

[5] A. Giazotto et al., Proposal for “Antenna interferometrica s
grande base per la ricerca di onde gravitazionali*, May 1987,
INFN PVAE 87/1.

257
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The characteristics and the performances of a gas spring, to be used in the future in a three-
dimensional multiple attenuation system, designed to support the heavy test masses for a low-
frequency gravitational wave interferometric antenna, are presented. This multiple system is
expected toattenuate 10~ (10~ '") at 10 Hz in the vertical (horizontal) direction. This
experiment, in which masses up t0 430 kg have been levitated, has shown that the height of the
resonance peaks in the gas spring vertical and horizontal transfer functions should not prevent us
from obtaining the required high attenuation factors. A gas temperature feedback system, for the

gas volumc control, has given satisfactory results.

INTRODUCTION

The interaction of gravitational waves (GW) with the test
masses of conceivable detectors is expected to produce a very
small signal; consequently keeping the test masses clear from
noise contamination is a relevant problem.

In particular the seism introduces a noise through the
suspension point of the test masses; the seismic noisc be-
comes more and more dangerous at low frequency where its
amplitude spectrum increases according with the approxi-
mate locality-dependent law:

X, =10 /" m/\Hz, (n
where v is the frequency.

Active systems have been proposed ' as attenuators of
seismic noise both in the vertical and horizontal direction;
however. since the suspension point suffers of noise displace-
ments in every direction, it is important to conceive an atten-
uator acting in three dimensions (3D).

In fact, even if the optical phase measured in an interfer-
ometric antenna for GW detection is moderately insensitive
to the vertical displacements of the mirrors, vertical motion
can show up in the horizontal direction because of nonlin-
earities and inhomogeneities in the wire attachments points.
The vertical to horizontal displacement conversion factor €
is dependent upon the very particular experimental setup,
but it is gencrally assumed to be <10 ¥; we shall give the
following cxperimental evidence for it

We plan to build a large interferometric antenna® (arm
length 4 = 3 km) for GW detection, intended to have high
sensitivity down to 10 Hz (GW amplitude & = 10~ ** for 1
year data taken at 10 Hz). Given this sensitivity, it follows
from Eq. (1) that the horizontal seismic attenuation factor

Jf hastobe < 10 7' at 10 Hz: this value takes into account a
factor of 10 fluctuation of the noise around the average value
of Eq. (1). We have calculated® that this attenuation factor
can be obtained using a multiple pendulum composed by
seven masses suspended in a cascade, having a 70-cm separa-
tion between their contiguous centers of masses. The weight
of the test mass (the lowest one) is dictated by the maximum
allowed thermal noise; assuming a mechanical quality factor
Q~ 10" it follows that the test mass should weigh > 400 kg to
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fulfill the previous sensitivity limits at 10 Hz. The upper six
masscs have been chosen to weigh 100 kg cach, the total
weight of the multiple pendulum being 10" kg: with this
choice of the parameters the calculated horizontal atienu-
ation is H = 1.4%x10 ' at 10 Hz and the seven eigenfre-
quencies of the pendulum® are < 3.25 Hz. It follows from the
previous arguments that the vertical attenuation factor F
should be ~ 10 " at 10 Hz. This cannot be obtained by mak-
ing use of the suspension wire longitudinal compliance,
since, due to the wire cross section ( = 10 mm?). the vertical
normal mode frequencies reach 50 Hz. Springs 100 times
more compliant are nceded to obtain '~ 107" since the
steel wires have a stiffness of ~ 3 x 10" N/m, we must insert
springs having stiffness K < 3% 10* N/m, giving normal
modes with frequencies < S Hz.

A mechanical spring bearing M = 10" kg and having
such a stiffness will elongate by the amountd = 0.3 m. Asan
example, a common helical steel spring® having K = 3% 10"
N/m and a length of 20 cm when unloaded, has a diameter of
15 cm, 1.7-cm wire diameter, 12 turns, and a mass M, ~ 10
kg. The longitudinal normal modes frequencies v, are
approximately given by the formula
v,~n/27 4K /M, =nx 18 Hz(n =1, 2,...).  Since
these modes are falling right into the frequency interval of
interest (v > 10 Hz), damping has to be applied; this is not
an easy task because, the relaxation time being proportional
o M, exceedingly large damping forces are needed. Fur-
thermore, care has to be taken to decrease the spring rocking
frequency, which, due to the large  value and to the large
tension ( ~ 10° N), can be close to 10 Hz; this implies that a
device has to be inserted in the spring termination with the
purpose of reducing the effective d. The previous difficulties,
the hysteresis, and the lack of an casy adaptability 1o differ-
ent loads have led us to look for an alternate solution.

A gas spring (GS) is a possible choice; in this device, gas
containment is performed by means of thin wall bellows.
Due to the low M, value (0.4 kg). damping of the bellow
ncrmal modes can be achieved, for example. by wetting the
convolutions with oil. The gas normal modes have frequency
v> 300 Hz and they should be, due to the low gas mass,
hardly visible at all in the measured transfer functions. A
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remarkable property of the GS is that d can be kept small and
constant, even with different loads. These characteristics al-
low us to use the same modular GS clements in a very differ-
ent configuration of the multiple pendulum, i.c., different
number of stages and different weight of the masses.

A relevant point to examine is how the thermal noise,
produced by the multiple pendulum elements, reaches the
test mass. For frequencies above the fundamental modes
(v> 5 Hz), the rms displacements 8, , of the nth mass due to
thermal noise is

5,.=[JAK,T/(r. . M)]/9* m/JHz i=1, 2,

(2)
where i = 1, 2 defines the vertical and horizontal direction,
respectively, r, , and 7, , are the relaxation times for the
mass vertical and horizontal motion, respectively, X, is the
Boltzmann's constant, T is the absolute temperature, M, is
the mass af the nth element, and {2 = 27v the observed cir-
cular frequency. If ¥, ,(S2) and H, , () are the vertical
and horizontal displacement transfer functions from the nth
element (n =0 is the suspension point) to the test mass
(n =7), the total displacement of the test mass, in the hori-
zontal direction (the relevant one) due to the thermal noise
of the chain. is

8, =JAK,T/Q[ZH2 ,/(r, , M,)
+€2Vi/(r, \M)))"? m/VHz, (3
where € is the vertical to horizontal displacement conversion

factor. Since' H, ,~V,,~0[1/Q*7-"]<41l and
H,,="V,,=1,itfollows
612 = K, T /[ 1/(7y 1 M>)
+€/(1,,,M)]"? m/yHz. (4)

Equation (4) shows that the relevant contribution to
the thermal noise of the test mass is only given by the lowest
gas spring. The first term is the contribution of the energy
losses in the horizontal direction of the test mass; these are
minimized taking care that the wire attachment points in the
GS do not relatively displace in the horizontal direction.
This is achicved by allowing the GS piston to move only
along the vertical axis by means of centering wires. The sec-
ond term, due to the vertical to horizontal conversion of the
vertical motion, despite the smallness of the 7, ,, is strongly
reduced by the presence of €7; hence, care has to be taken to
keep € to a minimum.

FIG. I. Schematic diagram of a gas spring including the coordinate system
used in the text.
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FI1G. 2. Schematic example of a gas spring support-
ing the mass M. The bellow is used for gas contain-
ment.

B

We can evaluate a lower limit for 7, , from Eq. (4)
assuming e~ 10"%, M,~4x 10’ kg, v = 10 Hz, T = 3X 10
K, the bandwidth Av = 1/year, the GW amplitude
h~10?, and the interferometer arm length 4 = 3 km:

711 > €4K, TAV/ (D°Mh 24 1) = 10% s. (5)

In the following we show that this value is achievable.
In Sec. I we briefly present the theory of the GS and in
Sec. 11 we give the experimental results of the prototype.

1. TRANSFER FUNCTION (TF) AND RESONANCES OF
THE GAS SPRING

A GS can be represented as a gas-filled cylinder with a
frictionless piston (see Fig. 1). At the time r = 0, the coordi-
nates of the cylinder end and of the piston are X, and X,,
respectively, while at >0 they become
X, +65,(00j=12).

Let us consider an infinitesimal gas volumc having coor-
dinate X at r = O as shown in Fig. 1; if £(¢, X) is its displace-
ment from the initial coordinate X, the equation of motion of
this volume according to the D' Alambert equation is

a2 » 9%

—2 =y —=, 6

ar? ax’ ©)
where v is the sound speed in the gas. The force F acting on
the piston is

+ Ko (6 =6 (D

- A £5_)
F=(P.S,+ Mg)y (ax . xs
where P, is the external pressure, S, the piston area, M the
mass (sec Fig. 2), g is the acceleration of gravily, y the adia-
batic gas constant, and K, is the sum of the bellows stiffness
K, and of all other stiffnesses of mechanical origin. The solu-
tion is

§;(Q) =£(N)H /0,

PISO) lﬂ
-5 (2)
y(g M v
K
xzc:(lLlr(el’lllLIm_ l)» [} +_M_' 8)
M (
L, PSo\ (i
Q= _Q-+£+y(g+_°)(.l_‘(l)
T M v
. K
X 21()L/n:+l JlllLIu_l -1 +_~""
(c )(e ) v

where 7 is the piston relaxation timeand L = X, — X,.
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In the limit QL /v <1, Eqgs. (8) become
H=y(g+P,Sy/M)/L + K, /M,

i K

Equations (9) show that a GS behaves like a spring hav-
ing stiffness coefficient K, = y(P,S, + Mg)/L; this
expression coincides with that deduced from the state equa-
tion of the adiabatic gas compression.

Since in the real case the piston and the cylinder end
areas are different, K,,, beomes '

Ky, = 7(P, + Mg/S)S2/V,

where ¥V is the vessel volume.
In the general case, the function H /Q has poles for

=0, +K,/(MQ2,) +0Q Y,
Q, =nvr/L,
n=1,23,....

In our case, since L = 0.5 m and X,,, <nMQ;, the reso-
nant modes have frequencies v, ~nX360 Hz(n=1,
2,...).

The temperature variation of the environment sur-
rounding the apparatus creates a piston vertical displace-
ment AY = (AT /T)(V/S,), where T and AT are the gas
temperature and its variation, respectively; in our case AY /
AT is 5.4 mm/°C and 10.8 mm/"C for the four and two bel-
lows condition, respectively.

As previously mentioned, we have envisaged the neces-
sity to mount centering wires (see Fig. 3) to force the piston
motion to be parallel to the cylinder axis. We can evaluate
the centering wires section S as a function of the piston mass
M,, of the transverse oscillation frequency v, of the piston,
of the Young modulus E and the length b of the wires:

(10)

(1

S=2r"v;M,b/E. (12)
The violin mode frequencigs v, of the wires are
v, =0T/ (pS))"2(2b) ", (13)

n=1,2133,...,
where 7, and p are the wires tension and density, respective-
ly. Since we need the frequency interval 10-100 Hz to be as
free as possible from high-intensity mechanical resonances,
we require both frequencies v, and v,, to be larger than 100
Hz; from this condition we obtain S = 10 *m?and T, = 13
N. Due to the wires small mass we do not expect a relevant
contribution to the overall TF.

The resonance peak of the bellows at 50 Hz is very high
and reaches about — 10 dB in the TF, but since the bellow
mass is small it can be damped. For this purpose we have
tested the following solutions:

(a) Filling the bellows vacuumside with vacuum oil.
This solution, which requires a very soft gasket (with a sepa-
rate vacuum circuit) to avoid ¢il vapors from diffusing into
the vacuum, completely damps the peak, but makes the pis-
ton heavier.

(b) Wetting the bellows pressureside with high viscos-
ity oil; the oil does not flow away, due to its surface tension.
This solution seems to be good enough, even if it does not
completely cancel the resonance peak.

294 Rev. Scl. Instrum., Vol. 59, No. 2, February 1938

F1G. 3. Schematic disgram of the gas spring vessel: (3) vessel top end view
showing the four bellows position and the centenng wires (CW); (b) vessel
side view; (c) vessel bottom view showing CW.

(c) Using a soft solid-state damper such as rubber or
rubber sponge touching the bellow convolutions. Care has to
be taken to avoid an increase in the overall stiffness.

Since the measurement frequency range of the antenna
has to be kept free from any type of resonance, it is important
that the rocking frequency of the gas spring be sufficiently
low. The rocking frequency can be written

v = (dMg/I)'"*/2m, (14)

where d is the spring length (see Fig. 3) and / the cylinder
momentum of inertia with respect to the spring center. The
frequency of about | Hz is reached ford =10~ m.

A resonance peak is produced at the normal longitudi-
nal mode frequency of the wire suspending mass M:

Ve = [ES(M + M, )/ (L MM,)]*"'?/2m, (15)
where M, is the piston mass, S the wire section, and L,, its
length. For a steel wire having S=10"*m? L, = 0.7 m,
and M, =6 kg, we obtain v, = 100 Hz. This resonance

can be damped by means of the bellows damping system if
M, is sufficiently low.

H. EXPERIMENTAL APPARATUS AND RESULTS

A stainless-steel cylindrical vessel, of 50 cm lengtt. and
48 cm diameter, is equipped with two or four bellows sym-
metrically located at one end (see Fig. 3).

Gas spring harmonic osclllator 294



1 A

FiG. 4. Layout of the experimental setup: the pi tne tr er
(PZT) produces vibration along the vertical direction (the PZT producing
horizontal vibratton is not shown ). The gas spring supports the test mass M
(the composite one is shown ). The two accelerometers A and B measure the

vibration amplitudes of the mass M and of the gas spring. respectively

These bellows, covering a total mean effective area of
280 or 560 cm?, respectively, make up the cylinder piston.
The cylinder has mass M, = 60 kg and can sustain a maxi-
mum weight of 1.3 X 10* kg. The junction points of the upper
and lower wires of the cylinder are arranged to be as close as
possible. In our prototype this distance ranges from 0 to 1
cm. Two test weights are used: the first one, having A/<430
kg, is a variablc mass made of lead bricks; the second one, a
monolithic 200-kg mass, is used to avoid the complex reson-
ances of the first one. We have limited the maximum weight
to 430 kg, so as not to stress the wire terminations too much,
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FIG. $. Vertical TF measurement of the gas spring in the frequency range O-
100 Hz, M = 430 kg and two bellows. The bellows resonance peak has been
damped filling the bellows with oil.
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F1G. 6. The resonance peak at 1.06 Hz of the gas spring in the same condi-
tion as in Fig. 5

but a termination reaching 1.3 tons is now under test. The
experimental apparatus is shown in Fig. 4.

Since our aim is to measure the vertical and horizontal
TF, we inject vibrations at the suspension point of the pendu-
lum by means of a piezoelectric transducer. We can measure
the TF computing the ratio of the output of two accelerom-
eters ( Bruel Kjear 8306) located on the cylinder top end and
on the mass, respectively. Figure S shows the TF in the fre-
quency range 0-100 Hz, when the excitation and the acceler-
ometers are vertical for a loading mass of 430 kg and with
two bellows; Fig. 6 shows the resonance peak at 1.06 Hz

Up to 30 Hz, the TF behavior follows the theoretical
prediction

TF(S) ~ (K,.,/M)( - Q" +iQ/7 + K, /M)~

(16)

where K, = K, + K... At higher frequency the reson-
ances of the lead bricks composite mass make worse the pre-
cise measurement of the TF. The bellow resonance peak at
~ 50 Hz has been damped, filling the bellows with oil.

In Fig. 7 the vertical oscillation amplitude is shown asa

"
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FiG. 7. Plot showing the amplitude decay time of the gas spring in the same
condition as Fig. §
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FiG. 8. The vertical TF (0-500 Hz) for M = 200 kg and four bellows; the
excitation and the accelerometers are vertical.
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function of time. An evaluation of the relaxation time gives
7= 160s, in fairly good agreement with the computed relax-
ation time due to the friction of the lead bricks mass with the
air; this value satisfies the limit given by Eq. (5). A more
precise measurement of this parameter can only be done in
vacuum.

Figure 8 shows the vertical TF in the frequency range 0-
500 Hz, with four bellows, with the monolithic loading mass
and damping obtained by wetting the bellow convolutions
with oil (this experimental condition will be the same for all
the subsequent measurements); the S0-Hz bellow resonance
peak ( — 33 dB) and the wire longitudinal mode at 100 Hz
( — 35dB) are very visible. Even if the two resonance peaks
are not completely damped, we believe that in the total 7F of
the multiple pendulum, it will appear the product of their
height (=~107""). In Fig. 9 the vertical to horizontal TF, in
the frequency range 0-500 Hz, is shown; in this measure-
ment the excitation and the upper accelerometer are vertical,
while the accelerometer on the 200-kg mass is horizontal.
The 7F is =~ — 40 dB in the frequency interval 10 <v < 350
Hz.

Figure 10 shows the TF measured in the same condition
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FIG. 9. The vertical to horizontal 7F (0-500 Hz): the excitation and the top
accelerometer are vertical, while the accelerometer on the 200-kg mass is
horizontal, four bellows are mounted.
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spring (d = 0), showing the vertical to horizontal displacement coupling.
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FiG. 11. The horizontal T7F (0-500 Hz) for M = 200 kg and lour bellows. In
this measurement the excitation and the two accelerometers are horizontal.
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F1G. 12. The honzontal TF as in Fig. 11, but without gas in the gas spring
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F1G. 13. The noise spectrum of the piston position-sensitive circuit {diode
+ electronic) in the 0-1-Hz frequency interval (bandwidth 5 X 10~° Hz).
The sensitivity of the system is 6 X 10* V/m with a displacement noise of

107’ m/J/Hz.

as in Fig. 9, but without gas (i.e., d = 0); this measurement,
which takes into account the vertical-horizontal response of
the accelerometer (3%), shows the importance of having
vertical isolation even if the direction of interest is the hori-
zontal one.

InFig. 11 the horizontal 7F in the 0-500 Hz is shown; in
this measurement the excitation and the accelerometers are
horizontal. Even if the bellows and the wire resonance peaks
at 50 and 100 Hz, respectively, are quite visible ( — 43 dB),
their contribution to the total horizontal TF of the multiple
pendulum seems to be negligible.

Figure 12 shows the same measurement as in Fig. 11,
but without gas; as in Fig. 10 this histogram shows the effect
of the isolation produced by the vertical spring.

The relative position of the piston with respect to the
vessel is measured by means of a position-sensitive diode
(UDT LSC/5D). The sensitivity is typically 6 X 10* V/m
with a noise spectrum of 10~’ m/{Hz; Fig. 13 shows this
spectrum between 0-1 Hz (bandwidth 5 10~ * Hz). When
the gas spring will be mounted in vacuum the thermal cou-
pling with the outside world will be mainly radiative; hence,
we can use the diode signal to feed back (FB) the tempera-
ture of the vacuum tank. Since we do not have a vacuum
tank, we have tested the temperature FB of our prototype in
air using two 25-W reflector bulbs, heating the GS vessel,
powered by a controlled power amplifier (ELIND 30 HL
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FIG. 14. Measurements of the total stiffness coefficient vs the load mass for
the two and four bellows conditions.

20). Despite abrupt temperature variations in our laborato-
ry, the FB system controls the piston height with the preci-
sion of + 20X 10~ " m for a 5 °C variation.

In Fig. 14, the measured stiffness coefficient X,,, asa
function of the loading mass M. in the interval 0430 kg, is
shown for two and four bellows, respectively. The agreement
with the theoretical prediction is good within 15% for the
four bellows setup and within 20% for the two bellows setup,
probably due to strong pressure effects in the bellow convo-
lutions. Theoretical evaluation of these complex phenomens
is beyond the purpose of this paper.
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The detection of gravitational wave (GW) signals requires the test masses of an interferometric antenna to be carefully made
free from scismic noise coming from the suspension point. In this paper we report the first results coming from the Pisa super-
attenuator. We have measured both the test mass absolute noise upper limit 1o be <10-''/» m/\/H—z for 10< » <200 Hz and the
transfer functions (TF). These TF applied to the measured seismic noise spectral displacement should allow in a 3 km long
interferometric antenna a maximum spectral strain sensitivity A< 1.9% 10" Hz-'"* at I0 Hzand A< 7.5% 10-**/¢° H2""/* for
» 2 20 Hz; this gives at the Vela (Crab) pulsar frequency the limit A< 3X 10-3* (h<4x 10-*)_for | vear integration ime.

In this paper we present the first generation results
of the seismic noise super attenuator [1,2] con-
structed at the INFN Laboratory in Pisa. The system
has been originally conceived [1] with the purpose
of giving three dimensional seismic noise attenua-
tion to a 400 kg suspended mass, at a level of <10-1°
at 10 H. We have measured in our laboratory the
seismic spectral noise displacement (see fig. 1); the

t
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Fig. |. The rms spectral seismic noise displacement as measured
in our laboratory. The monocromatic peaks are due to running
clectric motors.
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noise can be well approximated, above 20 Hz, with
the function Ax~1.5x 10~"/¥* m/, ‘Hz. where v is
the frequency in Hz. Hence a 3 km arm length in-
terferometric antenna, to be built in our laboratory
[3], should have a limiting sensitivity, due to thed
seismic noise, f<Sx10~2!/p? Hz=''2. The presencé
of the thermal noise in the mirrors, of the laser shot
noise and of the less known low frequency laser noise.
can make this limit a worst case at low frequency.
The attenuator consists of a seven-fold pendulum for
the attenuation in the horizonta!l plane, and seven
gas springs [4] for the attenuation in the vertical di-
rection. The seven masses aticnuator, six weighing
100 kg each plus a 400 kg test mass, are common to
both the vertical and horizontal oscillators; in fig. 2
the schematic diagram of the experimental appara-
tus is shown, together with the vacuum chamber sur-
rounding it. The gas springs are air inflated by means
of 2.4 mm diameter copper tubing; the frce play (8
mm) of every gas spring is measured by means of a
position sensitive diode. The gas pipes and the clec-
trical wires are connected to the outer world at the
top position of the gas spring, with the purpose of
avoiding direct seismic noise transmission to the test
mass.

For the purpose of measuring the remnant noise
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Fig. 2. Schematic diagram of the experimental apparatus. The
two attenuators, composed of a seven-fold three-dimensional
pendulum, are suspended in the two vertical vacuum chambers.
The 400 kg brass masses. contained in the horizontal vacuum
chamber, are also shown.
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of the test masses, in the first generation experiment,
a dip-coil accelerometer (home built) is being used;
subsequently, an interferometric sensor will be
adopted to achieve a higher sensitivity (10-'* m/
\/H_z). The configuration test mass—accelerometer is
shown in fig. 3. If x and x, are the coordinates of the
400 kg test mass and of the 0.5 kg coil accelerometer
mass respectively, then

wi+iQ/t

%= grriorel th

Fig. 3. Schematic diagram of the 400 kg brass test mass; the dip-
coil accelerometer is shiclded by iron + mumetal layers. The cal-
ibration excitation is produced by the piezoelectric transducer
PZT and measured by the accelerometer BK.
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where vo=wy/2x=3.1 Hz and t=0.1 s are the coil
suspension frequency and the relaxation time re-
spectively and Q=2xv. Eq. (1) has been evaluated
neglecting the accelerometer mass with respect to the
test mass. From eq. (1) we obtain the coil voltage
output:

V=K(2)(x—x.)ifR2

1Q23x

= -k —Q+iQ/t+wd’

(2)
where K(£) is an unknown function of the magnetic
field, coil geometry, and of the overall electronic read-
out. The spectral voltage noise of the electronics when
the input is loaded by a 170 Q resistor (the same as
the coil resistance) is shown in the frequency inter-
val 0-100 Hz in fig. 4. The noise is the sum of the
operational amplifier LT1028 input noise and of the
170 Q resistor Johnson noise, times the amplifica-
tion factor 100. A three pole Butterworth high pass
filter (8 Hz cut off ) prevents the Spectrum Analyzer
to be saturated by th attenuator normal modes. By
longitudinally exciting the test mass by means of the
piezoelectric exciter PZT (see fig. 3), we have mea-
sured K(£2) using a Bruel Kjear accelerometer 4370
(BK) time integrated output to give the test mass
speed. The experimental value has been measured to
be ~ 6000 for v>20 Hz and 4500-6000 in the in-
terval 10< ¥ <20 Hz. When the input is loaded by
the dip-coil accelerometer, the only new feature in
the spectral voltage noise is due to the presence of
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G MATH STORED TRACE Ans, 100

w(v)

100
niv)
701V

itk

B G —
S0P, 100 Hy
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Fig. 4. The spectral voltage noise of the electronics loaded Gyn
170 Q resistor, measured at 0 < v < 100 Hz: since the amplifica-
tion is ~ 100, the input noise is ~3nV/,/Hz.
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Fig. 5. The dip-coil amplified accelerometer signal, measured at
0 < »<20 Hz clearly shows the at normal modes at fre-
quencies < 5 Hz.

the attenuator normal modes at frequencies ¥ < 5 Hz,
which are clearly visible in the spectrum of fig. 5 in
the frequency interval 0-20 Hz obtained in vacuum.
The spectrum of the accelerometer noise in vacuum
in the frequency interval 0-100 Hz, shown in fig. 6.
does not show for v> 10 Hz, any difference with re-
spect to the one shown in fig. 4 apart from few fix
frequency peaks also visible in fig. 4, presumably due
to extermal e.m. induction. In the interval
100 < ¥ < 200 Hz the noise ( ~250 nV/\/-H_z) is also
purcly of electronic ongin. Figs. 4 and 6 show that
our sensitivity is limited by the dip-coil and elec-
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Fig. 6. The speciral voliage noise of the accelerometer dip-coil
amplified signal measured at 0 <y < 100 Hz. Above 10 Hz the
noisc is the same as that of fig. 4. The atienuator normal modes
are visible at ¥ < $ Hz
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tronic noise; since for ¥> 10 Hz the average voltage
noise is ~300 nV/./Hz, from cq. (2) it follows that
the upper limit on the test mass displacement is

3x10-7 _ 8x10-" m
Q%6000 v JHz

(3)

I x|

At 10 Hz this is presumably the quietest, with re-
spect to the fixed stars. suspended mass on earth. It
is relevant to note that the previous data have been
oblained without any electronic damping of the at-
tenuator. The damping system and the interfero-
metric sensor are now under construction in Pisa.
With the purpose of measuring in the first gen-
eration experiment the vertical to horizontal (V-H)
and horizontal to horizonal (H-H) transfer func-
tions (TF), we have applied vertical and horizontal
excitation by means of two excentered dc motors
(DCM). The excitation forcc was applied between
the first and the second filter out of a total of seven
filters, as shown in fig. 7. The excitation was mea-
sured by means of the two accelerometers BK. Since
M =100 kg is the mass of each filter and K, = 36000
N/m is the vertical rigidity of the first filter. then the

SO

-~ N

3

Fig 7. Schematic diagram of the mechanical excitation device.
Two dc motors (DCM) give vertical and horizontal displace-
ment 10 the suspension wire; the excitation is measurcd by means
of iwo accelerometers (BK ).
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total vertical TF is obtained by correcting the mea-
sured TF by a factor A= K,/Q*M when v> 10 Hz.
Similarly the total horizontal TF is obtained by cor-
recting the measured one by a factor Bx~0.41 when
v> 10 Hz. These corrections take into account the
fact that the excitation point is not the suspension
point. The vertical and horizontal TF are shown in
fig. 8 in the frequency interval 10-68 Hz. No rem-
nant peak was scen in the dip-coil spectrum when
the excitation was horizontal, but in some measure-
ments having very high excitation the DCM brushes
where creating an excessive noise. A remnant peak
was present in some of the vertical excitation mea-
surements; this happened only when the excitation
was very high. This could be explained considering
that in the latter condition the whole attenuator vac-
uum chamber {made of carbon steel) was vibrating
heavily. This phenomenon in presence of the dip-coil-
magnet fringe field is inducing in the dip-coil a signal
at the same frequency. This vibration was clearly ob-

S1TF
®eq  VH MERS.
”..1 . ¢ ., * o

o

: 4 HH MEAS .

n.q_ .o.° A‘ . a . . a
o & ° °
¢ o ° HH TOIAL
EXTRAPOL
.
09 -
.
vH ToTAL *
EXTRAPOL .
1" © 0 0 @ e o o o wn wooHZ

Fig 8. The measured (V-H) TFand (H-H) TF in the frequency
interval 10< v <68 Hz. The 101al extrapolated TF are (V-H) -4
and (H-H)-B respectively.

240

PHYSICSLETTERS A

10 October 1988

served by means of an extra accelerometer.

For the reasons mentioned above we consider the
measured TF values to be upper limits. The change
of the excenters, clearly visible at ~33 Hz, shows that
the TF could be improved by increasing the exci-
tation. In the second generation experiment we will
measure the remnant signal of the test masses by in-
terferometric techniques not sensitive to the vacuum
chamber vibrations. Multiplying the (V-H) TF by
the measured seismic noise spectrum of fig. |1 we ob-
tain, in the worst case, for a 3 km long interfero-
meter, a limit on the GW spectral amplitude A<
1.9% 10" Hz-"? a1 10 Hz and A< 7.5% 10-'%/»?
Hz-'/? for v>20 Hz. At the frequency of the Vela
(22 Hz) and Crab (60 Hz) pulsars, this gives, in |
year integration time, the limit A<3x10-2* and
h<4x10- respectively.

We wish to thank our technicians G. Ciampi, R.
Cosci, E. Fagioli, R. Lagnoni and C. Magazzu, their
dedicated support 10 the experiment was precious.
We are also very grateful to G. Mazzacurati of the
loudspeaker factory RCF for having supplied the dip-
coils and the magnet.
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The absolute displacements, for frequencies below 20 Hz, of the 400 kg test mass seismically isolated by the Pisa super-atten-
uator, to be uscd in long base interferometer for gravitational wave rescarch, are presented. In the region below 6 Hz, the maxi-
mum displacement is about 14 pm. The displacements, at 10 and 20 Hz, are < 1.5% 10~ " and <4x10~'* m/ﬁi_;. respectively
and represent presumably the lowest ever reached by a suspended mass on carth. The super-atienuator transfer function, which
has been measured using the seism as an exciter for 0<»v <6 Hz, shows a remarkable agrecment with the theoretical one and

demonstrates the necessity of having an attenuating system working in three dimensions.

The three dimensional super-attenuator (SA) [1-
3] is now operating at the INFN laboratory in Pisa
and its transfer function above 10 Hz has been al-
ready shown [4] to be adequate to reduce the seismic
noise at least by a factor 2Xx10-%.

Our seismic isolator acts above 10 Hz, but at lower
frequency the test mass displacement is larger than
the seismic displacement itself due to the presence of
suspension normal modes [2]. We plan to use the
SA for suspending the mirrors of a large interfero-
metric antenna for gravitational wave (GW) dec-
tection [5], but it is unlikely to lock the
interferometer to a fringe if the mirrors have large
displacement. With the purpose of projecting an ef-
fective damping system it is necessary to study the
normal mode behaviour of the SA.

In fig. | the layout of the experimental apparatus
is shown [5], together with the vacuum chamber
surrounding it; at the end of the chain the 400 kg
brass test mass is shown together with the box con-
taining the accelerometric transducer and the pie-
zoelectric transducer used for calibration purposes.
The transducer is a dip coil accelerometer (DCA)

! Present address: Fermilab, Batavia, IL, USA.
! Present address: Laboratorio ENEA, Frascati, Italy.
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Fig. 1. Layout of the experimental apparatus. The two attenua-
tors, composed of a seven fold three dimensional pendulum, are
suspended in the two vertical vacuum chambers. The filters are
numbered from 1 to 7. The 400 kg brass masses, contained in the
horizontal vacuum chamber, are also shown together with the dip
coil accelerometer DCA.

[6]); we have measured the transducer self-frequency
and relaxation time to be ¥p=3 Hz and t=0.24 s re-
spectively. The analysis of the SA signal has been
done using an HP 3562 two channel spectrum ana-

0375-9601/88/% 03.50 © Elsevier Science Publishers B.V. 471
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lyzer, having an 80 dB dynamical range. Due to this
reduced dynamical range, we had to use a two chan-
nel simultaneous data acquisition: in channel one we
have analyzed the amplified DCA signal, in channel i=12, (1)
two the same amplified signal filtered by a nine pole
high pass Butterworth filter (BF), having 7 Hz as
cut frequency. In this way we have a good dynamics
in both the low and high frequency region of the
spectrum between 0 and 10 Hz. If X is the displace-
ment of the test mass, the accelerometer voltage V,
(i=1, 2 depending on the channel) is

V,=K,((D) X+ Va,h

iw’ I
—~w’+iw/tt+wd

where w/2n is the frequency and wg=2nvg;
K, (w)=5400 V s/m is a factor depending on the
magnetic field, the coil geometry and the overall
electronic read-out and K, (w)=K, (0) XFTF(w),
where FTF(w) is the BF transfer function. V,,, is the
sum of the elctronic noise and the coil Johnson noise;
we have measured V, ; loading the electronic chain
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Fig 2. (a) The spectra of the signals ¥, and of the noise V, ; for 0<v < 10 Hz. (b) The spectrum of the signals V; and of the noise ¥,
for 10<y <20 Hz.
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with a shielded coil, equal to the one used in the DCA.
The noise measurement has been done in vacuum in
order to have the amplifier working at the same tem-
perature. Figs. 2a and 2b show V, and V,; super-
imposed for O<v<10 Hz and 10<r<20 Hz
respectively: the electronic noise subtraction is im-
portant above 5 Hz, where the real displacement of
the test mass gives a signal smaller than the trans-
ducer voltage noise. From our measurement we are
able to compute X:

| - i 2
Y V., w’+lw/t+wu|. 2)

T K (w) iw?

Fig. 3 shows the composition of the two spectra X,
(0<v<5Hz) and X, (v> 5 Hz); no discrepancy was
found between the two spectra in the overlapping re-
gion. For » <6 Hz it shows clearly that this spectrum
is the sum of the horizontal plus some of the vertical
SA normal modes. In the frequency region around
0.25 Hz, we observe that the shaking is larger than
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Fig. 3. Spectrum of the test mass displacement for 0 <v < 10 Hz,
expressed in m/,/Hz and bin width 18.7 mHz The seismic dis-
placement spectrum measured by locking the 400 kg test mass to
the ground is also shown.
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Table |
Gas spring frequency and rigidity.

Filter v (mHz) K (N/m)

1 975 37530

2 975 33780

3 1050 34820

4 1125 34980

s 975 22520

6 1025 20738

7 1109 19108

the seism itseif, due to the high Q of the suspension
(we have measured a lower limit of Q to be 10*); the
maximum displacement is about ~ 14 pm at 0.25 Hz
(bin width 18.7 mHz) and the remnant displace-
ment at 10 Hz is less than 1.5% 10~ "> m//Hz These
results are the best ever obtained in this frequency
interval. A better measurement will be obtained by
using the interferometric sensor which is under con-
struction in our laboratory.

Using the gas spring [3] length monitoring pho-
todiodes we have measurcd the self-frequencies v,
(i=1-7) and the rigidity K, of each vertical gas spring
of the SA by making the gas springs work one at a
time in vacuum; the measured values of the rigiditics
are shown in table 1.

With the same photodiodes and with the SA on,
we have been able to distinguish the vertical normal
from the horizontal ones: table 2 shows the mea-
sured and computed resonance frequency for the
horizontal and vertical normal modes.

The theoretical values of table 2 have been eval-
uated introducing the SA measured parameters in
the formulas of ref. [2].

Table 2
Measured and computed resonance frequency (in mHz) for the
horizontal and vertical mode.

Horizontal Vertical

Vinem Vineor Vmeas. Vineor.
240 240 450 420
630 740 1350 1350

1390 1340 2500 2470
1960 1920 3510 3410
2460 2430 4290 4240
2890 2880 5050 5000
3320 3320 5960 5840
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Fig. 4. Spectrum of the test mass displacement for 10 <v < 20 Hz. expressed in m/\'iﬁ and bin width 18.7 mHz.

Fig. 4 shows the displacement of the test mass be-
tween 10 and 20 Hz; no mechanical structures are
evident and the two small and thin resonances around
16 and |7 Hz are more likely to be electronic peak
up, in fact they are present in the relative V,, spec-
trum 100. The remnant displacement at 20 Hz is
<4x10-'"* m//Hz.

X=2.,987 Hz
Ya=735. 338mV//Hz

In fig. 5 the DCA voltage output between 0 and 10
Hz is shown when the 400 kg mass is iving on the
ground and the DCA is excited by the seismic noise;
this spectrum clearly shows the accelerometer reso-
nance peak at 3 Hz. The remnant displacement for
6 <v< 10 Hz could be explained considering the DCA
displaccment X, due to thermal noise:

Y=0.0 V/IHz

90X0vlp Hamn
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Fig. 5. Spectrum of the DCA signa! measuring the scismic displacement; the 3 Hz DCA resonance is clearly visible.
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Fig. 6. The continuous line is the supcr-attenuator TF, the ratio
of the two spectra shown in fig. 3. The dotted linc is the theoret-

ical 1ransfer function sum of the horizontal TF plus the vertical
one divided by 100.

4kT 1 —
b= e e VRO

where m=270 g is the DCA mass, k the Boltzmann

constant and 7 the absolute temperature. At 10 Hz-

eq. (3) gives X,~1.5% 10 '* m/./Hz.
We have also evaluated the SA transfer function
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(TF) between 0 and 10 Hz by using the seism mea-
surement shown in fig. 3. In fig. 6 the continuous line
shows the measured TF and the dotted line the com-
puted one which is the sum of the horizontal TF plus
the vertical divided by 100. Above 6 Hz the mea-
sured TF is limited by both the DCA sensitivity and
the smallness of the seismic excitation. The results
of a measurement up to ~ 60 Hz are presented in ref,
[4]. The overall agreement between the two curves
is very good, showing that the theoretical model pre-
sented in ref. [2] well describes the system. The 1%
mixing factor between the horizontal and the verti-
cal TF clearly shows the importance of having filters
working simultaneusly in all three degrees of freedom.
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First results on the electronic cooling of the Pisa
seismic noise_super-attenuator for Gravitational
Wave detection

C. Bradaschia, R. Del Fabbro, L. Di Fiore?), A. Di Virgilio, A. Giazotto, H. Kautzkyb),
V. MontelaticiC), D. Passuello

IN.FN. Sezione di Pisa and Dipartimento di Fisica, Universita’ di Pisa. Pisa, Italy

The seismic noise excitation of the normal modes in the three
dimensional Pisa Super Attenuator, to be used in a long base interferometric
gravitational antenna, produces large movements of the 400 Kg test mass. In this
paper it is shown, for the first time, that it is possible to damp, in a stable way,
these normal modes using a six dimensional damping system acting on the second
suspended mass instead of the test mass itself, with the purpose to do not
reintroduce seismic noise. In this way the large displacement normal modes,
including the verticals and the rotations, have been damped and the pendulum
maximum displacement, originally varying from 15 to 30 pm according to the
seismic noise intensity, has been reduced to less than 3.4 pm allowing locking to a

fringe of the interferometer.



A three dimensional Super Attenuator (SA), designed to make free from
seismic noise the mirrors of a long baseline interferometer at frequencies above 10
Hz [1,2,3], has been built at the INFN laboratory in Pisa. At the lower SA normal
modes (.24 Hz) the test mass displacement varies from 15 to 30 pm([6], according
to the seismic noise intensity.

Since the test mass will be the mirror of a suspended Michelson
interferometer, the low frequency displacement must be less than few light
wavelengths in order to lock the interferometer on a fringe [1]. The usual way to do
this is by electronic damping of the suspension resonances; it has already been
shown that good results can be achieved on small test masses in three degrees of
freedom [7,8,9]. We report now the first successful attempt to damp in all the six
degrees of freedom the displacements of a heavy mass (400 Kg), similar to those
foreseen for the Virgo interferometer [1]. The improvement with respect to the
original damping scheme [10] is to apply the damping force to a point along the SA
chain, instead of applying it directly to the suspended mass. In this way the
damping force does not couple the suspended mass directly to the ground seismic
displacements.

In fact in a simple pendulum the damping force (viscous) is:
F=K (X-X) (1)

where X and X; are the displacements of the mass and of the ground respectively.

This gives for the displacement X

X +HOKX,

X = -
-0 +HiaK+V)+ag )



where X, is the suspension point displacement,  is the circular frequency, t the
relaxation time and g the resonance circular frequency. The electronic cooling
introduces a noise displacement given by X, = sz/(n at frequencies well above
wp. To have a pendulum recovering its equilibrium position without oscillating
around it (critical damping), the K factor in the viscous force is given by
K+1/,=2w0, neglecting Ve (typically ©>103 s in vacuum) K=2wp= 3 s°! at the
lowest normal mode (0.24 Hz). The corresponding noise displacement at 10 Hz is
Xa= KXS/m= 5.10-10 n}'m with the usual assumption (xs=10’6/vz FZ/EE ) for
the spectral seismic noise.

This figure, seven orders of magnitude larger than the design
sensitivity of the Virgo interferometer, is by far unacceptable.

In principle this problem could be solved achieving a K factor strongly
decreasing with the frequency, using a very steep low-pass filter. This method has
been carefully analysed, but it has been abandoned due to the very strong instability
of the system.

A practical solution has been found investigating the possibility of
applying the viscous force to an intermediate point of the chain, between the
suspension point and the final mass. In this way the sensitivity to the noise
introduced by the electronic cooling (X,) is very much reduced and the needed filter
is much weaker.

All these theoretical studies have been performed by a computer
program flexible enough to make possible the study of the transfer functions in
different conditions, including the feed-back acting along the chain in different
points with different filters.

Fig. 1 shows the lay out of the electronic damping: a LED / photodiode

system (shadow-meter) measures the relative displacement X;-X; of the i-th SA



mass with respect to the ground, then the derivative is formed and the amplified
signal is applied to a force transducer acting on the mass itself. The force transducer
is composed of a permanent magnet attached to the mass M and a coil connected to
the ground: a current I=A(X;-X;) flows in the coil and produces a damping force
Fgq= K-I between the ground and the mass M;, where K is a factor depending on the
permanent magnet strength, the coil geometry, and the distance between the coil and
the magnet; in our case [8] K is, to first order, insensitive to the relative
displacement of coil and magnet.

In a previous paper [2] we have computed the transfer function (TF) of
a passive 3-dimensional SA. Here we generalize the computation to the case of a
SA with an active damping servo system. The computation as been done for a
general one dimensional N-fold pendulum (small oscillations approximation),
considering pointlike masses and massless, unstretchable wires. The equations of

motion are:

2
~Q'mX #D (X1~ X D (Xju1-X )- 1Q—X 7 BJ(x 7X9

j=1,N-1
E (3)
-Q mNXN=Dh(Xm—XN)—19 xN- ——E(XN-XN)
with:
Dj=M IE—JﬂQTJl for the horizontal direction motion equations
Dj=K J+1Q o 1 for the vertical direction motion cciuations



where Xj is the displacement of the j-th mass, X the suspension point
displacement, L; and m; are respectively the length and mass of the j-th stage of the

pendulum, Kj the stiffness of the j-th spring; j and 15 ;.| are relaxation times on the

j-th mass due respectively to the medium surrounding the pendulunt and to the

friction in the connection between the j-th and the (j-1)th masses, g is the
N

acceleration of gravity, M,'=Zmi and w=2nv, where v is the frequency. The last
i=j

term in eq. (3) is the external force applied by the damping feed-back system; F and
B are real polynomials in s = iQ and Xj;j is the seismic displacement of the reference
point for the measure of Xj. The presence of the term —F/qu' in the equation of
motion takes into account the seismic noise reintroduced in the test mass by the
servo system. In this calculation F is introduced in a general way and it represents,
for example, an elastic force (zero order polynomial) or a purely viscous one (first
order term only). The dimensionless polynomial B is a low pass filter. It is
important to have a lowpass filter, with cutoff frequency less than 10 Hz, in order to
preserve the suspension performances above 10 Hz; but care has to be taken
because the presence of phase shifts near the cutoff frequency induces instabilities.

The system (3) can be solved with standard methods giving

Q)Xo+ 2QU)XY
xF Q®

C))

where the Q(s) are real polynomials in s. The study of the complex zeros of Q,
allows one to determine wether the feedback system is stable or not. For a N-fold
pendulum without damping Q is a 2N-order polynomial; if we introduce an active

damping with a M-poles lowpass filter, Q becomes a 2N+M-order polynomial .



From previous measurements we know that in the frequency range
below 10 Hz the mechanical structure doesn't show resonances, we can therefore
assume that all the seismic noise sources X g in different points along the chain are

approximately equal in phase and amplitude:
XXX (5

X has been measured [6] to be ~ 10 m/vHz. From (4) and (5) we get for the TF:

(X9) _ EN:Qi‘

=0

Xy~ 19 (6)

In our SA we have chosen to apply a 6-dimensional damping to the
second suspended mass; in fig. 2 the quantity HTF+.02 VTF [6] is plotted, where
HTF is the horizontal TF and VTF is the vertical one calculated for three F values
(100, 500, 2500 Kg/s). In fig. 3 the remnant seismic displacement of the SA is
shown in the frequency interval 0-10 Hz; the 0.24 Hz peak is clearly visible togeter
with other horizontal and vertical normal modes [6]. The maximum displacement is
~ 30 um. When the damping is applied the general displacement amplitude is
strongly reduced, many normal modes disappear and the amplitude of the peak at
0.24 Hz decreases to ~ 3.4 um, as shown in fig. 4.

With the purpose of evaluating the damping coefficient F we have
measured the total TF using the seismic noise as an exciter; in fig. 5 this TF is
shown together with the theoretical one corresponding to HTF + .02 VTF evaluated
for F=500 Kg/s; the vertical to horizontal coupling cocfficient is higher (0.02

instead of 0.01) than the one of the passive SA due probably to the damping system



itself; the noise for v>5 Hz is due to the accelerometer sensitivity limit

(10"3")' fiz ) and at this level of sensitivity we were not able to detect any

reintroduction of seismic noise due to the damping system. A Michelson
interferometer supposed to have a sensitivity of 10—16"}'4;1—2 at 10 Hz is being built
in Pisa, with the purpose of measuring the remnant test mass displacement with
higher sensitivity.

We are also performing experimental tests to improve the damping
without reintroducing the seism by substituting the shadow meters with very

sensitive accelerometers.

We wish to thank our technicians G.Ciampi and R.Lagnoni who
carefully prepared the mechanical parts and C.Magazzu' and F.Morganti for the

electronic set-up of this experiment.
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Figure captions

Figure 1: Lay out of one out of six damping systems. The magnet M is
connected to the 2-nd suspended mass of the SA, the coil C is current driven by the
derivative of the light signal in the photodiode PD modulated by the movement of
the mass, then creating a damping force.

Figure 2: HTF+.01 VTF of the SA with damping on the 2-nd suspended
mass for three values of F; (a) F= 100 Kg/s, (b) F=500 Kg/s, (c) F=2500 Kg/s.

Figure 3: Spectrum of the SA test mass displacement without damping,
expressed in m¥Hz for 0.<v<10. Hz and bin width 18.7 mHz.

Figure 4: Spectrum of the SA test mass displacement with damping,
expressed in m//Hz for 0.<v<10. Hz and bin width 18.7 mHz.

Figure 5: TF of the Pisa SA, measured using the seism as an
exciter,compared with the theoretical curve HTF+ 0.02-VTF, computed for a

damping coefficient F=500 Kg/s.
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Introduction

This Report has not been conceived for specialist readers but for those who are interested in the
techniques and the calculation methods involved in the project of interferometric antennas for
gravitational wave (GW) dctection. | think that my contribution to this didactical approach is more
uscful than to make a repetition of the already excellent review articles on the field of GW generation
and detection [Braginskii and Rudenko 1978, Douglass and Braginskii 1979. Weiss 1979, Thorne 1980,
1987, Hough et al. 1987]. On the other hand, daily contact with the problems arising from the technical
solutions necessary to plan the very large interferometer VIRGO gave me the push to write this
Report; 1 realize that regretfully many authors will not be quoted in the text. as will be some
experimental results. 1 apologize for such omissions.

The genceration of laboratory GWs with the purpose of detecting them in a “"Hertz experiment™
[Misner, Thorne and Wheeler 1973 (MTW), Braginskii and Manoukine 1974, Douglass and Braginskii
1979] is unfortunately an almost hopeless enterprise. Extremely high-energy particles accelerated in the
next gencration accelerators have been considered as potential candidates for the “laboratory™
gencration of GWs [Braginskii et al. 1977, Vinet 1981, Diambrini, Palazzi and Fargion 1987]. but even
in this case many more years will be nceded to succeed. Astrophysical sources seem to be nowadays the
only possible emitters of detectable gravitational radiation: in the following | will mention briefly the
best candidate sources likely to be detected in the coming years.

The amplitude of the GWs cmitted will be denoted by means of the dimensionless quantity (see
section 1)

26 d° ) ,
iy = (_,R’” el -8 ,00) dv. (1)

where (G is the Newton constant. ¢ the light speed. R, the distance from the source. p the source mass
distribution and the integral is calculated over the source volume. The effect it produces on the
scparation L of two freely falling masses (see scction 2) is a variation AL, ~ 1L "h,',,',. which is a
mcasurable quantity. Hence [ will denote by hh = h,{,', the strength of the sources.

Historically the most discussed and most likely producer of detectable GWs has been the collapse of
a star. In this process the matter explosion. due to eq. (I.1). must not be of spherical shape for the
emission of GW; an approximate formula is

h=sx10 2 ";7:)' :(ISIQ:W)(IRVHZ)(I()T‘S\)' y ()

where n=AE/M,c" is the fraction of encrgy emitted in GWs, R, the distance. » the obscrvation
frequency and t=d /c the time it takes the collapse shock to traverse the source dimension . The
quantity 7 is the fraction of total cnergy converted in GW, supposcd to be <0.2. The explosion rate is
expected 10 be |in 40 years in the galaxy and a few per year in the Virgo cluster. The pulse duration 7
is usually considered to be =1 ms, hence detectors are tuned accordingly.

Other classes of events, of far less certain predictability, are those involving black holes. The infall of
a particle strongly produces GWs; moreover. if the particle spirals into the black hole, the radiation is
100 times more intense than for radial infall [Kojima and Nakamusa 1984].

A mechanism surely cmitting high-intensity GWs is the rotation of compact binary objects such as
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ncutron stars; since the star diameter can be =10 km. the mutual distance can be so small that before
coalescence very intense radiation is produced. The signal amplitude is

AR}

h=10 = Mpc)(x) (Mi)( l()(;le)- K (19

where M and p are the total and reduced mass. respectively. and M, the solar mass. The time elapsed
around the frequency v is

(=78 "K') ( M") )s (1.4)

Since the detector §/7N ratio is proportional to ' °. it follows from (1.4) and (1.3) that the S/N ratio
increases as » | i.c.. detectors having an extended bandwidth at low frequency are more likely to
deteet these sources. An estimate of Clark ct al. [1979] gives =3 events per year in a sphere of 100 Mpc
radius.

Pulsars have been interpreted as rotating neutron stars having an off-axis magnetic dipole ficld
[Pacini 1968, Gold 1968]. and arc considered to be the best candidates as continuous GW emitters. A
surlace protuberance or aspherical shape with an ellipticity £ could give an amplitude | Zimmermann
and Szedenits 1979, Zimmermann 1980)

=10 "' I”"HZ)'( “’I:J’C), (1.5)

where s the GW frequencey. twice the rotation frequency because of eq. (1.1). Upper limits to the
GW cmission from the Vela and Crab pulsars have been estimated by Zimmermann [1978] o be
h=3x10 "' and 2% 10 ™ (standard Crab model). respectively. but according to the model of
Pandharipande ¢t al. [1976]. the Crab pulsar may have an amplitude upper limit of =10 *°

Since the total number of pulsars in the Galaxy has been estimated to be ~10° [Taylor and
Manchester 1977, Lyne ct al. 1985] and the fraction of pulsars with GW frequency >10 Hz is about 5%
[Manchester and Taylor 1981, Rawley et al. 1986, Barone et al. 1988] we can expect several thousand
pulsars having GW frequency » > 10 Hz and in the frequency range of the kilometric interferometric
detectors.

The Heisenberg uncertainty principle sets a fundamental limit to the strain sensitivity measured by
means of two freely falling masses M separated by a distance L. in a time T,

h= .(_)IZ \,%z 15 x 10 "’l:m)(':lz)("(;s)l :( ”’;dkg)l g (1.6)

where {2 = 2@v and 4 is the reduced Planck constant. With M = 300 kg, 7= 3 x 107s, 1. =3 % 10" m. al
the Crab frequency (» = 60 Hz) cq. (1.6) gives h> 1.5 x 10 "

If a pulsar and a star form a binary system therc may be a drainage of star matter from the pulsar’s
surface due to the high gravitational field. This matter is accreting around the necutron star. which is
then spun up: the accretion may then rcach the Chandrasckhar [1970]-Friedman-Schutz [1978]
instability point and strongly emit GWs with an expected amplitude |Wagoner 1984]
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h=2xmfimﬁpzﬂn,niufsyc. (1.7)

where F, is the flux of the emitted X-rays.
The stochastic background of GWs produced by all sources has an expected amplitude (for a review
sce Hough et al. [1986]. Thorne |1987])

14wy=“mnhy
S

h=6XNYM(m,"

(1K)

where (2, is the ratio of the source energy density in a bandwidth » to that nccessary to close the
universe (10 I‘J/cm‘).

The basic and. to my opinion, the first idea of the interferometric detection of GWs is, clearly stated.
contained in a paper of Gertsenshtein and Pustovoit [1963]: their idea is that =, . . . it should be possible
to detect gravitational waves by the shift of the bands in an optical interferometer™. The first complete
work on the noisc competing with the GW signal in an interferometric antenna is due to Weiss | 1972]: it
is also his merit to have advanced the idca of using a “stable™ cavity such as the Herriot [1964] delay
line. and fast light phase modulation to get rid of the laser’s amplitude fluctuations. But the very first
experimental attempt, giving high sensitivity in the measurement of the test mass displacement is due to
Forward [1978]. Forward uscd retroflectors to reflect the beam back to a beam splitter and used active
controls to lock the interferometer to a fringe: he obtained a spectral strain scnsitivity of 7 >
2x 10 " Hz ' for »>2kHz. The Max Planck at Munich group |Billing et al. 1979]. following Weiss'
delay lines idea. carricd out the construction of a 30m interferometer having o sensitivity i =
8x 10 *"Hz "

The alternative to using delay lines is using Fabry—Pérot cavities: this scheme. which was pursued by
Drever |Drever ct al. 1980, 1981}, is very elegant even though it requires more sophisticated optical and
feed back design than in the delay line case. Two Fabry-Perot interferometers are now working in
Glasgow and Caltech with a sensitivity A=12x10 "Hz '~ [Ward ct al. 1987] and h=5x
10 " Hz ' [Spero 1986]. respectively.

Scveral optical schemes have been invented for increasing the interferometer’s sensitivity: light
power recycling |Drever 1982] allows the reuse of the unused light from the interferometer: the
synchronous recycling scheme |Ruggiero 1979, Drever 1981] allows an increase in the interferometer’s
sensitivity to periodic signals as do the methods of detuncd recycling |Vinet ct al. 1988] and dual
recycling [Meers 1988]. Of all these schemes only that of power recycling has been tested experimental-
ly |Ridiger et al. 1987. Man et al. 1987] with success. All the signal recycling schemes will be tested.
perhaps painfully, in the future kilometric interferometers.

Another approach to increasing the sensitivity has been given by Caves [1980], who was the first to
realize that photon number fluctuations in the interferometer’s arms could be produced by vacuum
fluctuations of the light field at the unused port of the beam splitter: the idea was to inject into this port
a squeezed photon state, i.c. a state having phase fluctuations smaller than Poissonian but with larger
amplitude Auctuations. The existence of these states has been demonstrated experimentally and this has
led the Munich group |Gea-Banacloche and Leuchs 1987] to experimentally explore the sqeczing route.

At this very moment (February 1989) it secms that there is a likely chance that the construction of
four large interferometers will be approved: the German-Scottish one, the French-Italian onc and the
two American ones. Japan and Australia arc likely to join this group. The need of scveral large
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interterometers is also dictated by the necessity of making coincidence detection of GW signals.

There is also a finite chance that GWs will be discovered meanwhile by the bar detectors and this will
finallv convinee physicists from other fields to join what 1 consider the most exciting and. at the same
time. frustrating experience a physicist can have.

This Report has been subdivided into 14 sections: in section 1 the gencration mechanism of GWs and
m section 2 the interaction of GWs with matter are described. Delay lines and Fabry-Pérot optical
interferometers are described in sections 3 and 4, respectively. The recveling schemes are described in
section S, the laser intensity noise in section 6 and the noise due to the laser linewidth in section 7. The
laser Tateral beam jitter noise is described in section & and the noise due to gas pressure Auctuations in
section Y. The thermal notse is described in section 10, the scismic noise in section 11, the radiation
pressure cffects in seetion 12, the cosmic ray background in section 13 and finally, a pictorial description
of sonree intensities and relevant noises is presented in section 14.

1. The generation of gravitational waves and the transverse traceless gauge

In Finstein's Theory of General Relativity (TGR) |Einstein 1916] Gravitational Waves (GWs) are
shown to be ripples in the space-time curvature propagating with the speed of light. Under the
hypothesis of weak ficlds a perturbation A, to the flat metric tensor

| o 0 0
0 -1 0 0

T Tl 0 -1 0 (1.0
o 0 0 I
is created by the energy-momentum tensor 1, according to the cquation (sce MTW)
T = (RaGoehr, . (1.2)

where W, = h, A8,h% . (5 is the Newton constant and ¢ the speed of light. From momentum-encrgy
conservation,

ad 7 0. (1.3

and considering that 7, = pc”. where p is the matter density. it follows that [Landau and Lifshitz 1951

y oo 26

7 .
=" o (',—I pxde) (1.4)

t Ry
where R, is the distance from the source: eq. (1.4) is valid when the matter speed is far less than ¢ and
when the GW wavelength is much larger than the source dimensions. From cq. (1.4) it follows that the
GW ficld is produced by the sccond moment of the mass distribution.

Since ¥ is a symmctric tensor it has 10 independent elements. which are reduced to 6 since eq. (1.3)
gives

a W= (1.5)

w i
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The number of independent clements of ¥, can be further reduced by applying the coordinate
transformation

X, =x, teE, . (1.6)
where ¢, are infinitcsimal functions which must Icave unchanged the line element

ds* =g, dx* dx". (1.7)
Equation (1.7) imposes

O, =0. (1.8)

hi,=h, —d,lox, — d,ldx, . (1.9)
Hence writing ¥, as a plane wave propagating in the k direction at speed ¢,

v, =A™ kk =0, (1.10)
and putting [sec eq. (1.9)]

7, =C, e (1.11)
we can define a four-velocity V* and choose C,, such as to give

AV =0, (1.12)

But these four equations arc not independent since k‘4,V* =0 for any given k: hence a further
condition can be applied and we impose

A, =0. (1.13)
This condition gives A), =0 and
v,.=h,. (1.14)

Equations (1.5). (1.12) and (1.13) define the Transverse Traceless (TT) gauge (sce MTW): by choosing
v®=1, V=0 we obtain

h,=0. i.e. only spatial components# 0,
hy,,=0. i.e. divergence-free spatial components . (1.15)

hix=0. traceless.

Let us assume the wave propagates along the x, axis: then
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k=(k.0.0.k). (1.16)
and from cq. (1.15) it follows that

hie =0, hl=-nll=0, hr_.' = h;'v. (1.17)

In matrix form

0 ,'l’. /(')' 0 00 00 0000
0 h e 0 wfo1r 00 0010

"o_ 1 12 - N 1 = »* o

" h! -h) 0 hilo o -1 o)ttelo oo ofTAat A (LI
P T, 00 00 0000

The two polarizations ¢, and ¢}, are cxchanged by a rotation R of #/4 around the x, axis. i.c..

0 0 0 0
A I N I
Rimh=7A10 -1 1 0
0 0 0 Q0
(1.19)
Riz e R (wid)= ¢ . Rw/de'R "(mid)=¢" .
This behaviour under rotation is proper to a spin-2 field.
The Riemann tensor
R = l( ah,, . //"h“ ~ ﬂ"hk'n ~ ah,’, ) (1.20)
him 2 f?.r‘ ’?",I (7,\" f’.\"” (7‘\.l (?xl a.‘_l I?Xm *
with the conditions of cq. (1.11) becomes simply
Rur, P Ry = ‘o (1.21)

The TT part of ¢q. (1.4) can he evaluated by applying to ¥, the TT projection operator (sce MTW)

P.=6, nn,. (1.22)

where n is the unit vector in the direction in which we want to evaluate the TT part of the GW
amplitude: hence

vii=pr wP,-'r, VP

afl Im® tm

(1.23)

It is casy to verify that from egs. (1.23), (1.4) and (1.15) it follows that ¥ n, =0, ¥ "'=0, and
sy

26 (&

' 2 ..
o \or f p(P, x'x'P,, ~ gp,,,,x’.r"'P,m)du) =-==D). (1.24)

hly = -
"y al ('an

where D, ts the reduced quadrupole momentum of the GW emitting mass system.
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2. The detection of gravitational waves

A particle moving freely under the action of a gravitational force has its coordinates x* satisfying the
geodesic equation

L, dkdat
dr- + L dr dr

=0, (2.1)

where 7 is proportional to the particle’s proper time and

. By , P8mr _ 98, )
u o o_ l\ pm m mA _ vA )
I, =g ( ﬁx‘ o (2.2)

are the Christoffel symbols. It is always possible to find a spacc-time trajcctory in which I', = 00 at any
time; along this trajectory the particle is freely falling. It is easy to show that the separation £° between
two particles A and B satislics the geodesic deviation equation

I
ot Rt 5 =0 (2.3)

where D7 is the second covariant derivative,

D'g"=d-’§«+dl' f” dx* e (f” ) Iﬂ“(dff’ r £ du*

dr’ dr’ s dr dr

ar)

I (2.4)

With the purpose of evaluating £ let us put x =0 in the center of mass system (CMS) of particle A (sce
MTW), the time x, equal to the proper time 7 and the coordinate axis connected to gyroscopes carned
by A. At x =0, since A is freely falling along the geodesic line. we obtain

(15,), 0= A1, /d7), , =0, 2.5)

and cq. (2.2) becomes
D¢"/dr’ =d’¢"1dr" . (2.6)

lntroducmg eqs. (1.21) and (2.6) into eq. (2.3) and considering that, to first order in h”, , 1 =71, where
is the observation time, we obtain

d’€"1dr = - R, 08" = A 1dF)RT P (2.7

From eq. (2.7) we can see the effects of GW polarization on the detector; if the GW is propagating
along the z axis and thc masses A and B are located as in fig. 2.1, then

£ =(x, —xy)" . (2.8)
Putting

F, = Md€dr = \M (d*1dr)h g £° (2.9)
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), -

- =6w
7

X

Fig 2.0 Jnan mertial sestem hasang the ongin in the center of mass of mass A the effect of a GW araveling along the = axis is to displace the mass B
from the cquilibrivm position by an amonnt 387 = Yh'1 " Jsee eq (27)]

and considering that the only independent components of Ir,',;', are hy] and h|}. we can write the
projection F of F, along the line connecting A to B,

8. ¢)=F £70¢] = L EIM(h)] sin'Bcos 2¢ + h]) sin'Bsin 2¢) . (2.10)

In ¢q. (2.10) the tidal character of the force produced by a GW is clearly shown by the term |£]. It s
also cevident from cq. (2.10) that F =0 if the mass scparation £" is in the GW propagation direction.
In the interferometric antenna the mirrors are attached to masses suspended with wires like pendula.
With reference to fig. 2.2, the beam splitter in the origin has mass m, and the other two mirrors have
mass m, and m . respectively, and are placed at a distance L from the origin: € are the coordinates of

the masses m, in the CMS. The CMS coordinates are
X =Lm,/(m, +m,+m,). (2.11)

Toms

=Lm/(m, +m,+m,),. 3

»
- cms

For the sake of simplicity we assume that the GW is propagating along the z axis: under this condition,
using eq. (2.7). the acceleration of the mirrors produced by the GW interaction becomes

(‘ill )(i\\' =" ;(,.'“llll"'rm\ + hllll .Vrm\) N (-i:\)(;w == glhlrl'(l‘ - 'rrnls) - ii??."t'm\l N (‘) l’)
(.‘.;l )(i“‘ =- g(ﬁ:;'x:m\ + h!-:I .“cms) . (.";: )(;\\' = gI-h_‘l".cm\ + ll;;'(L - yrms)l .

The cquations of motion of the mirrors read

BT - k) H R -8 =Eaw - Fr 0 - 6) H (@I~ 8 = (Eaw -

VoA (0 =) H D =) = (Fdaw s Fa 7 (V= )+ (L)Y, = ¥a) = (Fa)ow
(2.13)
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y
m, \ (x=0y=1L)
A
—
§2
L
v (X, Yem .
— b
g, ~_ my
LASER| 5 < >< S“.__ﬁ
L x
m, (Xx=0Y=0) (X7 LY¥,=0)
Y

Fig 2.2 The terferometer’s mirrors, having mass m,. m, and m,. are located at (x. v) positions (0, 0). (0. L) and (L..0), respectively. The
acceleration of the mirrors produced by a GW traveling along the 2 axis is calculated introducing their coordinates in the CMS. £. into cq (2.9)
The inertial relerence svatem has the origin i the center of mass of the mirror svstem.

Land 1, are. respectively. the relaxation time and the length of the ith pendulum and v, ¥, are
the pendulum suspension point displacements due to seismic noise. Equations (2.13) can be solved
cxactly. but for the sake of simplicity we assume 7, =17 and [, =/: then we can subtract the first
equation from the second and the third from the fourth, obtaining

where 7

Af+7 "(AF-AX)+(Ax - A¥)wp=-Yh|'L. A+7 '(A¥ - A¥)+ (Av - A¥)e, = - Uil L.

(2.14)
where Ax=x, —x,. Ay=y, -y, Ax=x, - x,and Ay =y, - v, wo=glland 7=1.
In a singlc-pass interferometer the phase change is
Ap =4m(Ax - Ay)/A. (2.15)

where A is the light wave length; hence. considering that, when the GW is propagating along the z axis,
hl!'=-h} and putting A¢ = 4m(Ax ~ Ay)/A. we obtain

. _ 4m .
A+ '(A¢—A¢)+wf,(A(p—A‘p)=Twh,,l.. (2.16)
This equation can be easily integrated giving [Pizzella 1975]

Aml [ . . . .
ap() = 525 [sin o= mye R )+ ' Agtn) + @} Ad(m] .
' [t]

w, = Vw,“’,— l/(4'r:).

(2.17)
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To understand the effect of the GW on A¢ we can neglect the scismic noise contribution and study the
hehaviour of eq. (2.17) assuming two simple functional forms for h(r) = h!(n). In the first case we
assume /(1) to be a pulse of duration Ar < |/w, and amplitude h,,.

hi(m) = h,|0(m) - 6y An)]. (2.18)

Inserting ¢q. (2.18) in ¢q. (2.17) and assuming the mechanical quality factor of the pendula
0 = w, 7> | we oblain

Aglt) = :h;hl h(r) + 41;1 h,|w, Atsin(w,t) e 7+ O((w, A1) ) + O(1/Q7)]. (2.19)

Equation (2.19) shows that in the interfecrometric detector the measurement of A¢ gives a precise
mcasure of i(r): the term in /hi,,. which represents the “memory™ that the pendula have of the GW for
1+ At can be neglected sinee it is multiplicd by o, Ar<1.

In the second case we consider a periodic GW with amplitude

hiry=h,e """ . (2.20)
Inserting A(1) in cg. (2.17) we obtain for 1> 7

dxl 5",
dp=- oo e v (2.21)
A w, - AT

For {2, > w, and Q > 1. cq. (2.20)) becomes
A¢ =(dmLIAYh, "™ . 27)

Equation (2.22) shows that with an interferometric detector it is possible to measure distortionless h(/)
cven for a periodic GW; hence the very peculiarity of this detector is due to the low value of the
pendulum resonance frequency i, which can be made as low as a few Hz, giving the possibility. in
principle. to detect low-frequency GWs. Furthermore the possibility of making L very large (some km),
in virtue of eq. (2.9). would allow the operation of the antenna at room temperature while maintaining
high sensitivity even in the presence of noise. such as thermal noise. which is dominant at low
frequency.

For the evaluation of the phase shift duc to the GW interaction of a photon beam bouncing between
two mirrors, it is opportunc to choose a coordinate system in which the mirrors are at rest: in this
system the only GW interaction with the photon beam is due to the change of the metric coefficients. In
fact if the mirrors arc frecly falling (i.c. with suspensions having no rigidity). then in the 1T system they
arc at rest: this is casily shown considering that to first order in h,',; from eqgs. (2.2) and (2.4) it follows
that

Ppw = D=ty o= — M€= - RL€ = - th 6" (2.23)

and hence (£°),, =0.
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A matrix approach, uscd extensively for the evaluation of the phase shift due to the GW interaction
with a photon bouncing between freely falling mirrors, is due to Vinet {1986]. The method is based on
the consideration that due to eq. (2.23) the only effect of the GW on a photon is contained in the
perturbed ds”.

ds’ = ¢ dr = [1+ h()]dx’ = [1 = h(1)]dy” . (2.24)

where Ai(1) = hcos ¢, with ¢ = ()1 + ¢ and the photon is supposed to travel along the x or y axis.
If the photon is scattered back by a mirror at distance x = L. then from eq. (2.24) it follows that the
round trip retarded time is

PSR S-LL PR (2.25)
c c 7

where n = (), L/c and £ = =1 if the photon is traveling along x or y, respectively.
If the time dependent part of the EM fields along the trajectory is taken to be

A()=(A,+ the A, + Yhe “A)e ™, (2.26)

wherc w =27y, (¥, is the laser frequency) then substitution of eq. (2.25) in eq. (2.26) gives (to first
order in h)

bl - N . L i [}
A(')__.clm(.lvl ”[A“ + %h elrﬂ(A'c .“’I, +le ? Slnn c WA“)
1 b s . Lsing o
+ihe (A, dine = T emg, ). (2.27)
2 c n )

This can be put in matrix form.

Ay’ A,
(A.) =D(A,). (2.28)
A, A,

1 0 0
sing ., -
szlf——n c” y 0 (2.29)
. Sin"l (U]
1§ —e 0
¢ n y

2iy

¢=wlic,x=c". v=e
This approach can be applied to interferometric GW detectors becausc in this kind of antenna the
observation frequency is always above the mirror suspension mode frequencics. hence the mirrors can
be considered as being freely falling.
The case of mirrors clastically bound with self-frequency »,, = {2, /27 has been treated by Pegoraro
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et al. [1978]: they found a gauge transformation

o_ b  I—
=5 A s 5 AR Xt

2.3
oo I p _ k) ( ))
= At Bia=1.2,
A= LI - 2. 0#0), (2.31)

giving a . cevaluated by means of eq. (1.9). which Icaves at rest a mirror initially at rest.
An cikonal equation cxpansion to first order in /i, has been studied by Linet and Tourrenc [1976];
they found that the photon phase shift can be put in the form

(': 1] ”
¢= 7 J h, p'p"dr. (2.32)
where p” is the photon four-momentum, and showed that in the resonance arising from the GW and
photon interaction [Braginskii and Menskii 1971, Braginskii et al. 1974] the photon phasc shift increases
lincarly with time and is proportional to the ratio w/f2,.

3. Delay line interferometers

The need to increase the interferometer phase shift due to a GW signal is dictated by the existence of
noise which affects only the phase of the optical rays without creating real displacements of the mirrors.
To overcome the effects due to this noise. which will be called “phase noise™ in contrast to
“displacement poise™, it is very important to find an optical scheme allowing the beams to bounce back
and forth in the optical cavities.

Actually the ultimate phase noise is the photon counting noise Ad,..(f) due to the anticorrelated
fluctuations An of the photon number 7 in the interferometer arms according to the uncertainty relation

(Ady (1)) “=Ad, =1/An. (3.1)

For a photon coherent state An = v, hence
Ady 7 VNI =\ he W 1. (3.2)

where & is Planck’s constant. », the laser frequency. W, the light power in the interferometer arms and
1 the mcasurement time. If the light makes 2N reflections (see fig. 3.1). the phasc shift due to a mirror
displacement Ax, .= = Lh(0)L is
AN - -
w,,=TAx+¢,,=qp~/2+(p,_3. (3.3)
where ¢, . are given fixed phase shifts in the two arms and Ax has been cvaluated in the limit
2 Lic<l.
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With reference o lig. 3.1 the power of the recombined beams is
w =R W21 2 coste, + @, + Ay )] - (3.4)
where R is the intensity reflectivity of the mirrors, ¢, = ¢ - ¢ and Ady, has been evaluated for
W.,, = WR"". Putting ¢, = m/2. mcasuring W. with photodiodes PD having efficicncy 7 and forming the
current difference. we obtain
A= DEANTIDANOL] + Ay} + AL, . (3.5

where

I, = (Welhi,mR*" and Al = e\V(WR the, (1 - )

are the photodiode mean current and current fluctuation. respectively: e is the electric charge. The GW
detection condition. introducing eq. (3.2) in eq. (3.5) and using eq. (3.3), rcads

A hy
4N L Vme""' ’

hin > (3.6)

where the assumption 202 NL/c <1 has been made. Equation (3.6) shows that 2N reflections increase
accordingly the S/N ratio for the photon counting noisc.
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The delay line (DL) scheme was first studied by Herriot et al. [1964]: the laser beam enters the cavity
through a hole in the near mirror with coordinate (x,,. y,) and slope (x,. v,) (see fig. 3.2) and is
reflected back and forth between the mirrors having distance L. and focal length £ respectively. Defining

costh=1-Li2f, (3.7)

where ¢ is the rotation angle of the beam spot on the mirrors (sce fig. 3.3), the coordinates of the ath
spot are

L . .
v, = v, cosnl oy T (v, +2/x))sinnd .

1.
- (3.8)
¥, =y cosnf + oy m . T (v, +2fv;)sinnd. 4f- L >0,
y y
2N=4a
V ]
< .
7 x
4 L
Xo
Xo | - ‘L X )
[ i
 y
Yo ’ L
S S & -
Yo .

Fig. 3.2 The laser beam cnters the DL at position (x,.. v,) and angle (x... v.). then hounces 2N times and leaves the cavity through the entrance
hole
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which can be put in the form
= Asin(nd + «a). v, =Bsin(nd + B). {39)

where

Y . B -tf |
e A AR I S VR B 7wl
and similarly for B and 8. If A = B the spots lic on a circle: the beam reentrance condition is fulfilled
when

(31m

2k6 =2Jmw . J kintcgers. J#k . (3.11)

k being the number of spots on a single mirror.

The DL is a very flexible method to cope with misalignments due to mirror movements [Goorvitch
1975, Billing et al. 1979]. Fattaccioli et al. [1986] have shown that the total optical phasc shift is
independent of tilting (A#) and transverse mutual mirror translations (Ax) up to second order in Ax/R
and Ad, respectively, R being the radius of the spot circle on the mirrors. if the DL is perfectly
reentrant and aligned.

With the purpose of reducing the light scattering from the entrance hole in the mirrors close to the
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beam splitter |Schilling et al. 1981]. the size of the input beam should be sufficiently reduced increasing
the beam angular spread Ax! and Ay!. The spot diameters duce to this spread,

. L
N ) o . = M ) . 2
XY 2 sinnth Ay, . Ay, \4’._ 7 2f sin nf Av,, . (3.12)

Av, =\

do not increase indefinitely with N but vary cyclically with #; this focusing characteristic is very relevant
for avoiding beam size divergence when N s large. and a careful evaluation of the beam entrance
parameters is needed to avoid geometrical overlapping of the spots. Actually two contiguous spots on a
mirror are assoctated with ditferent delays: if they do overlap the hight diffused by the mirror coatings is
sent in the wrong beam. causing noise duce to the finite size of the laser line width.

The light phase shift due to GW interaction in a DL without the constraint 242 NL/¢ <1 has been
caleulited by Vinet [1986] and Vinet et al. [1988].

Let us consider & DL of length L in which the beam is reflected 2N times and which has mirrors with
amplitude reflectivity iR, and iR.. By repeated application of the operator D [sec eq. (2.29)] we obtain
the 2N reflection operator,

! | 0 ]
) 1 ""UN " B
M- GR)Y GRIDY = ()Y 'RY RN i€ ey o0 (3.13)
irg sin nN SO

where the signal is contained in the two matrix clements M,, and M, ;. putting
T =2NIL.c. (3.14)
we see that M Land M are maximum when

agN= ' 7 =72, (3.15q)

while the signal is zero when
‘t A =am (n=1.2...). (3.15h)

From eqgs. (2.27) and (3.7) it follows that the maximum phasc shift Ad,,, of the light wave duc to GW
interaction in two DLs (see fig. 3.1) is

5 L sin (2,(1.'c)N
A(/)m = ._hw (— —”j“— . (3'6)

Typical DL schemes are those adopted by Forward [1978] at Malibu with 2N = 4, MIT with 2N =56
and Max-Planck-Institut in Munich with 2N = 90.
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In the Malibu interferometer, the world's first working prototype. the optical svstem (see fig. 3.4} s
composed of a beam splitter and two rclrorcﬁcclor\ mounted on the far masses. The optical path i<
~8&m and the strain sensitivity is # =10 " Hz ' for » = 2kHz.

The MIT interferometer. shown in fig. 3.5, is a system with 2N =56 and a mirror scpiration of
1.46 m. The mass supporting the heam splitter also supports two Pockels cells uscd both for keeping the
interferometer locked to a fringe and for giving phase modulation with the purpose of reducing the laser
amplitude noise. The noisc due to the laser lateral beam jitter is reduced by transporting the faser light
through an optical fiber. The mirror's pendulum oscillations are damped by means of clectrostatic
dampers [Linsay and Shocmaker 1982]. The strain sensitivity obtained [Livas et al. 1986] is /i =
3x10 "Hz '

In the Munich interferometer (see fig. 3.6) the mirror distance can be adjusted between 29 m and
32 m with the purpose of obtaining different numbers of beams. Locking to a fringe is obtained both by
using Pockels cells inserted in the DL and a magnet and coil [Billing et al. 1979] damping system on the
mirrors: more details about the usc of these systems will be given in subsequent sections. The laser is a
S W argon ion laser stabilized by means of an external reference cavity and by the interferometer itselt
used as a reference cavity. The laser light is fed to the interferometer by means of an optical fiber. The
maximum sensitivity achicved [Shoemaker ct al. 1987a] with 2N = Y0 is h=8x10 "Hz '"
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Fig 3.0 Lavout of the Munich interferometer (from Shoemaker ¢t al. [19874]) showing the lser stabihization scheme. The laser is focked both to
the reference cavity and the interferometer itself used as i frequency reference. Locking of the interfecometer 1o a fringe and phase modulation are
pertonmed by the Pockels cells P1and P2 Magnets and coils are used to damp the pendulum oscillations of the mirrors
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4. Fabry-Pérot interferometers
Fabry—Pérot (FP) theory is largely described in many books (sce. for example. Born and Woll
[1964]. Hernandez [1986]): with reference to fig. 4.1. M, and M, arc two mirrors located at positions x,
and x,, respectively (x, - x, = L): the amplitude reflectance iR, . the transmittance 7, and the loss B ol
the mirrors satisfy the relation
T"+R+B =1. i=1.2. (4.1
A light beam of frequency #, = w,/27 entering the cavity with amplitude A, is partially transmatted with
amplitude A, and partially reficcted with amplitude A,.
If A, and A, arc the transmitted and refiected amplitudes inside the cavity. then
A =IRA+T A, A.=T\A,+iRA,. A,=iR,DA, . (4.2)
where D) is defined in cq. (2.29). The solution is

A, =i|R, + (R + T))R.D)(1 + R,R,D) 'A,=iFA,. (4.3)

An cvaluation of F gives the relevant matrix clements |Vinet 1986].

R (R TR

WUV TR R

. fTiREsin(n)/n ¢ "x

Fm = TRk T R Ry (4.4)
eTIR.Esin(n)/n ¢

o= "T-RRx T-RRa

where x and v have been defined in eq. (2.29).

From cgs. (2.27) and (4.4) it is possible to evaluate thc maximum phase shift Ad,, for a cavity
configuration similar to the onc shown in fig. 3.1 under the condition x = +1 (optical resonance
condition).

TiR.hwlic 1

Ad,, =2 : . :
PO U= RR) VI Fsin’ Lic

(4.5)

Ao R.Ty R,

> > M i
Ar < l < A3 <l7 A. B
M1 M2

Fig. 4.1 Schematic diagram of the light ficld amplitudes inside a cavity. composed of the mirrors M, and M, having reflectivity iR, and iR and
ransmittance T, and T.. respectively. The amplitude A, is connected to A. through the operator defined in cg. (2.29) containing the effect duc 1o
the GW interaction.
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where F' =4R,R./(1 - RR,y. T.< T, and the realistic condition {2,L./c <1 has been assumed. In
analogy to ¢q. (3.8). delining the cavity storage time

. VRR,
7= e = .6
T el RR. (4:6)
making the approximation R =1 - 477+ B}) and putting B, < T, we finally obtain
1Ay | = whs 27, k. ! 4.7
T R Ve |

The comparison between |Ady,, | and |Ad, | is shown in fig. 4.2: |Ad, | is plotted for T, < T, this
experimental condition is particularly useful in interferometers using light recveling because very little
power lows out of the far mirror.

Eltects due to misalignment of the FP cavity have been evaluated by Fattaccioli et al. [1986).

Typical FP prototype interferometers are in Glasgow and at CALTECH. The Glasgow interferome-
ter [Ward et al. 1Y87] (see fig. 4.3) is composed of two 10 m long cavitics. The laser is frequency locked
to one of the cavities: this is achicved by adjusting the laser frequency by means of a piezoelectrically
driven mirror and an intracavity Pockels cell. The length of the second cavity is then adjusted by means
ol forees produced by magnets connected to the mirrors pushed by clectrical coils, and maintained in
resonance with the lirst one by means of a serve loop. The GW signal is obtained from the
clectronically recombined arm beams. With 30 mW light power the strain sensitivity [Ward ct al. 1987]
was 1.2x 10 "1z ' for frequencies greater than 1500 Hz.

The CALTECH interferometer [Spero 1986] has two 40m long cavities; one of them is used to
frequency stabilize the laser by means of an intracavity Pockels cell and the other cavity is kept in

os

- - -

o a 2n an an sx on = o ggT,

Fie. 4.2 Comparison between the phase shift due to the GW amplitude b of a FP (7.5 T,) and a DL interferometer having the same storage ime
7. When 827 = | the phase shifts are comparable. as is shown by egqs (4.7) and (3. 16)
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Fig 43 The Glasgow interferometer (from Newton ct al. [I986]) One of the two 10m FP cavitics is used for stabilizing the Esser: the athes i, viia
feedback svsiem. kept in resomanee with the Biser frequenes The GW signal is continned i the feedback sipnal

resonance with the lirst one by means of forces applied to the mirrors. The strain seansitivity with a hght
power of 2mW was h=5x 10 " Hz ' [Spero 1986].

Optical recombination of th two beams has been achieved in Orsay by Man ct al. [1986] with a
phasc sensitivity of 1.5x 10 “rad Hz ',

5. The noisc due to photon counting errors and recycling

In section 3 we have shown how the phase fluctuations in the two interferometer arms produce noise:
in particular the fluctuations of the photodiode currents [see eq. (3.5)] Al have been considered as
source of photon counting crrors. But also if Alg, =0 (= 1) the interfcrometer’s output current still
fluctuates. To cexplain this fact it was necessary to make an accurate analysis of the photon beam-beam
splitter interaction.

Two approaches lead to the same result: in the first [Edelstein et al. 1978] the beam splitter is shown
o create two anticorrelated photon beams having n, and n. photons cach. in such a way that the
difference of the photon number fluctuations An, and An, in the two beams does not cancel even when
n, = n,. In the seccond approach [Caves 1980] the zero point vacuum fluctuations of the photen field
entering from the open beam splitter port (see fig. 5.1) produce anticorrelated photon number
fluctuations in the interfcrometer arms.

The rms fluctuations An’ = n, produce both phase noise A, = 1/v7i. where n=n, + n,. and a
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fluctuation in the differential radiation pressure on the interferometer’s mirrors. which produces thy
differential momentum AP = v (hy,/c) 2N.

The equivalent displacement noise producing the phase shift A, is Ax,,. = (Ad,/2N)A /47 hence
in the measurement time ¢ the total displacement VAxi. + (AP 1/2M)" is minimum when

WoOAN) "Metanr (5.1)

Ihe existence of this optimal laser power relics on the fact that the photon number fluctuations are
anticorrelated in the two interferometer arms. The minimum  displacement is

A, Nidme M. (5.2)

which i very close 1o the standard quantum limit for the accuracy with which the displacement of a
mass M ocan he measured in o time 1.

As we have seen in section 3, in a multireflection interferometer the 1 sensitivity. with respect to the
photon counting crror, increases with the number of reflections. with the arm length and with the
clfective detected power. Using egs. (3.2) and (3.16) we sce that the best sensitivity in /1 for a DL
svstem is obtained when 7 = 17,

] o hy, -
T N owr R

., (5.3)

where 7,15 the GW pulse length.
I the GW is periodic the sensitivity increases with the square root of the number of cycles observed.
I1 142 7 -1, ¢q. (5.3) becomes

I hy,

BN (5.4)
wr. \ gWIR™

hyy >

Analogously for a FP system. from eqs. (3.2) and (4.7) we obtain
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T3 R, VI+ 212 [hy,
v R, 7. W’

For T.< T, (R,/R.)" "= 1. and £,7 > 1, cq. (5.5) bccomes

| hy,

h| te ——‘2 “"7.‘: \ _n_ul.rr

=hy, (5.0)

The difference between eqgs. (5.3) and (5.6) lies in the fact that for the FP case, unlike the DL case. the
maximum scnsitivity is obtained for any 7. > 1/, If £ 7 <1. ¢q. (5.5) becomes

1 / hy,
dor, \ nWr

hy,> =y, - (5.7

It has also been shown |Edelstein et al. 1978} that maximum sensitivity occurs when the signal is
taken from one of the photodiodes with the illuminating beam brought to extinction. The argument
runs as follows. Equation (3.4) gives the current

1= - cose, + el (>-8)
the current A/ due to the signal being

Al = (sin g, ¢,

The current fluctuations arce the sum of the Poissonian beam fluctuations and the statistical fluctuations
duc 1o the diode detection inefliciency 1 g |see ¢q. (3.9)]. i.c..

. 1,(1 - cos
Al = e|pl (1 - cos )20+ (1 =) (1 —cos ¢,) /21| = ¢ "(—,,’i') . (5.9)
where 1 is the measurement time. The measurability condition for ¢ reads Alf =Al’, hence
; /
h A . (5.10)

> | —— — .
ANl | cos’( L, )WR e

which is minimum for ¢, =0 [sce cq. (3.6)], i.c. when the beam is extinguished.
From this condition. using eq. (3.4), putting ¢, — ¢, = ¢, <1 and with ¢, = (dNm/A)h(1)L <1, it
follows that the two light beams have the intensities

W. = \R"™W|[I = (cos ¢, — ¢ sing)]. (5.11)

where we have chosen the relative fixed phase in such a way as to have W, = R*W going toward the
laser. This light can be recycled [Drever 1982] according to the scheme of fig. 5.2. In this arrangement
the beam W, is recycled by means of the mirrors BSR and MR. The position of the latter. and hence
the phase shift, is changed by the transducer PZT driven by the PD2 signal.
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10 MH2

Fig. $ 2 The beam W can e brought 1o exinction by means of the Pockels cells PC:then W s maximum amd can be reused when MR gives the
sight phase shitt. This s oblamed by displcmg MR by means of the piczoclectric tamducer PZT driven by the signal of PD2

To evaluate the power increase due to recyceling in a DL, let us consider that the typical energy loss
per cvele s

AW- (1 R'™MW. (5.12)
The maximum sensitivity in a DL system occurs for 7, = 1/(2¢,) and since

RS =1 - 2mwe/ LN - R7)/2. (5.13)
it follows that

W, =WLQ 7l R). (5.14)

Hence. from cq. (5.13) it follows that the overall power gain is a function of 2, and the sensitivity in i
[sec eq. (5.3)] becomes

{‘ ham(1 - R:)l'u

J(1= R )me
g \ 3w 1o
R“qWLA=T,

(hy e = V 10 hy = (5.15)

1|

Let us now evaluate the analog of eq. (5.14) in casc of a FP system. The schematic diagram of fig.
5.3 shows that in the FP recycling scheme the recycling mirror MR is positioned directly in the laser
beam. The correct phase. obtained by driving the PZT with the signal of the photodiode PD2, gives a
minimum signal in PD2. In analogy with the DL system we evaluate the light power lost in the mirror



A Grazono, Interferometric detection of gravuational waves kU]

APD!

| —=

Fig §3 The power reevehng schenie for a FP interferometer. In analogy 1o the scheme of fig. 5.2 the signal of the photodiode PD2 s used to
displace the mirror MR o such o wav s to live minimum illumination of PD2

collision: let us suppose that 7,< T'; in this case the reflected amplitude is, at optical resonance,

LR HRIHT
v | - R,

A (5.16)
Using the cquation R} + 7 + B} =1, it follows that

A, = AJlL-BI(1-R)i. (5.17)
In a single mirror hit the power loss is

AW=-W-2B /(1 - R,)). (5.18)

Hence. if we attribute the whole loss to the near mirror, the power enhancement duc to recycling
should be

W, =W(l-R,)/2B;. (5.19)
Since the storage time in the cavities should be comparable to the recycling time and because it is
convenient to have §2.7 = 1. it follows that

== YL o 2 (5.20)
| 3
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Since. for the sake of simplicity. we have put R, =1, then

I R, =210 )c. (5.21)
This gives

W, = WL B . (h ) = h (Bie/Lo)) . (5.22)

Experimental results on power recycling have been obtained by Rudiger et al. [1987] using a simple
0.3m arm DL interferometer having 2N = 2. A recycling factor of up to 15 was obtained with a total
power of 2 W.

Similar results were obtained in Orsay (Man et al. [1987]). It wis shown that the recyeling factor was
limited by the loss in the Pockels cells situated in the arms of the interferometer. Better results were
obtained later using the external modulation technique (see below).

It has been pointed out [Ruggicro 1979, Drever 1981] that it is possible to increase the signal phase
shift by allowing the photons to go synchronously with a periodical GW from one cavity to the other,
when the cavitics have 7 = 7(2n + 1) /42, (n integer). This method is called synchronous recycling (SR).
The laser beam (see fig. 5.4) is split by the mirror M, and the light cnters the two DLs from M, :in M,

DI*-'_-—J,U
X "o
Az L
<
l-|> \"K o
]
A’ v
A2
LASER > % ><
L
“0 2
0

\ PD!

Fig. $ 4. Scheme of synchronous reeyeling for a DL interferometer The laser beam enters the beam splitter M, and is switched. svachronously with
the GW penod. from one DL to the other. The photons can increase the phase shift due to the GW according to the number of switchings
depending on the optical losses
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the light is switched from one DL to the other; M, is connected to M,. The two beams entering the DL
experience opposite phasce shifts due to the GW: they then come out after having interfered on M,
(bcams A, and A,) and arc finally recombined by M, and observed by the photodiode PDI.

The reflected amplitude is casily cvaluated considering the ensemble of the two cavities and of the
mirrors M. M, as a generalized reflector [Vinet 1986, Vinet ¢t al. 1988]. If the two cavitics have
transfer matrices GG and G, then the equations for the reflected amplitude. according to fig. 5.5, are

A =inA AL A =LA IRA,. AL =IZRGGA, . (5.23)

where Z = expliw, &' | 1/¢). G. G are the DL matrices of eq. (3.13) and iR, and 1, (i = 1,2) are the
reflectivity and transmittance of mirrors M, and M,.
From eq. (5.23) we can obtain the generalized reflectance,

S=(r,+ o, GG 2N +rr,GG'Z) ' a =1 +1 . (5.24)

The relevant matrix clements are §,,.5,,. S,,. but to cvaluate the cffect of the resonance we can
consider ..

B

5., = ~2r.z¢ SN TR

(1-r,r,Zb%) '(1 - 1, Zhv) ' (5.25)

where b=(-r)" 'p*xt v = exp(if2,L/¢). r and p are the reflectivitics of the near and far DL mirrors.
respectively. '

Making Z = +1 and x* = | we meet the resonant condition for the ring cavity: from cq. (5.25) it is
evident that duc to the synchronous recycling., the amplitude goes to zero when {2, — (). A resonance
oceurs when ¥ = 1. i.c.. 1, = 5, = ¢/LN. Putting v, = 5, + A, cq. (5.25) becomes

s— I)" | ’;‘"T’ I ] (— _)()
S, =(- s T T T 2 A L . D26
=l L= ryob” mry (1414w, 77 27)
Gl
Ay la
I3
M2
v )
™, -
AO '2 ] G
> >
N Y
""
\
Ar

Fig. 8.5 The synchronous recveling scheme considered as a generahzed reflector. A, and A, are the incident and the reflected ficlds. respectively
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where 7 = 7r,r,b7/(1 = r,r,b") is the recycling storage time. Since the resonance condition is satistied
for 1, = ¢/4LN = Ap,. where Au, is the cavity frec spectral range. S, is al resonance too.

As an example we may evaluate the difference between a normal DL and a SR DL. both fulfilling
the condition », = 1/(27) as a function of Ap,/r,. From eq. (3.7) the matrix clement 1), in the limit
12.1.1¢ < 1 becomes

D, wi (5.27)
Similarly we obtain for 8,

® ]

|I Ar, 271
_ —_-—- 4
12 zr(l B) vl

3] . )
B) l . B=rr.bh. (5.28)

1821 =

Equation (5.28) is valid under the condition [Ar,| < Li(477) or [Ap ] < 1/(2m).

Infig. 5.6 |D., |12 w and |S.,]42 /@ are plotted as functions of A/, for 1; =10~ and B =0.99. The
maximum of |S.,[£2 /w. having the value r;B:[ar,(1 - B)’] = 30, has to be compared with [D., |40 /w =
12 at this gain increase one has the reduced band width (HWHM)

-1 B '
A T S A G ,
A 2p 03 o *S10 e
The SR for the FP case can be evaluated from eq. (3.23) and ¢q. (4.3) by putting G =F. r =1,
t, t A = Loand 1= 1 The layout, shown in fig. 5.7, corresponds to a system of three coupled FP
cavities. If the gravitational frequency is equal to the difference of the symmetric, ». and antisymmet-
ric. . mode frequencies, when the middle cavity is antiresonant (Z = - 1), then the GW will be able

V3a8) 230® v
8 ) :

Fig 5.0 Companson of the sude hand amplitude 0., of a normal DL interferometer to that of a synchronous recscling DL interferometer. S, I
the intensity tmsmittance 1, 10 and the overall reflectance B = 199 then at resomance the sensitinaty gain with respect to a normal DL s =X
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Fig. S7 The synchronous cecyching scheme for a FP interferometer. I the GW frequency #, 1s cqual to the difference of the symmetnic and
antisymmetric mode frequencies when the middie cavity s antircsonant. then the GW may transfer encrgy from one mode 10 the other if
e ldwr)

to transfer encrgy from one mode to the other if v, = 1/(a7 ). 1.c..
vy -y = = Hwr) .,

where 7 is defined in cq. (4.6).
The matrix clement S, [sce eqs. (5.24). (4.4) and (2.29)] is

.. sin'(f.L/c) vz
= -2t'r. TR, : 5.29
Su= TRt =0 Pla)Plw+ 02) (5.29)
P(w) = (1+ RRyc™ "y + rZ[R, + (R} + TR, c™""|". (5.30)

Let us assume an antiresonant (Z = —1) middle cavity; if T; < R} a maximum of |S,,| is obtained when

¢ x 1) c1-RR, 2
- b g _ ¢ 1 - 1" _ < . 5._
w=7 2n +1) 53 integer,  {), . VRR. = (5.31)

Duc to eq. (5.29) only onc of the two sidebands S,, and S,, can be made to resonate [S,, would require

w=(2n+ 1)iwc/L + (/2] and this gives a S/N ratio V2 worse than in the SR for the DL case. In an
analogous way to cq. (5.26) we obtain

nef 1 I y
"N 1+ rla, 2r, 1+ 2im(AR,)7 (5.32)




RUTH v Grazono, Interterometnie detection of gravitational waves
where

Av, =, - Wwr). a,=[R, - (Ry+ THR)/(1 - RR)=-1.

7=2ra,|n /()0 4 )
is the recveling time. A comparison of [S,, |42 /w and |F,,[€),/w |sce cq. (4.4)] as a function of Aw /s
under the conditions T, > 7. and {2, = 2/7_assuming =10 " and ria, = -0.99. is shown in fig. 5.8.

Non-resonant recychng can be also performed with a detuned FP cavity |Vinet et al. 1988] with the
purpose of increasing the cavity reflectivity. If an FP cavity is pumped with the laser frequency equal to
the tuned optical frequency plus v,. the S/N is slightly worse than in the tuned case but the reflected
intensity is closer to the incident one. This allows a larger power recveling rate and a S/N ratio closer to
the SR case

Finally in the dual reeveling scheme [Meers 1988] (see fig. 5.9). a simple interferometer composed of
a beamsplitter BS and far mirrors M, . M, is brought to both signal and intensity resonance by means of
the mirrors M, and M,,. respectively. The sensitivity gain is similar to that of SR but the advantage is
that. unlike SR. the interferometer arms do not need to be in resonance with the GW before reeyeling.
The tuning of the sideband to the GW frequency is done by moving the mirror M,; this operation does
not change the power stored because the beam on M, is at the extinction point but allows the sideband
amplitude to build up.

J e R YR

Jdve
ve

+ >

Vg (1-r,2a,) V; 11,23,

Fig. 5.8 Companson of a normal FPand a FP with synchronous recyching. The amplitude |£, 142, @ refers to the former while |8, 142, @ refers 0
the fatter In both cases = - 1 () The band width (HWHM) o 3e, 0 <0V 30 20,0,
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Fig. 39 1n the dual reeycling scheme both carner and sideband are brought to resonance by moving the mirrors M, and M . respectively The $ N
ratio is simifar to that obtained with syachronous recyeling with the advantage that the interferometer storage time before reeveling does not aced 10
he comparable with the GW penod

6. Laser intensity noise
The laser power can be represented as
W) =W, + dW(r). (6.1

where W, is the mcan power and 8W(¢) is the instantaneous power fluctuation. The current 1 of ¢q.
(5.8) refers to an ideal case where the optical clements have no losses: in a realistic case we have

LU

= he

W)
[A - Bceos(g, + ¢)]. I, =0W|(+Dcos(¢,,+¢\)|. (6.2)
where A= B=( and (= D =0 are coefficients close to the detection efficicncy n and in general
unequal, ¢ =4Nwhl/A and ¢, is a given phase.
It is then cvident that. sincc A # B, then I # () when ¢, = () and this produces the noisc

Al =3W(1)(A - B)elh .

The power spectral noise 3W(w) /W, typically reaches the shot noise limit Viv/W for frequencies larger
than ~107 and ~10° Hz for A, [Winkler 1977, Riidiger ct al. 1981a.b| and Nd:YAG lasers. respec-
tively.

Hence it is possible to modulate at high frequency the relative phase of the interferometer arms
[Weiss 1972] by means of Pockels cells. as shown in figs. 3.5 and 3.6. and then synchronously detect the
signal. This phase can be represented as

On = Ey SNyt + @, (1) . (6.3)
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where £, and w,, are the amplitude and frequency of the modulation and ¢,(¢) is a slowly varying
phasc. with respect to ©,,. determined by the feedback (FB) loop in such a way as to minimize [ .
Introducing ¢q. (60.3) in cq. (6.2) and retaining terms up to sin(w,f) we obtain

W)

v A Beoste gt @) ey) 2Bsin(e, t g, 4 @) S 6y sin(oyl)] . (6.4)

—~—

where J, and J, are Bessel functions. The synchronous detection gives

te !
i
= T J I (1) sin (wy ) di
cW, ) SW(wy) . )
T }I-“ Beoste, t ¢, + @) (e —-1(1 M- Bsinle + ¢+ @) e (6.5)

where 8W(my,) is the spectral density of the laser power noise evaluated at the frequency wy/27 and
the integration time satisfies the inequality 27/w,, < T < | /p,.
It is possible to drive the Pockels cells with the low pass filtered signal U with the purpose of keeping

M,
LASER |>—° > 7
- iPC
. A
N
- - - - {(pu

(=) .

Big 6 1 The extermal modutation schenws: a sl traction of the inadeat power s sent through the Pockels cell PC 1o imtertere with the outgomg
amphitude A contammng the GW agnal - The PC s modulated at a frequeney wheee the lser amplitude nose reaches the shot noise. Svachronous
detection gives the gl §



A Ghazono, Imerferometrie detecnon of graviational waves Wy

I close to extinction. hence minimizing the photon counting noise: in the limit of very large loop gain
this gives ¢, = — ¢,. From this condition and from eqs. (6.4) and (6.5) it follows that the currents duce to
the signal (U,) and to the noise (Uy) are

W,
l!\- = I_H’ B(,O\.I,(F“) .
(6.6)

)

, W, M(aw, )\ W
L, = l( T (A Bl(ry)] W M ) + Iu'" [A - Bl (s)]

The last term on the r.h.s. of Uy is due to the photon counting noise. The best value of £, maximizes
the S/N ratio, or cquivalently the quantity J (g,,)/ Uy [Shoemaker et al. 1987a].

It should be cmphasized that in FP interferometers laser frequency fluctuations with respect to the
cavity resonance frequency induce intensity fluctuations due to the narrow resonance width. and hence
fow frequency noise in the mirrors. To overcome this effect a precise locking of the interferometer to
the faser frequency is needed.

In a large kilometric interferometer the beam size will be of the order of 10 ' m with the purpose of
minimizing the size on the far mirror: this implics the use of Pockels cells having large aperture.
impractical lor being carricd by the test masses. This requirement can be circumvented using an
external modulation scheme. shown in fig. 6.1, in which a small fraction of the incident light is sent
through a Pockels cell to interfere with the beam containing the GW signal. The Pockels cell is
modulated at a frequency where the laser amplitude noisc has reached the shot noise: the signal is
obtained by making svnchronous detection with the modulation signal. In this scheme the noise is =V2
times higher [Man 1988, Paris. Orsay. Pisa, Napoli. Frascati Collab. 1988] than in the internal
modulation one. but the external modulation has the advantage of bringing a net sensitivity improve-
ment because it enhances the recycling factor.

7. The noise due to the laser linewidth

Laser frequency fluctuations produce phase noise in an interferometer with arms having uncqual
length. If y, and Av arc the laser mean frequency and the r.m.s. frequency AQuctuation. respectively.,
then the r.m.s. phase fluctuation due to the difference in arm length AL is

A¢e=2xArdlice. (7.1)

It is then very important to avoid that rays having large AL interfere.

In a multipass DL interferometer the light hitting the mirrors is scattered by the reflecting coating
and cnters the optical path of one of the other DL beams. This phenomenon, cven if the scattered
beam intensity is of the order of £ =10""-10"" of the incident onc. may create a large background
because the interference of the scattered beam with the main one has an amplitude proportional to vz.

Different methods have been adopted to get rid of this phenomenon [Schilling et al. 1981. Schnupp
ct al. 1985]; one method [Ridiger et al. 1981a. b] consists in ““whitcning™ the laser light spectrum in
such a way that rays having a different path length create a phase shift having an r.mes. value equal 1o
zcro.
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A more precise evaluation of this noise can be made supposing that the laser frequency fluctuations
can be taken into account by means of a random phase &, (1) introduced into the wave function
representing o monochromatic wave. i.c..

oA espliwn Vidy (0] . (7.2)
where o, satislies the correlation relation

o (Db (1) = (27) A" glr=1) . (7.3
and g(0) - 1.

IT the wave ¢is split by the beam splitter and then brought to interference after reflection on the far
mirrois G distanee oand Lo+ AL respectively). the intensity of the interference will be

1. sin Q(L/c)N

Posin [yt Lic) byt (L +AL)C)+26,(1)]. (1) = e .10 " (74)

where d, [see ey, (3.10)] is the phase shift produced in the DL interferometer by the GW assumed to
be periodical. Since AL/¢ < /3 it follows that we can expand ¢, in a Taylor serics, obtaining

! \|II.|(I)R(I)AI./(' + :'«I)L,(t)l . (7.5)

We can now evaluate the noise Fourier spectrum,

N

!
| (4] "ﬂ ' by e dr (7.6)
( K
and compare it with the signal.
! .
| (£2)] = H b (0 it (7.n
where 7 is the measurement time. From egs. (7.3) and (7.6) it follows that
( !
lb (£2)] :(Al.'(-)‘(zn)‘_\u’J f glr- )" dedr (7.8)
where the measurement time 7> 1/4). Putting g(2) = [". Qlw)e " dw. eq. (7.8) becomes
. o [ Asin’(0 - w)TI2
b (D] = (ALieY(2m) Av° f Qlw) ""(;) ";) do . (19)
(]

Since the function sin"(x772)x" can be approximated with ! 7#8(x). we obtain
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| ()] = (ALY (2 Av” taTQ(A)). (7.1

The quantity $ =27V 7 Ar Q' 7 is measured in Hz/VHz and gives the lincar spectral density of the
laser frequency Nuctuations.

Comparing cg. (7.10) with ¢q. (7.7) we obtain the mcasurability condition for i when the DL
storage time is optimal [see eq. (3.9)].

/(n)» n\/ 7' QU )IT . (7.11)

Equation (7.10) shows that 5(§2) can be measured by meins of an imbalance of the arm length, A/,

The line width can be reduced by means of active systems: one method consists in operating a
reference FP cavity [Drever et al. 1983, Hough et al. 1987, Shoemaker et al. 1987a] fed with a small
fraction of the laser light phase modulated at the frequency », by means of a Pockels cell (see lig. 3.0).
I the laser frequency s tuned to one of the FP resonances the reflected light has the two sidebands at
frequency *p, having amplitudes of opposite sign, giving zero output in a photodiode. If the laser
frequency fluctuates the two sideband amplitudes will not cancel anymore and give a signal in the
photodiode, which can be detected synchronously. The signal is proportional to the laser frequency
displaccment A with respect to the FP resonance frequency. It can be fed to a laser intracavity Pockels
cell (for high-frequency FB) and to a PZT (for low-frequency FB). which moves one of the laser
mirrors [or stabilizing the frequency. The limiting noisc is the shot noise: taking it into account for a
cavity having no losses. the line width becomes

e L T
v=o—\y—
2t Vwa

(7.12)
where 7 is the relerence cavity storage time. w_is the power used in the stabilization circuit and 118 the
observation time.

With the purpose of further reducing the laser linewidth, the Munich group [Billing ¢t al 1983,
Shoemaker et al. 1985] Iet the beam W, interfere (see fig. 3.7) with a small fraction of the laser beam,
obtaining an output from the photodiode PD2 proportional to Ar L. where L is the total optical path
length in the DL. This signal and that from the reference FP were added for improving the stabilization:
in fig. 7.1 [Shoemaker ct al. 1985] the upper curve represents the unstabilized laser line spectral density.
the middle curve the line spectral density reduced by means of the reference FP cavity while the lower
curve is the line spectral density when both reference cavity and the whole interferometer are used. The
final intcgrated line width was =3 Hz, a reduction of =10" with respect to the unstabilized one.

A (requeney noise level of 12.5mlz/VHz was obtained with a diode pumped Nd:YAG laiser.
actively frequency stabilized with respect to a reference FP cavity [Shoemaker et al. 1Y89).

The effects duc to the laser linewidth in FP interferometers involve a more complex mechanism thian
in a DL interferometer: from egs. (7.2) and (4.2) we can evaluate the reflected amplitude.

AN = iR (N +iR, T2 2 (= RR)W( - 2n + 1) LIc) (7.13)

n N

putting
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w(1) = J hw)e" dw

we obtiain

clw(l 214

1+ R,R,e ’)

Ay=i [ dw c/l(w)( R, e™ + RITf (7.14)

In an analogous way 1o ¢q. (7.4). combining the A, from the two arms onto the beam splitter. the
intensity on the photodiode is

1t 20 7¢)

[(rie= s rory =)

] + RIRlc arm |
. cuull 21 ¢) 2
+c~(RIc“ + R.T; I+ R R.c ] ,)mm:]dl(w)dw‘ . (7.15)

where ¢ is a given phase shift. It is evident from cq. (7.15) that unlike in the DL case, even when
(L)ym)=(L),,, . there is incomplete cancelation of the laser line width noise unless the mirror
transmittance and losses in the two arms are equal.

In the Glasgow [Newton ct al. 1986] and the Caltech [Spero 1986] FP interferometers the laser line
width is stabilized by using the cavity of one of the interferometer arms as a reference (sce fig. 4.3). In
this case. since the stabilizing cavity is very long, the sensitivity to laser frequency changes is much
higher than that of a shorter relerence cavity having the same finesse.

The presence of the laser intracavity Pockels cell gives non-negligible power losses: stabilization
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using extracavity phase acousto-optic modulators has been performed by Hall et al. [1977] and Camy et
al. [1982]. In an experiment [Kerr et al. 1985] the use of an extracavity electro-optic modulator yvielded
a typical laser frequency fluctuation of =0.01 Hz/V Hz at | kHz.

8. The noise produced by the lateral beam jitter

It the beam splitter is not symmetrical between the two interferometer arms, but deviates by an angle
da. then a lateral beam jitter dx will produce the phase shift [Billing et al. 1979]

AD =2dadrd7w/A. (8.1)

Two methods have been adopted for reducing this type of noise: the first uses a mode cleaner
[Riidiger et al. 1981a. b. Mcers 1983]. while the second. a simpler one even though 30-507¢ of the laser
power is lost, is the use of & monomode optical fiber coupler as suggested by R, Weiss of MIT. The
experimental set up. shown in fig. 8.1, consists of a monomode fiber lit by o microscope objective: i A/2
plate placed before the fiber and a lincar polarizer placed behind it keep the right polarization. In fig.
8.2 [Shocmaker et al. 1985] the residual lateral beam jitter is shown as measured by a position sensitive
diode: the top curve represents the laser beam jitter, the middle one the beam jitter after a mode

OF

LASER [~ > {}- DQDQ >
a2 M M P

Fag R The laser beam jitter is strongly reduced by injecting the beam in the manomade optical fiber OF. The injection is performed by means of
the microscope ohjective M: the A 2 plite and the polarizer P restore the plane polarization
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Fig. 8.2 The lateral beam jitter (from Shoemaker et al. [FURS]) as measured with it position seasitive diode, the upper curve s the unfiltered Lises
heam, the middle one represents the beam jitter after o mode cleaner and the lower represents the gitter after & monomode optical fiber
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cleaner and the lower one the beam after the monomode fiber: a displacement of =10 "' m/V Hz for
> 100 Hz was obtained.

A reeveling cavity would [ilter out the fast laser frequency and amplitude fluctuations. as well as most
of the beam geometry jitter.

9. The noise due to the gas pressure fluctuations

This type of phase noise originates from the fluctuations of the refractive index in the interferome-
ter's viacuum pipes. The laser light bounces between the mirrors of cither the FP or the DL system: the
number of gas molecules contained in the light pipe then fluctuates almost in a Poissonian way (there
may he conveetive motion also), henee varving the refraction index |Brillet 1984, 1985, Hough et al.
1986

This can be shown as follows: if V is the average light pipc volume (not the vacuum pipe diameter).
the total number of gas atoms in this volume is

Y. ©.1)

AN
nity=\4V 2, m

1

where poand m, are the density and the mass of the ith gas component and »n (1) the instantancous
number of molecules of the ith gas component. The number fluctuations dn (1) of the ith component
satisfy the correlation relation

Smndn(ry- g 1. (9.2)

where i1, and g, are the average number and the correlation function of the ith gas component.
respectively. with the condition g,(0) = 1.

The function g, is a complex function of the light beam geometry: let us for the sake of simplicity,
approximate the light pipe volume by a cylinder having length L and diameter D). Under this condition
the correlation time is 1/V, where Vs the speed of the molecules of the ith gas component. The light
phase shift due to the gas refraction index ¢, is (we are considering a DL)

-‘11\.[. 3
b (1) = "A Sletn 1. (9.3)

The phase fluctuation §cb

w ! . & 8
4 I\! l Wli}“) (r - 1). (9.4)

A b1) = A n,

In (2 spucc. using cq. (9.2). the noise is

!

: ! N [
o, = (M) 3 [ o [ CZDBUZO (0.9

A n

where 77 is the measurement time.
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Assuming the simple correlation function g(r — ') =1 - (|t = 1’| = D/V)). ¢, - | = o,P,/ P,,. where P,
and P, arc the pipe and atmospheric partial pressure. respectively, i1, = P, Y oD L/KT (T is the
temperaturc), eq. (9.5) bccomes

, 4aNL\ < 2sin(2D/V) s KT
13 ()], :( A ) E‘: 0 T(a,P/P,) 2‘-_——_—Nl’,}1rD:L . (9.6)
‘The h measurability condition for a DL interferometer is [sce eq. (7.6))
- ~sin DIV (a\ OKTP, 17 NLD
i (2)> [.'(’z,‘ 0 (F) NaD’L|  csin ONLI¢” ©.7)

For a FP interferometer working at optical resonance we obtain the following result [for the.lefinitions
sce cqs. (4.2) and (4.5)]:

X ! . , T si v
Bl )y = S IVE TR e LieF, - 1)+ SUEDIV) ] |

* L . 9.8
- n, N (1-R,R,)' 1+ F'sinQ2LIc. (9-8)

Comparing eq. (9.8) with the Fouricr transform [sce eq. (7.7)] of eq. (4.5) we obtain the mcasurability
condition

N R 102
- (22 (¢, - 1) sm(.()D/V,)) (9.9)

e = i, 7
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Fig. ¥.1. The limits on the spectrat strain amplitude for a FP interferometer having arm length 1. Ykm. as given by the pipe vacusm fluctuations in
the frequency interval D - 10" Mz and for three pressures, a.p = 100 "mbag. b p < 10 mbar. ¢, p - 10 " mbar. The dotted lines are for N and
the solid lines are for H..
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I;, v is larger than I;,,, because the light pipe volume in the FP case is 2N times smaller than that of the
DI.. .

In lig. 9.1, b, is plotted as a function of the pressure for H. and N, in the frequency interval
0 »~ 10" Hz

A caleulation taking into account a better approximation of the corrclation function has been
performed by Ridiger [1988].

10. Thermal noise

The mass of the mirror is driven by the stochastic forces produced by thermal noise: we are
considering here both the forees acting on the mirror suspensions and those producing an excitation of
the mirror normal modes.

For the tormer case. if 7 is the mirror suspension relaxation time. the r.m.s. stochastic spectral force
15 [Uhlenbeek and Ornstein 1930]

!

—~

2KTM N

- 101
vz ( )

I \

where M s the mirror mass. 7' the temperature and K the Boltzmann constant. The thermal stochastic
foree f1n) satisfies the correlition relation

Iy =Fau 1. (10.2)

The mirror displacement a(42) in {2 space is evaluated using eqgs. (2.17) and (10.2); in analogy with cq.
(7.7) we obtain

-~

) TR : (10.3)
o M7 (!)‘ ml".)" + !):/r: ) -

where 77 is the measurement time and v, = @ /27 the pendulum trequency. The pendulum  ther-
mal noise gives the following limit on the measurability of h:

(10.4)

where the sum is over the mirrors.

With the purpose of cvalwting the thermal noise produced by the mirror normal modes we can
approximate the mirror by many harmonic oscillators cach having [requencey ¢ . relaxation time 1, and
cquivalent mass M,. In the proximity of the ith frequency the displaccment in £2 space is sufficiently well
described by ¢q. (10.3) replacing w, with @, = 277w, Since we consider the frequency region 1 < v <,
we can approximate eg. (10.3) in the following way:

(3]
=
~

- (10.5)
w

vl =T

|

ES
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b 700mm -

Fig. 100 A possible scheme of a 350 kg quartz mirror to be used in a 3km FP intetferometer for GW detection. A distortion - A% i expected to
he piven by the 80mm thick quartz window The lowest-frequency mode (bell mocde) at 190 Hz it 1s not expected 1o give longitudinal mirro
oscillations. The first longitodinal mode is at 2500 Hz

with w7, = Q,. The I m casurability condition is

T
h>— X 10.6
1> 1 \2KT 2 Vo (10.6)

where the sum is over the mirrors and over the longitudinal modes.
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Fig. 10.2. The spectral strain amplitude sensitivity due to the mireor (see fig. 10.1) thermal noisc n the frequency range 10< » < 10° Hz for
interferometer arm length .= 3km Curve a represents the contribution from the mirror pendulum motion with M = MNbkg and () = 10", while
curve b represents the contribution 1o the thermal noise duc to the mirror longitudinal normial modes. In b only the contribution from the first
normal mede at 2500 Hz, having assumed an oscillator equivalent mass of A, = 150 kg and (2, - W07 is taken into account
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Assuming (), to be invariant under a scale transformation changing the mirror dimensions. it follows
that ¢q. (10.6) is invariant oo, This is not true anymore for eq. (10.4). which shows that an increase in
the mass M reduces the thermal noise. At low frequeney it then seems convenient 1o use mirrors
weighing several 100 kg if possible.

The scheme of a4 possible 3530 kg quartz mirror to be used in the 3km FP interferometer of the
VIRGO project [Pisa. Napoli. Frascati. Orsay. Paris Collab. 1987, Paris. Orsay. Pisa. Napoli. Frascati
Collab. 1988] is shown in fig. 10.1: the quartz window is expected to give - A 8 error to the wave front.
The lowest frequeney mode at =1990 Hz (bell mode). due to the evlinder hole. does not give a
longitudinal oscillation to the mirror: the first longitudinal mode is at 2500 Hz.

The values of /e given lor this kind of mirror considering that four mirrors will be mounted in the
mierlerometer and assuming () (:)PT 10" moeq. (J0.5), Q10" an eq. (10.7), L= 3km and
T - 300 K. arc shown in fig. 10.2 in the frequency interval 10~ - 10" 12

11. Seismic noise

Scismice noise 18 the dominant source of displacement of the mirror suspension points. The r.mes.
spectral displacement can be sufficiently well approximated by the formula

vooar my z, (1.n

where @ = 100" ata depth of 10 m up to @ =10 " at the Earth’s surface in a relatively quict place.
Extensive measurements of the Earth's strain spectrum from 100 %10 107 1z using a laser interferometer
have been pertormed by Berger and Levine [1974).

Experimental evidence ol this type of noise [see eq. (2.13)] is clearly shown in fig. 111 [Shoemaker
et al 1985 from these data the value @ = 10 can be inferred. Active systems have been used to
reduce seismic noise both in the vertical [Faller and Rinker 1979, Saulson 1984a. b and horizontal
directions [Robertson et al. 1982, Giazotto et al. 1986, b}, Three-dimensional pneumatic active systems
have been developed by Lorenzini [1972).
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Fig. 111 Displacement noe of the Munich [Shoemaker et al 1985] DL anterferometer. Assuming the nursor 1o be suspended by o |m long wire, it
follows that the suspeasion pomt s approvnstels shaken by o spectral seismic noise displacement 3y 100 ¢ moy T
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The basic idea consists in using an accelerometer to sense the displacement of the suspended mass.
then using the accelerometer signal to create a force on the mass in such a way that the signal becomes
null. In the experiment of Faller and Rinker. a sensor measured the clongation Ay of a vertical spring
with respect to a fixed reference point y,. This signal was fed to a transducer displacing the suspension
point ¥, by an amount v, + a Ay, where a is the amplification. This gives the spring motion equation

. Yowu(l - a)
’ - +ifdr + w,:,(l -a)’

(11.2)

where », = @,/27 is the open loop resonance [requency. From eq. (11.2) it follows that the cquivalent
spring length increases by the factor 1/(1 — «): about | km was obtained.

In Saulson’s experiment the acceleration of the end point of a horizontal beam was mcasured in the
vertical direction by means of an accelerometer; the amplified signal was fed to a force transducer
acting on the beam end point. In the limit of ideal accelerometer the cffect of this loop was to increase
the heam mass; the open loop 4.5 Hz resonance frequency was reduced. when the loop was closed, 10
4% 10 * Hz.

The layout of the horizontal direction isolation experiment of Robertson et al. is shown in fig. 11.2.
The relative displacement of the test mass with respect to the suspension point was mcasured by means
of condensers connected to a reference arm correcting for the cffects due to the ground rotations.
Neglecting the ground rotations the equation of motion for the test mass in the horizontal x direction is

S+ xlr+(gx=xgll. (11.3)

Piezoelectnic transducers

g//// 0| B2

suspension /
Support A Semg copaerers Suppor1 | 85 mm
] \ L/
\
Steel \
Wire
- \ —

Reference arm Main ____ | /

7 ; pendulum

Fig. 11.2. The layout of an actise honzontal direction scismic isolation cxperiment (from Robertson et al |[1982]). The refative displacement of the
test mass with respeet to the suspension point was measured by means of a capacitive transducer amd fed back to 4 PZT acting on the pendulum
suspension point. A refercnce arm corrected for the cffects due to ground rotations. With this experiment an amplification A = 60 was obtained and
the pendulum fength was increased up to =Sm

7
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where 7 is the relaxation time. x the mass coordinate. x_is the horizontal displacement of the pendulum
attachment point, g is the aceeleration of gravity and / the pendulum length.
Since the capacitor ¢ senses v - x_, the PZT transducer displacement is

v+ Bldn(x - )+, (1.4

where v is the horizontal ground seismic noise |see eq. (11.1)] and the integral creates “cool™ damping
[Forward 1978).
From cgs. (11.3) and (11.4) it follows that

7 X . R l 9 l S
(57l aalle o) (88 ] (-

From ¢cq. (11.5) it follows that the effect of « in the FB is to make the pendulum virtual length equal to
[(1 + a) and that of B is to introduce a new damping with relaxation time (1 + a)/B. With a 0.47kg
mass and /=85 mm, « = 60 on a band width of 30 Hz was obtained.

In the experiment of Giazotto et al., shown in fig. 11.3, in which a large mass (100 kg) and an
interferometric sensor were used. a I m pendulum was brought to a virtual length of 1600 m at 10 Hz by
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Fig. 11.3. Schematic diagram of the interferometric pendulum for seismic noise reduction (from Grazoto et al. |1986b]). The relative displacement
of the 1N kg test mans with respect to the suspension pomt wis measored imterferometncatly. The | m pendulum was brought to o length of 1600m
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mcans of an analog phase [ollower [Campani et al. 1986], whose purpose was to transform in real time
the interferometer output, proportional to sin ¢ (¢ is the interferometer phase shift). to a signal
proportional 1o ¢ suitable to be used as a FB signal. The pendulum suspension point was displaced by
both a PZT and a DC motor: the use of the latter was crucial for obtaining high FB amplification.

A method for actively reducing the damping produced by the fiexure of the pendulum suspension
wire at its attachment point has been proposed and tested by Faller et al. [1987]: they obtained an
increase of 5.6 in the damping time and a lowering of the pendulum resonance frequency.

The use of active seismic isolation schemes is strongly limited by the difficulty of making multiple
three-dimensional (31)) systems: this necessity is dictated by the fact that a non-isolated degree of
frecdom reintroduces the seismic noise even if the other degrees of freedom are isolated. For this
reason passive schemes have been adopted. able to isobate in the vertical direction as well [Giazotto
1987, Shocmaker et al. 1987a].

The basic idea is to use a multiple-stage pendulum with the masses supported by springs. It can be
shown that the frictionless transfer functions for both the vertical and horizontal directions can be
brought to the following canonical form:

hY
I - ” (u,",/‘( 0 m,‘,). (11.0)
n 1
where IFis the transfer function, ¢, = w, /25 is the nth mode frequency and N is the number of masses.
Above the resonances F> £ Y. but the presence of friction and nonlincaritics can give a slower
decrease with frequency as well as coordinate mixing.

In the interferometric antennas aiming to reach very low frequency (# = 10 Hz) seismic isolation
requires a very carcful design with the purpose of avoiding mechanical resonances falling into the
interval 10= ¢ = 100 Hz: these are produced mainly by the springs” rocking and normal modes.

To this end a 3D seven-stage seismic attenuator (see fig. 11.4) equipped with gas springs [ Del Fabbro
ct al. 1988a] has heen built by the Pisa group |Del Fabbro et al. 1987]: this attenuator is able to levitate
it 400 kg test mass. The gas springs. shown in fig. 11.5. arc able to levitate 10" kg with a rigidity of
3.4 x 10" N/m when used with four bellows and 5 x 107 kg with a rigidity of 2 x 10' N‘m when uscd
with two bellows: the normal modes of the bellows are damped by means of dry mechanical adsorbers.
The rocking modes are kept it very low frequency (1 Hz) by making the wire attachment points very
close to cach other (S mm).

The transfer functions for the vertical and horizontal directions |Del Fabhro et al. 1988b] in the
frequency interval 10< = 68 Hz arc shown in fig. 11.6. The absolute test mass noise was measured
with a dip-coil accelerometer having a sensitivity of 10 "' m/VTiz: fig. 11.7 shows the test mass
displacement in the frequency interval 0= » < 10 Hz together with the exciting scismic noise. Taking
the ratio between these two spectra, the transfer function measured for (0= ¢ < 10 Hz shows that there
is a ~10 ~ vertical to horizontal coupling |Del Fabbro ¢t al. 1988¢|.

The general problem of cool damping [Forward 1978, Kuroda et al. 1982} of the pendulum normal
modes has been solved by means of both electromagnetic or electrostatic foree actuators. In the
Munich, Glasgow and Caltech interferometers use was made of magnet and coils. while in the MIT
interfcrometer clectrostatic transducers were used.

The basic layout of an clectromagnetic damping scheme [Shocmaker 1987] is shown in fig. 11.8. The
mass position is rcad by mcans of a position sensitive diode PSD illuminated by a LED. After
differcntiating the signal with respect to time. which produces an effective viscous force. it is applied to
coil C producing a force on magnet M connected to the test mass.
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A low-pass filter (I.PF) prevents the damping system to reintroduce seismic noise. This problem.
which is casily solved for interferometers designed to work at high frequency (¢ > 2(N) Hz). becomes
crucial for those aimed to work at low frequency. In the Pisa attenuator. having normal modes for
r = 6 Hz. itis necessary to have an LPF cutting the FB at 100 Hz not giving instabilities: this is a complex
problem to be solved. A six-dimensional damping system using PSD has been built to reduce the
amplitude of the 0.24 Hz pendulum mode of the Pisa attenuator: an absolute displacement of the test
mass of =3 pm was obtained |Bradaschia et al. 1989]. The use of aceelerometers instead of PSD could
prevent the injection of scismic noise.

Seismic noise affects the interferometer phase also by means of the interaction of the marror
scattered light with the vacuum pipe walls [Billing et al. 1983]: the scattered light is reflected by the pipe
walls and then recnters the main beam by means of a second scattering process. Since the pipe walls are
vibrating. due to the seismic noise. they change the phase of the scattered beam: the interference of the
scattered beam with the main onc then reintroduces the seismic noise despite the seismic isolation of
the mirrors. The use of diaphragms in the vacuum pipe could prevent the scattered light which hits the
pipe walls to reenter the main optical path. A thorough evaluation of the effects of light scattering and a
study of baffle configurations inside the vacuum pipe has been made by Thorne [1989]: the usc ol
seismicallv isolated diaphragms for low-frequency GW detectors has been proposed by Giazotto
[1988a).

The effects of the Newtonian forces produced by moving objects have becn evaluated by Saulson
[1984a, b] and found to he negligible with respect to other type of noise at the expected sensitivity of
the new generation of antennas.
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12. Elfects due to the radiation pressure on the mirrors

As has been shown in seetion S, radiation pressure creates a differential motion of the interferometer
mirrors and this effect can be casily evaluated. Since vai = vV Wrihe is the fluctuation of the number of
photons impinging on the mirrors in a time +. the momentum fluctuation is AP = (hv/c)VWt/hv, from
which it follows that the rms differential spectral force is given by AF = (heic)VWihy.

In a DL system having 2N beams, these force fluctuations are coherently added and the measurabili-
ty condition for h is [see ¢q. (2.9)]

~ I 2N
S ——— 7 9
hy, T © Whe . (12.1)

where Wis the incident power.
In a FP cavity whose input and far mirrors have amplitude transmittance T, and T . respectively. the
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intracavity power at optical resonance is

W= WTI e . (12.2)

where F= oy R,R, /(1= R,R,) is the cavity “finesse™. If T,> T, eq. (12.2) becomes
W =WQ2im)F (12.3)

The fluctuations of the incident power will be coherently transmitted to the mirror for frequencies
smaller than /7 in this case the measurability condition for h is

hyy o = VWhe (12.4)

Assuming 2=60rad/s, M=3x 107 kg, L=3x10"m. he=10 "), (2/7)F=2N =30 it follows
from eqs. (12.1) and (12.4) that

By = hyp=2%10 "VWHz ', (12.5)

Equation (12.5) shows that kilowatts of power can be used before reaching the photon counting limit of
eq. (3.2).

In a FP intcrferometer the radiation pressure can create multistability: this phenomenon was
experimentally observed in a cavity composed of a fixed mirror and a 60 mg moving suspended mirror
[Dorsel ¢t al. 1983]. When the intracavity power reached 100 mW a bistable response was obtained.

This effect has been theoretically investigated by Deruclle and Tourrenc [1984]. Tourrence and
Dcruclle [1985] and by Meystre et al. [1985]. Bistability in a three-mirror system was investigated by
Meystre ct al. [1985]. Following the approach of Aguirregabiria and Bel [1987] we consider a pendular
cavity as shown in fig. 12.1. The reflection and transmittance coefficients of mirror M, are R =
(cos@)ec ™ and T=i(sin#)c ™, respectively; P is the incident light power, D_+ x(1) the mirror
scparation and é, = VP exp| —i(27/A)(ct + a)| the incident light field. The light field &(1) on mirror
M, is

&) =T, Lt - |D_+ x()]/c) - RO(1) . (12.0)
where the retarded time 1 is defined as

c(t—1)=D_+ x(1) + x(1) . (12.7)
Negleeting the ceffects of the delay. the equation of motion of mirror M, is

F+(01Q)=-0x +2| oI Mc

. 2P sin"g
=-Nx+— 5 . 12.8
7 Me 1+cos@+2cos @ [(d7/AND_+ x) - pu] ( )

where M is the mass of mirror M,, {2 the pendulum angular frequency and Q the mechanical quality
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as shownoan fig. 12.2 The peak heights J = (4P/Mefd)(Fiar). where Fis the finesse. can be increased
more and more in such a way that a new peak crosses the v = 0 axis and consequently a new stability

point emerges (@viay < ),

The delay can be taken into account writing ¢q. (12.6) in the following way |Aguirregabiria and Bel

1987):

MO =1 e eosmye” e N .

(129

where 7, is the time needed by the light to make a round trip in the cavity ending at time . x_is the

cquilibrium point and

ftny= - 10 _ explifQw/A)er - D

= — rt+ta)+o
v Psind ) I

~

lteration of eq. (12.9) gives

[ -1+ >:, (cosfe')" cxp(i z (X, - .\'\)).
n | 1
where x,,, =x(t - Jr)yand r=2D /c.
The cquition of motion of the pendulum becomes

F Q)= -0n + (2PIMc)sin’ B ||

(12.10

(12.11)

(12.12)

The dominant reduction of the hereditary equation of motion, cvaluated up to second order in the
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displacement x(f) — x_, can be put in the form [Bel et al. 1988]
Y+KY+02%=0,
8r(1 - 5y:
k= [ ) r( %) o (12.13)
0 BO(HV) BO*(1+ y))

~2 . - f 2
a=[(1+ 3(12:y5)3)+ ﬂ(ll+3yyf)" o,

where y_ =2x/6°, B=0'MC/16P and Y = 2[x(t) — x,]/08" . The cffect of the delay is then to add a new
“friction” term [Deruelle and Tourenc 1984].
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To demonstrate the presence of chaos we write eq. (12.12) putting z = x() - x_,
P+(/1Q)i+z=(|g]"+2Rec g)S. (12.14)
where

2P sin”
F=(4a/A)D +x)-p-2n+ 1w, S=— 0 .
# Mc 1 +cos'0 - 2cos 8 cos £

(12.15)
g=flf, - 1=cos@e" (""" MNa)y+1]- 1),  c(1-)=2AD +x)+z+2(i).

Lincarizing and then iterating eq. (12.15). ¢q. (12.14) becomes [Aguirregabiria and Bel 1987]

P ¢ R
L o

0°

where (i‘) is the retarded time iterated & times. Putting

- RA—" S 2, Im(cos Be"z(i,)) . (12.16)
Lo

z=¢". (12.17)
we obtain the characteristic equation

A:+”A+ : 8ﬂ§cn0sin ! I
- r = - —— J)COS{S | 3 .
0 A R1+R '[(e"-1)+(c *~=1)cosd|

(12.18)

where R= 1+ cos™ - 2costcos F and r= 2(D_ + x)/c. Due to cq. (12.17) instability occurs when
Re A > 0; hence the point Re A =0 is the bifurcation point. The power P for any r. giving risc to
instahility. has also been cvaluated.

In the VIRGO project |Pisa. Napoli, Frascati, Orsay, Paris Collab. 1987, Paris, Orsay, Pisa, Napoli.
Frascati Collab. 1988] having arm length of 3km, A = | pm, power 500 W, mirror mass 400 kg, fincsse
F =30 and pendular mechanical quality factor Q= 10° the retarded effects [Tourrenc. private
communication] give the unstable equation of motion for the mirror

Y=Aexp(2x 10 '1)sin(6r + ¢). (12.19)

This instability secms to be casily corrected for by means of active feedback of the mirror damping.

13. Cosmic ray background

The interaction of particles with matter excites oscillation modes which can be cxperimentally
detected. In an experiment [Beron and Hofstadter 1969] the modes of a piezoelectric disc have been
excited by an clectron beam containing 10'-10° particle per pulse of 1 us duration.

In a subsequent experiment [Grassi Strini et al. 1980] the interaction of 30 MeV protons with an Al
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rod 0.2m long and 3x 10 “m diameter was studied. The cffect was the excitation of the rod's
fundamental longitudinal mode with an amplitude
a 2WL

£= = T cos wa L. (3.1
)

where £ is the rod length, W the energy lost by the hitting particles, « the rod thermal lincar expansion
coefficient. C,. the specific heat at constant volume, M the mass of the rod and x the distance from the
center at which the particles cross the rod. Theoretical calculations |Allega and Cabibbo 1983, Bernard
ct al. 1984| have been performed giving good agreement with ¢q. (13.1).

The interferometer mirrors when hit by a cosmic ray undergo both excitation of the internal degrec
of freedom and of the suspension peadulum modes. The mirror’s internal degrees of freedom are
excited both by the heat produced with an amplitude given by ¢q. (13.1). and by the differential
momentum released by the cosmic rays. The excitation of the mirror pendulum mode by cosmic muons
has been evaluated by Weiss [1972] considering only ionization losses.

In i subsequent work of Amaldi and Pizzella [1986] the effect of production of knock-on clectrons,
bremsstrahlung. direct pair production and photonuclear interactions by muons was shown to be crucial
for the cvaluation of the cosmic muon poise in a bar antenna. A Monte Carlo simulation of the
background due to high-cnergy cosmic muons in a bar antenna has been done by Ricei [1987].

A calculation taking imo account both ionization losses and the four processes mentioned for an
antenna having 3km arm length and 400 kg quartz mirror mass. has been done by Giazotto [1988b).
The results show that muons of 107 GeV give | ms pulses having i = 10 7" with a frequency of 107 vr
and 10" GeV muons give =10 "' with a frequency of 10 "yr ' i

For periodic GW the calculation gives the following measurability condition for h:

h>10 S Hz ' (13.2)

where the GW frequency » has been assumed to be larger than the pendulum frequency and smaller
than the frequency of the lowest mode of the mirror.

14. Conclusions

In this scction the relevant types of noise described previously. limiting the interferometer’s
sensitivity. are cvaluated as a function of the GW frequency and compared with the GW strain
amplitude of some astrophysical sources. For the evaluation of these types of noise the following
paramcters characterizing the interferometer are assumed: arm length L =3km. FP finesse F =40,
suspension quality factor Q) = 10°, mirror quality factor 0, = 107, temperature 7 = 300 K. frequency and
mass of the lowest longitudinal mode of the mirror », = 2500 Hz and M, = 150 kg. respectively. mirror
mass M = 300 kg. vacuum pipe pressure P =10 ’mb assuming the residual gas to be H.. recirculated
light power W =1kW and scismic noise spectral displacement x, =3 x 10 /v mVHz.

In fig. 14.1 the interferometer scnsitivity is shown as a function of the characteristic frequency of the
incident GW, which is assumed to be the inverse of the pulse duration of the GW. together with some
relevant types of noisc and astrophysical GW source amplitudes. Line a is the sensitivity limit due to
seismic noise reaching the mirrors suspended as a simple | m pendulum. line b represents the limit due
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to scismic noisc filtercd by the attenuator described by Del Fabbro ct al. [1988b]. linc ¢ represents the
suspension thermal noise and line d the mirror’s first longitudinal normal mode thermal noisc, line ¢
represents photon counting noise. line f represents the noise duc to vacuum pipe gas fluctuations and
linc g the quantum limit.

The amplitudes of gravitational collapse have been evaluated using eq. (1.2) assuming the frequency
to be the inverse of the collapse duration. The coalescence amplitudes have been evaluated using ¢q.
(1.3) integrated over the time clapsed given by eq. (1.4). The total noise b+ c+d + ¢+ + g is shown
by the line H.

The interferometer sensitivity to periodic signals integrated over | vear is shown in fig. 14.2: the
noise symbols arc the same as in fig. 14.1. The upper limits to the GW amplitudes emitted by the Vela
and Crab pulsars are also shown.
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The effect of the cosmic ray intcraction in the test masses of an interferometric antenna for gravitational wave (GW ) detection
is cvaluated. In a 3 km antenna this background, mainly due to muons gives a limit, for | ms GW pulses. of /~8.5x 10~ witha
frequency of 210 ~' events/year and 8.5X 10~ with 4.1 X 10° events/year. For periodic GW having frequency > 10 Hz the
sensitivity timitis A~ 1.7% 10 ¥'. This background secms to allow unshiclded operation of the interferometer test masses.

It has been experimentally shown [1] that charged particles traversing an aluminum rod can create me-
chanical vibrations whose fundamenial mode has amplitude

G X EL2
é(,\)_c v ncos(m\'/L). (1)

where I is the energy lost by the particle in the bar, « the thermal lincar expansion coefTicient. €, the specific
heat at constant volume, L and Af are the bar length and mass respectively and x (|x| <L/2) the distance of
the particle hit point from the bar center. Amaldi and Pizzella {2] have shown that cosmic rays can create in
a high sensitivity aluminum bar antenna for gravitational waves (GW) detection signals such as to require
underground operation. [t is then important to examine the effect of this background on the phase of a large
base interferometric antenna [3). Let us consider a cosmic ray hitting one of the interferometers mirrors at
an angle @ (see fig. 1). From the energy-momentum conservation follows:

PA":P. E,?.E, (2)

where E. P arc the cosmic ray energy momentum lost in the mirrors, P, is the mirror CMS momentum in

by

mirror surface v

[ AN R
i

7
2 Fig. |. The murror section with a traversing cosmic ray losing the
- _— total momentum P, + .. The momenta difference P, — P. excites

L|- > the mirror's resonance modcs.

cosmic
ray e

"
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the laboratory system. A/ the mirror mass. E, the energy inelastically relcased to the mirror by the cosmic ray.
In the second equation the rod CMS and vibrational kinetic energics have been neglected.

If P, and P, are the momenta lost in the mirror for x>0 and x <0 respectively. it follows that the mirror
first longitudinal mode is excited by the momentum

P, —P.
an=(252) o

For the sake of simplicily we can consider the mirror 1o be a simple harmonic oscillator. composed by a
spring of stiffness K/2 and (wo masses /2. having circular frequency w,=,, K/M and suspended in its CMS
by means of a wire, whose pendular circular frequency is w,. The mirror surface displacement Av due to the

cosmic ray interaction is
1

Ax=¢(x) exp|—-{t=1,)/1] sin[wr.(!-l,,)]ﬁ(r—t,.)+—wlz I exp[—(1—=n)/1a) sin[wa (t—=n)]F, (n) dn
¢ 1]
0

1

1 )
oo [expl—(l-n)/rpl sinfw, (t—n))F2(n) dy, (4)
May, -

where F, and F, are the impulsive forces
Fi=AP8(1—1,). Fi=(Py).51—1,). (3)

and ¢, is the cosmic ray arrival time.
We can maximize Avx putting AP, ~ (Py,) .~ E/c (c is the speed of light) and x=0:. with these conditions
from egs. (4) and (5) we obtain

E .
Ars[(é(owm) exp|—(t—=t,)/t ] sin[e, (1—1,))

+ expl—(1=1,)/1,] sinfaw, (1—1,) 1 [6(1=1.)] . (6)

Mcw,

The Ax Fourier transform, in the approximation w,7,>»> |, and wpt>> 1. is

. 2alw, | | | |
(2.1, sEexpiarn,)| (2 o) pu— I — - 7
AV(Q 1)< Eexp (i )[( CMn +c.|l) i, rwy | oM -Q-+:.sz/r,+m;] M

For a quartz mirror having [3] M=400 kg. L=0.6 m. a/C,=7Xx10~"" kg °C/J. vy=wo/2nr=5X%10* Hz,
r,=w,/2n=0.5 Hz, eq. (6) gives

3x10-* 8x10-'? )
—2° 2/ +wi -2 +2iQ/ 1, +w; /)’

Ax(.t,)=exp(is2, )E( (8)
Since eq. (8) has poles for 2= w, and 2=w, we limit the frequency interval to the region w, < £2 < w,: however
this is not a relevant limitation duc to the high value of v,. Two cxperimental conditions are particularly im-
portant; the search for GW impulsive and periodical signals.

For the first case we can compared the Fourier transform S(£) of the mirror displacement produced by an
impulsive GW signal having time length Ar, with Ax(£2. 1,,).

For Q< 1/A1 |S(£2)] becomes

A
IS(R) 1 =h3Ar, (9)
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where A is the interferometer arm length and A the GW amplitude.
The measurability condition for 4 is

2E (3x10- "+8x10"->

h> e\ Q°

W, <R<wp . (10)

We can choose a frequency. such that the GW impulse area is only slightly reduced. for example 2=1/10A¢;
with this value h becomes

h>|.6x|o-°£%’. (1)

Assuming 4=3x 10" m, Ar= 10" s. we obtain
h>8.5%10" *Eqev . (12)

where E,.v is £ measured in GeV. Eq. (12) shows that a cosmic ray event giving in the antcnna pulses com-
parable with those expected by the Virgo Cluster (A~ 10~3'), should release 10* GeV. These events are mainly
produced by muons [2] releasing into the mirrors almost entirely their incident energy by means of four pro-
cesses: knock-on electrons [4], bremsstrahlung [ 5], direct pair production [4] and photo nuclear interaction
[6].

The number N of events per sccond which deposit into the mirror an encrgy > E is evaluated by means of
the double intcgral:

pN SL dl(l: )do,(Z,, W E,.)

n
oo | B g0z

F ol

dE, . (13)

where p=2.2x 10" kg/m? is the mirror density, N, the Avogadro number. S~ 3.6 10" m? the mirror proj-
ected arca, 4, and Z, are the atomic weight and number of the ith atomic component of the mirror, o, is the
cross section of the jth process. W and E,, are the deposited and the incident muon energies respectively, E,( H')
is the minimum muon energy nécessary to release the energy W by means of the jth process and d/(E,)/dE,
is the muon differential intensity spectrum at sea level [7] integrated over the solid angle.

In 1able | the sensitivity limits on 4 for 1 ms pulses for a few relevant values of Eg.v together with MN(ev/s)
and N, (ev/year) are given. For periodical GW of circular frequency Q,=2nv,, |S(£2)| becomes

IS(Q)1=h3T. (14)

where T is the measurement time. Comparing eq. (13) with eq. (8) we obtain the measurability condition

2 (3xI10-* 8xi0-'"?
h>—. —+ - i w,l, < <w, , 135
47 ( wﬁ Q; ; exp(lg’n ) n wp [ 0 ( )
Table |
Ecicn h (I ms pulses) Nev/s) N, tev/year)
\ 8.5%10 - 1L4x10 ' 41x10*
10 8.5%10 - 1.9%10 - 5.7x101
10¢ 8.5x10 - 7.2%10 -* 2.3x10°
10 8.5x10 - 7 x10-° 2 x10-!
10* 8.5%10 - 7 x10-" 2 xi0-*
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where W, is the energy of the nth cosmic ray and ¥, is extended to cosmic rayv events having 0<1,<7T. Since
1, is a random variable we obtain

=Y WiAn,, (16)

L=

Y exp(if2t, )W,

where An, is the number of cosmic rav events having energy between W', and W, ,. Substituting the sum with
the integral we obtain

[ dn(W) PN.SLT :f . I dI(E,) da,(Z,. W.E,)
It = - - —_—_— =
‘ fc'. dw w T, gu' o d"f'un dE, d dE. . (17)

where M| is a low energy cut off that we have assumed to be cqual to the total ionization encrgy loss in the
mirror due to minimum ionizing particles i.c. £;~0.26 GeV. This choice is justified by the fact that encrgy
losses lower than W', are taken into account by the ionization losses.

A numerical computation of eq. (17) gives U=1.3x10-%J for T=3x 10" s; with this valuc we obtain from
eq. (13)

2 -8 -12
o2 (3)(10 +8x10

ar Wi Q;

)l'=0.6xlO"'. (18)

where we have assumed v,=10) Hz.

The ionization losses can be evaluated putting in ¢q. (16) H’,=E,: since the charged cosmic ray flux at sea
levelis [8] /. =2.4x 10" (m*s) 'we obtain, assuming 7=3%X10"s, {'=2.2% 10 *J. With this value, eq. (13)
evaluated at », =10 Hz. gives

h>1.1x10->". (19)

The sum of eqs. (18) and (19) gives, for periodic GW having v,> 10 Hz. the limit A> 1.7 10 *'. well below
the sensitivity of the future interferometric antennas.

1 am very grateful to G. Pizzella for having raised the problem, and to L. Bracci for illuminating discussions
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All'attenzione del! Dr. Prof. Adalberto GIAZZOTTO

Oggetto: - Progetto VIRGO

La presente quotazione & accompagnata da una sommaria
descrione delle opere per quanto possibile quantizzate.

Le fasi di lavoro e le specifiche tecniche Vi verranno
inviate tra qualche tempo dopo aver con Voi chiarito alcuni elementi
che in linea di massima non dovrebbero alterare i costi di seguito
indicati.

Dalla presente offerta, per mancanza di elementi di
valutazione, sono state escluse alcune forniture e cioé:

- Tutte le pompe a vuoto
- Le valvole

- GIli specchi
- Gl apparecchi di esperimento (Laser ecc.)

- 11 baking

~ Le cabine di trasformazione elettriche (solo parte
edile.

- Le camere sterili ubicate nei fabbricati Centrale e

terminali al di sotto dei serbatoi a vuoto.

%
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PROGETTO VIRGO

- Descrizione delle opere e valutazione economica aggiornata alla
data del 16/05/1989.

A - OPERE EDILI

Al - Strada - E' prevista una strada ip terra battuta e mas-
sicciata in misto di cava, per una larghezza
di mt. 3 e di una lunghezza pari alla lunghez-
za della tubazione @ 1000, ciod in due tratte
da mi. 3000 che eollegano le palazzine fermi-
nali con quella centrale.

Ogni 144 mt., in corrispondenza con le cabine
delle pompe a vuoto detta strada verra allar-
gata di ulteriori 3 mt. per una lunghezza
di mt. 15, in modo da creare delle piazzole
di lavoro e scorrimento.

Non & previsto in questa fase 11 manto di
asfalto.

1 lavori da eseguire sono:

Sbancamento del terreno per una profonditd
di mt. 0,50 per un totale di mc. 9000 circa,
e spargimento del terreno tolto nell'area circo-
stante.

Riempimento con breccia di cave per un'altezza
di mt. 0,5 per un totale di mc. 9000 circa
e successiva rullatura.

Importo £. 228.000,000>

A2 - Pavimento appoggie.tubo@ 1000 - E' prevista una pavimen-
tazione continua ( con giunti di dilatazione)
in calcestruzzo della larghezza di mt. 2,5
di uno spessore di mt, 0,30, e una lunghezza
pari alla lunghezza delle tubaziont @ 1000
cio2 in due tratte da mi. 3000 cadauna.

11 massetto di calcestruzzo & armato con doppia
rete metallica di spessore adeguato.

%

LT
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I Javori da eseguire sono:

Sbancamento del terreno per una profondita
di mt. 0,50 per un totale di mc. 9000, e
spargimento del terreno di risulta nell'area
circostante.

- Riempimento con breccia di cava per un'al-
tezza di mt. 0,5 per un totale di mc. 9000,

- Rilevato con stabilizzato per un'altezza
di mt. 0,10 per un totale di mq. 18000 e
rullatura.

~ Pavimento 1in calcesiruzzo per un'altezza
di mt. 0,30 con interposte n° 2 reti metalli-
che con filo @ mm. 2,5 per un totale di
cemento di mc. 4500 ed un peso di rete
di Kg. 73.000.

Importo £, 1.400.000.000=

A3 - Costruzioni - Fabbricato centrale - mt. 20x20x15 di altezza - N° 1
Fabbricato terminale- mt. 15x15x15 di altezza - N° 2
Cabine pompe vuoto -mt., 2x 2x 2 di altezza - N°&44

1 fabbricati sono previsii in cemento armato
con pareti, pilastri e copertura in clementi
prefabbricati.

| pannelli di tamponatura spessore 20 cm.,

1 solai di copertura sono c.a.p. estruso di
spessore 15 cm.

Copertura c¢oibentata con materassini di lana
di roccia dello spessore di cm. 4 poste al
di sotto del manto impermeabilizzante in Jlastre
piane nervate di cemento - amianto.

Pilastri con mensole per carroponte.
Portoni, porte o finestre occorrenti, in metallo.

Pavimento del tipo industriale.
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Le cabine per pompe a vuolo sono previste
con pareti in blocchi di cemento o prefabbrica-
te, copertura in solaio prefabbricate, pavimento
in cemento in proseguimento di quello di appog-
gio del tubo.

Porta di accesso metallica.
Nei fabbricati sono previsti:

n® 1 carroponte da 5 tonn. ogni fabbricato
totale n® 3

Impianti di riscaldamento e condiz. "3
Impianti idraulici e serv.sanitari "3
E' prevista la sistemazione a breccia rullata

del perimetro dei fabbricati per un'ampiezza
media di mq. 3600 cad.

Importo £. 2.617.000,000=

Ad - Copertura tubo @ 1000 - E' prevista la copertura con archi

in lamiera di Fe ondulata dello spessore di
mm. 3 (Vedi disegno), costituita da 3 - Sezioni
ogni metro lineare da assemblare 1in opera
a mezzo bullonatura.

Lunghezza totale da coprire mt. 6000, lunghezza
totale della copertura comprese le sovrapposi-
zioni mt. 7200,

La base dell'arco & di mt. 2,18, mentre )'aliez-
za & di mt. 1,90.

[1 peso totale stimato & di circa Kg. 1.100.000=

Importo £. 2.580.000,000
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B - OPERE MECCANICHE

Bl - Tubo ¥ 1WLU - Marteriale AlISl 304 L - 6peccore mm. 3 -
@ nominale mm. 1000 @ interno mm.
Lunghezza mt. 3000 + 3000 = totale 6000 mt.

11 tub verra truito i ffici in tratt
.S(’W Puuo P% ubo rra costruito in officina i atte

da mt. 12, ogni 6 barre da 12 mt. ve ne

?,img,'u'_)" M Con (“ULL saranno n°® 2 flangiate.
\ o

. All'esterno del tubo sono previsti anelli

[ 8 'Sr”w& an 6(/60\“"*0- di irrigidimento in ferro piatto spessore

lz P — mm. 10 per larghezza mm. 100, messi di

) taglio e saldati al tubo. Lunghezza della
bOLCKW(j tratta tra gli estremi flangiati mt. 72.

Pcso del tubo Kg. 4560.000 circa.

Peso delle cerchiature esterne Kg. 153.000

l\e 4uLO w e [ cit:ca.

Gli staffaggi di appoggio sono previsti ogni
mt. 6 per un totale di circa Kg. 172.000=

IOOCCW ‘/\g/t -U/?/\{'WO-QA Lo scorrimento del tubo per effetto della

dilatazione & assicurato da rulli in gomma

M(wa,‘ WSM;MIM o similari per un totale di n° 3000 citca.
* —

a Nel punto di contatto dei rulli con il tubo

4 ¢ previsto un irrigidimento esterno dello
stesso con una fascia di lamiera in Fe sal-
data a tratti.

;/( : Ogni 144 metri sono previsti dei pezzi spe-
Y)'I,Ql)\—o (AAC,QM,D(,Q ciali a T flangiati per 1l'inserimento delle

pompe a vuoto con stacchi @ 450 ed alle

. . estremitd, saldati o flangiati, n°® 2 giunti
8? OlAA.,r'\MW & di dilatazione ad onde in AISI 304 L @
. 1000.

O(o;oww (oo wa WoX - Lo spessore dei pezzi speciali a T e
zu di mm. 648

1 oLodc ) -  Pezzi speciali a T n® 4 per Kg. 22000 circa

° <

“ o- Syl CChw - Giunti di dilatazione n° 88

-  Saldature sul posto @ 1000 n°® 420.
Importo £. 10.780.000.000=

%

— &
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B2 - Serbatoio a vuoto -  Materiale AISI 304L - spess. mm. 6
@ mm. 2000 - H mm. 7860

- Contenitore a vuotlo per apparecchiature
cilindrico verticale con fondi bombati,
e fondo inferiore flangiato, bocchelli
e passi d'uomo come da Vs/disegni.

Irrigidimenti esterni in Fe.

Puntoni in carpenteria in Fe - di soste-
gno n? 4 cadauno.

Pezzi n® 6

- Apparecchiatura interna in AIS] 304L
comprese carpenierie di sostegno.

I1 tutto secondo Vs/indicazioni, disegni ed
esemplari gid esistenti. Esclusi soffietti
ammortizzanti.

- Escluse camere sterili.

I1 tutto quanto sopra in opera.

Importo £. 1.040.000.000=

B3 - Impianti elettrici - La valutazione & stata fatta senza

by

reali dati pertanto & supposto quanto segue.

n® 1 Cabina di trasformazione - da alta a me
dia tensione

n® 1 Cabina di trasformazione - da media a bas
sa tensione

n° 1 Quadro di Cabina

n® 1 Quédro per utenze a fabbricato centrale
n® 1 Quadro per utenze di 2 fabbricati estremi
n® 44 Quadri per pompe a vuolo

n® 3 Quadri per macchinari di condizionamento
n® 77 Alimentazioni delle pompe a vuoto

n® 3 Distribuzioni nei fabbricatt per FM e {llu-
minazioni

n® 3 Distribuzioni nei fabbricati per FM condi-
zionamento

n® 2 Linee da mt. 3000 cad. per alimentazione
pompe vuoto.

-~



7 Rif. 133/0F/mf

Linea messa a tlerra.

Linea interfonica tra 1{ fabbricati.
1luminazione esterna delle aree esterne dei fab-

bricati.

Allarmi e segnali di ritorno dalle cabine
pompe.

I1luminazione delle 44 cabine pompe.

Importo stimato £. 1.,950.000.000=

B4 - Montaggi - Montaggio tubo @ 1000 - mt 6000 - kg. 600.000 circa
- v n® 77 pompe a vuoto
- " n° 1000s1affaggi
- " n® 3000rulli di scorrimento
- n°® 44 pezzi speciali o T
- n® 88 compensatori di dilatazione
- n° 3 Impiantl di condizionamento
- " n° 3 Impianti servizi generali
- Lavaggio decapaggio n° 84 tratte da 72 mt. cad.
- Prova di tenuta di n® 84 tratte da 72 mt. cad.

Importo £. 2.590.000.000=
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8 Rif. 133/0OF/mf

RIEPILOGO
A - OPERE EDILI
Al - Strade 228.000,000=
A2 - Pavimento tubo 1,400,000.000=
A3 - Fabbricati e piazzall 2.617.000.000=
A4 - Copertura tubo 2.580.000.000=
TOTALE VOCE A 6.825.000.000=
B - OPERE MECCANICHE
Bl - Tubo 10.780,000,000=
B2 - Serbatoi a vuoto 1.040.000.000=
B3 - Imp. elettrici 1.950.000.000=
B4 - Montaggi 2.590.000,000=
TOTALE VOCE B 16.360.000.000=
TOTALE GENERALE 23.185.000.000=
ESCLUSION1
1) Pompe a vuoto
2) Valvole
3) Specchi

4) Coni antiviflesso

5) Ottica (Laser, strumenti, ecc.)

6) Baking

7) Fabbricati per Cabine elettriche e Centrali Servizi
8) Camere sterili al disotto dei serbatoi a vuoto.

9) Quanto altro non specificato in offerta.

SOCOMIN IMPIANTI 8.1l
IL CONSIGLIERE UELGQATO
{Osvaido Fivreni)




OOV

srl.
progcllazione  cosruzione montaggio  impianti - industriali
r S\
Spett.le
Ceccano 1 8,05/89 1.N.F.N.
Ne/rt  135/0F/mf lstituto Nazionale di Fisica Nucleare
Ve./1if. Sezione di Pisa
\ J

All'attenzione del Dr.Prof. Adalberto Giazotio

Oggetto: - Progetto VIRGO

In caso di appalto globale per le opere da noi quantiz-
zate nella ns/offerta n° 133/0F/mf inviataVi a mezzo Fax ritentamo
di poter aderire alla Vs/richiesta e, praticarVi una riduzione sul
costo globale del 10%.

Pertanto il prezzo globale dell'opera alla data odierna
passa da:

£, 23.185.000.000=

a £. 20.866.000.000=

Distinti salurti.

S8OCOMIN IMPIANT1 §
I' [}
I CONSIGLIERE DELEGATOJ
dq Eloroni)

é ZQ g 7w

03023 CECCANO (FR) Cap soo 60000.000 Int. vera
S 3, Srenimento o Faaingos 800
S.5. 15 Km. 6 - Loc. Colle S. Peolo CCIAA Frosinone B2628
Teiefoni O7/4/641481-641482



@11 599672
LEYBOLD S.P.A

TEL No. 011 599672 11,05,89 15:25 P.01/12

Tecnica del process! Tecnica di

Tecnica de! vuoto industriall del vuoto misura e analisi lH LEYBOLD SD.A.

LEYBOLD

Teletonu (02) 2871521
Tolofax (02) 2871821

Teloa 330348 thmy

Data 11.5.1989
Ns. rif. RC/gge

Vs. rif.

Spett.le

I. N. F. N.

S. PIERO A GRADO
(Pisa)

.Alla c.a, prof. Glazzotto-dr.
Bradaschia

Oggetto Ns. offerta n. Wv/110/74/89/RC

N. 3 gruppi di pompaggio di prevuoto completamente
assemblati e ogni gruppo & costituito da:

N. Cat.

11170 2

SO

11743

28826

28785
88766
88716

88765

Pompe rotative a palette tipo

D 250 F doppiostadio 3

Portata effettiva 250 m™/h,
Vuoto parziale finale 2x10 mbar
Alimentaz. 380 vV trifase 50 Hz,
valvola di sicurezza e filtri
lato scarico incorporati

Filtri in acciaio inox con A1203
per olio delle rotative

Pompa Roots tipo WSU 10901
Portata nominale 1000 m~/h
Motore direttamente flangiato S.V.
Alimentazione 380 V trifase 50 Hz.

valvola di intercettazione elettro-
pneumatica NW100 ISOK ad angolo
in inox

Indicatore di fine corsa
Giunto elastico NW100ISOK inox

Flangia saldabile in inox NW1O00
ISOK

Giunti elastici NW63 ISOK inox

Cap. finn C.C.P. N. 50072203 Cod. fyosle o Patts Bancs Naronsle 20127 Mdano
Lit 200.000.000 CC.LAA Mi 300408 VA 007300001563 Gel Lavoro, via P. Tossdll, Y
L vers Canc Trib. 72628 Benche: Agenzia 0

Credito Commerciewm. Conlinaniel Sank



del

Jlio soquio N. - 2~ —

89648

89630
89678

1

1
1l

Pirani tipo PG3 con uscita
standard RS232C -3

Campo di misura 1000+10 "mbar
Possibilitd di collegare tre teste
di misura con moduli aggiuntivi

e tre consensl regolabili su tut-
ta la scala

Alimentazione 220 V 50 Hz.

Testa di misura tipo TR 901
Cavo l.= 3 m.

PRBzZO CAD. L. 63.400.000=
PREEZO TOTALE L. 190.200.000=

LEYBOLD SpA

N. 18 gruppli medio vuoto; ogni gruppo & costituito da:

85647

85578

85544
85549

28698
89646

1

[

Pompa turbomolecolare tipo 1000 H
Possibilitd di posizionarla girata
dai 90°’

Portata 1100 l/sec. per N
Attacco NW200CF

Atéacco prevuoto NW4OKF

2

Alfmentatore tipo Turbotronik
1000/1500 H

Raffreddamento ad aria

Valvola di ventilazione eletto-
magnetica 22BLVoRe

Valvola elettropneumatica NW200 CF

Misuratore combinato pirani-ionizza-

zione tipo IONI IG3 -10

Campo di misura 1000+10 mbar
Possibilitd di collegare due teste
tipo Pirani e una testa ad ionizza-
zione

Uscita standard RS 232 C

Tre consensi regolabili su tutta la
scala

Alimentazione 220 V 50 Hz.

eof ..




89685

89656
89632

89687
89678
11266

18911
85415
85410
88516
86803

50

SO

e i e

LEYBOLD SpA

Testa tipo IGC con attacco
NW35CF

Modulo per pirani

Testa tipo TR 905 con attacco
NW16CF

Cavo per IGC 1l.=3 m,
Cavo per TR 905 1.=5 m.

Pompa rotativa a palette tipo
D16B - dopplo stadio 3

Portata nominale 18,9 m™ /h.
Vuoto finale <1x10 = mbar
Alimentazione 220/380 V S50 Hz.
Valvola di sicurezza antiritorno
olio incorporata

Filtro lato scarico tipo AF 16-25

Trappola inox per Alzo3

Confezione di A1203

Riduzione 40 KF-25KF inox

Tubo flessibile in inox NW25KF
l. =1 m.

Raccordo speciale 200 CF con un
attacco NW35CF e un attacco NW16CF

Flangia saldabile NW200CF

PREZZO CAD L. 38.600.000=
PREZZO TOTALE L. 694.800.000=

Valvole NW 1000 elettropneumatiche
tipo Gate

Prezgo di massima L. 89.000.000=
(sarebbe opportuno contattare diret-

tamente la ditta Vat per un prezzo
definitivo)




lio sogulto N. —

L —

dol ———

N. 52 gruppi

LEYBOLD SpA

di alto vuoto e ogni gruppo & costituito da:

SO

85167

85170
85169

1

Pompa ionica 12 1000 diodo
Portata 100 1/s8ec. per N2
Attacco NW 200 CF

Alimentatore tipo NIZ4S con lettura
del vuoto incorporata

Cavo per pompa ionica l.= 5 m.

Modulo per alimentatore tipo
NIZ4S

PREZZO TOTALE L. 1.580.000.000=

I prezzi sopra indicati sono stati calcolati con un
rapporto £/D.M. = 733 e nella fornitura non & com-
preso il mountagglo presso il Vs. Istituto dei vari
gruppi di pompaggio.

Consegna:
Pagamento:

Resa:

8-10 mesi

50% all'ordine

0% consegna materiale
f.co va. Istituto

Validitd offerta: settembre 1990

Distinti saluti.

LEYBOLD WM
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Sede Legale
20144 Milano - Corso Vercelii, 25 Spellabile
Uttici Amm. o Commeroc!ali: ISTTTUTO RICKHKRCA

Vis Brunslieschl, 44 )] FISTCA
20090 Trezzano ¢/N - (Milano) ITALIA
£2 (02) 4452141 1 @
Telox 314478 THSTEM |
Telefax 02 - 4455487

Pait IVA ¢ Coa. Fisc. N 08948530152
Reg Trib. Mi 274612 - C.C.L.A.A. 1256867

Condizionamento dell’aria - Clean Rooms - Spegnincendio

- GB/eb/B0201 Trezzano /N, 4 Maggro 1989

Alla cortesce alvtenzione Egregio Prof. Bradanchaa

RingraziandoVir et 1. cortese richiesta, W jnviamw 11l

HosLlro preventlvo conl 1o optezal dr ldral mdsslitg per imbiantl

di condrzicnamentle  di on., 3 capannocn! e di " I camere

birancnce 1 clasae 10.000.

|
@x ) 2
S
L~ Aespoiunions per in Bivdie Assaciarions Maslonme CONCOMDATO ITALIANO CENDIO
intermnetions Cemmitise of ¢ il Contiarie delles ARL8A0101 Ol Im| 1 vperict RISTH LIt AL
Comeminsiien Comrol Booictine 4 A net Banne, G et e

(X
Grenric). Telelgnion o8 ANIm



1MP1ANT1 DI CONDlZIONAMLNTO (APANNONJ

Temp. c¢ut. 33°C coun 50% U.R. esmtivo
- Temp, amb. : 27°C c¢on 50t U.R. eulivo
Temp. esl, 2°C voun 80t (3

. i0VEerilule
- Temp. amb. 20¢C con nhvetrnale

- Tolleranze sulle temperature 1,5°¢C

- Tolleranze sulla umidila : 1101
CAPANNONF

Dimeusioni : 20 x 20 m x 1hH
- Volume : 6.000 m3

36.000 m3/h, potenajalitd

n. 1 «c¢ondizionatore portata; ]
220.000 Lrig/h, potenza

friyotriferd install;
termica 100.000 kcal/h

Prezzo orientativo : L. 350.000f&00.v

N. 2 CAPANNONLl UGUALI1

- Dimensioni : 1Y% x 15 x 15H

- Volume : 3,375 m3

n. 1l condizionalore du 25 000 mi/h, polenzialitd

friqoiifectua 85,000 frxq/h
ta 75.000 kcal/h o

polelizd lermiva installa

Prezzo orientativo : L. Zb0.00dTOQd.' CAN,

A \ermine di legge € nsarviumo In propnetd ¢ quento Gucumento € fano w1010 di riproduria o i rendurlo comunaue AGLo i Lutgi o @ Ditta conconemy



CAMERE B1ANCHE CLASSE 10.000

——— e = e em—— te = - e — -

- Temperatura ambiente
(per tutle le slagionli) : 24°C con 50% U.LR.

- Tollerunze sulla temperatura @ ¢t 1°C

- Tollerunze sull'umiditad @ 2 5%

N.l CAMERA

- e - - - -

Dimensioni : 16 x 10 x 2H

n. ] condizionutore da 20.000 m3/h con allmentazionc
fluidi caldl e treddi dalle cenlrali del capannone
completa di pareti e controsoffitt:

Prezzo oricntativo : L. 300.000.000.-

N. 2 CAMERF

- e = rm -

- Dimension: : 7 x 7 x 2H
- Volume : 100 m3

n. ] condizionatore da 6.000 wms/bh con  alimentazione
fluidi caldi ¢ freddi dulle central) del  capannone
completa di pareti ¢ controsoffitii

Prezzo oricntativo : L. 120.000.000.~ CAD.

ESCLUSTON]

- Opere murarie, linee e quaﬁfu

eftrica

JHERMOSYSTEM 8.p.8.
Dirertor. Commr"'u'l.

RUBEDAO

A termine & fegge o riserviamo I8 propnieth & quosto o to.  fdte efivinster ol epreenlinedn o ob reewterio canumaue nolo @ terzi 0 8 Driis concorren



- COPIA PER ESTRATTO

comune di cascina

deliberazione del consiglio comunale
n. 100 dCl 8 Maggio 1989

OGGETTO: Antenna interferometrica a grande base per la ricerca

dt onde gravidazionalti.

L'anno millenovecentottanta nove . addi otto del mese
di. Maggto alle ore 21,00 nel palazzo Comunale, convocato nei modi
di legge. si & riunito il Consiglio Comunale.

All'inizio della seduts risultano presentl | membri contrassegnati

Risultano quindi assenti N. 12 membr.

X1 1 - VIEG! Franco i 21 - PALAMA Antonio
Xi 2 - CACCIAMANO Carlo [T} 22 - PUNTONI Paolo
R' 3 - MARMUGI Franco [¥) 23 - PIERINI Luigi
|+ 4 VIEG! Carlo [C] 24 - RASETTI M. Stella
k] 5 - BELLAGAMBA Flavio X] 25 - NANNIPIERI Piero
k1 6 - LORENZETTI Sergio [J 26 - ANTONELLI Giuseppe
k] 7 - BERTELLI Claudio [J 27 - CONFORTI Franco
i B - BEYTI Crazia [] 28 - BELLINI Massimo
%] 9 - BACCIARDI Giuseppe i} 29 - PATTARO Luciano
k] 10 - MENICHETTI Franco fc] 30 - MACCHIA Enzo
E] 11 - BARSOTTI Maurizio i 31 - ROSSI Renzo
| t2 - BANI Fabrizio ] 32 - MORETTI Elia
fcd 13 - FANALI Annibale il 33 - BERNI Paolo
[] 14 - SBRANA Giuliana [J 34 - BIZZARRI Dante
K] 15 - PARRI Fernando l;] 35 - RICOVER! Giordano
k] 16 - CORS! Leila f] 36 - ROSSI Giuseppe
[J 17 - TOMMASINI Massimiliano E 37 - PUCCINI Luigi
§1 18 - BERRUGI Paolo Egisto fk] 38 - POLI Fabio
k1 19 - BUCCHION! Vally E] 39 - GOBBI Sergio
X 20 - DEL CESTA Angiolo (] 40 - MARCHESINI Luigi

Presiede la seduta |l Siy. VIEGI FRANCO

nella sua qualita di Sindaco

Assiste alla seduta |l Segretario Generale Dott. Gabriele Orsini

Ii presidente, accertato che | presenti sono In numero legale, dichlara aperta la seduta.



IL CONSIGLIO COMUNALE

Promesao che 1l'lstituto Nazionale di Fisica HNucleare
sezione di Pisa ha presentato un progetto di notevole interesse
scientifico per la realizzazione di un'‘antenna interferometrica
a grande base per la ricerca di onde gravitazionali da installare
nel territorlio del Comune di Cascina;

visto che a segulito degli incontri avuti col gruppo di
ricercatori 1interessati, 1la scelta dell'area ¢é caduta su
una zona in locelitd S.Stefano a Macerata;

che questa Amministrazione Comunale & interessata a che
1'Istituto realizzl 11 progetto nel Comune di Cascina per
la rilevanza scientifica dell'iniziativa;

dato atto che 1l'area interessata & prevista nel P.R.G.
come zona agricola al sensi art.81 D.P.R. N.G16/1977;

a votli unanimi, resi palesemente dai n.28 Consiglieri
presentl e votanti, )

DELIBERA

- di esprimere parere favorevole di massima al progetto per
la 1installazione dell'antenna interferometrica a grande base
per la ricerca di onde gravitazionali, come da proposta dall'l-
stituto di Tisica HNucleare e dall'Universitd di Pisa qul
allegata (N.1), da realizzare nell'are di cul alla planimetrica
allegata (N.2);
- dl dare atto che la presente deliberazione non & soggetta

a controllo al sensi dell'articolo unico L.R. n.44/84.



Il presente verbale & stato approvato e qui dl seguito sottoscritto.

IL PRESIDENTE

tio Viegtl

IL CONSIGLIERE ANZIANO IL SEGRETARIO GENERALE

tto Cacciamano f.to Orsini

Per copia conforme all'originale per uso amministrativo.

IL SNDAC!

yd L ﬂ&’.«.\
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