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Abstract

The Laser Interferometer Gravitational Wave Observatory (LIGO Project) will sealch for

gravitational waves by observing shifts in the interference of a Michelson interferometer. To

Sta.rt detecting gravitational I'aves with aIry measure Of Confidence, cuffent estimates require

the interferometer to be sensitive to differences of at least 10-s radians il the phase of light.

Ground-based LIGO will offer this sensitivity in a band a.round 100. Hz. The sensitivity of

LIGO is limited at frequencies belorv 200 Hz by random (mainly seismic and thermal) forces

acting on its optical elements. Around and above 200 Hz - where this "displacement noise" is

no longer significant - the sensitivity is determined by how well the interference shift can be

determined at the detector. The quantum nature of coherent laser light in the interferometer

imply a power fluctuation at the detector that scales as r,/7, where l is the light intensity at

the \,Iichelson beam-splitter. With the signal porver scaling as 1, a fundamental sensitivity

limit is thus set for detection. To obtain the desired sensitivity given this limit, LIGO t'ill

have close to 100 watts of laser light incident on the beam-splitter. No laboratory in the

wor)d, to the best of our knowledge, has had experience with interferometry at these high

power levels prior to this thesis. This thesis experimentally tests an important assumption

used in the noise estimates - that ihe noise above 200 Hz will be quantum limited.

To investigate the noise in interference detection at high power levels, a team at MIT (to

which the author belongs)l has constructed a suspended Michelson jnterferometer. The noise

IProf. R. Weiss and Dr. D. Shoemaker eave birth to rhe Phase Noise Interferometer (PNI) project after they



lv

in the detection of the differential phase of this interferometer was investigated at two stages.

At the first stage, several hundreds of milliwatts from a fr€quency stabilized Ar+ gas laser was

incident directly on the beam-splitter. At the second stage, the input light was constructively

built (recycled) to above 30 watts at the beam-splitter using an optical cavity - this cavity

was formed by placing a partially transmitting mirror in the input light as the front (power

recycling) mirror and the Michelson interferometer as the bark mirror' Our experience showed

that above 1 kHz, the noise indeed was quantum limited consistent with the incident power'

This led to the measurement of a phase noise sensitivity of about 3 x 10-10 tadia;rtlJHz

in the recycled interferometer, better than any known measurement to date. Below 1 kHz,

we examined the "technical" noise sources that caused the noise to be above the quantum

limit. We concluded that back sca.ttering of light, input beam jitter, and residual frequency

noise need to be controlled to get down to the fundamental limit required by LIGO at these

frequencies.

This thesis discusses the construction of the interferometer, the noise models and exper-

iments used to analyze the measured phase noise at the two stages, and the implications of

the experimental results to LIGO.

Thesis Supervisor: Rainer \A/eiss

Title: Professor of Physics

r rote the proposal itr 1992; the actual v/ork started in full swing around mid 1994- The team at M1T consisted
ol Biatr Lantz and Partha Saha as graduate studetrts; Drs. Peter Flitschel (cha.rge), Gabriela Gonzalez (from
April 1995), and Mike Zucker (actively from September 1994 to ea.rly 1995, in atr advisory role theleafter) as
research scientists. N{r. Tom Evans, l'Ir. Ed Kruzel, and Mr. Ralph Burgess ofiered technical help, s'hile Prof.
R. Weiss and Dr. D. Shoema.ker ofiered advice aod guidance, The ploject drew support and technical belp
from the entire LIGO team in many rr'ays - especially Dr. Sigg and Ms. .D{avahala, er'tro gave the project its
first working wavefront sensor.
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Chapter 1

Gravitational Wave Detection
Through Interferometry

This chapter r:r'ill offer a brief and simple introduction to the physics of gravitational waves alrd

their detection. The aim will be to motivat€ the focus of this thesis, that the phase diference

measured by a Michelson intederometer can achieve a sensitivity of 10-10 radian/r/Hz in a

bandwidth around several hundreds of Hertz.

1.1 Gravitational waves and their detection

The theorv of special relativitl' relates events across inertial frames of reference through

Lorentz transformations. It gives us the metric 8p,, which, acting on a space-time interval,

gives us an inraniant across all inertial frames of reference

General theory of relativitf introduces non-inertial efects to Ep,. The motion of massive

obj<lcts causes changes in gpu to propagate away at the speed of light. In the coordinate frame

of an obserlation point far away from a massive object in motion, small perturbations hpy to

the special relativistic metric rTpv car be sensed:

8P'  =  r lP ' lhP ' '

It is this hpv \hat gets referred to as gravitational rlaves.

(  1 .1 )

Einstein's equationr assuming small variations in gl,l]/ and excluding the source, reduces

to a lval,e equation for hpu a transvelse r,'ariation of 4u, $,ith respect to the direction of



propagation can then be assumed. The freedom to choose a coordinate frame a.llows us to

select one where h;,u is traceless (the transverse traceless or TT gauge). If the propagation

direction be z, the non-zero elements of h,, correspond to those that multiply the r and y

coordinates, and get s1'mmetrically located within a matrix representation (metric Properiy).

Thus the most general TT h;i can be written as

' . [ ;  _1 , ] . ^ . I i J ] ,
where the first piece is referred to as the'+' (h*) polarization, and the second one the'x'

(h*) polarization.

The effect of a gravitational rvave can be demonstrated if a measurement of time intewal

with light is attempted in some coordinate frame of reference. Arbitrarily, we choose an h-

wave; the h* wave has exactly the sane effect in a coordinate frame rotated 45o with the

one we will use for our calculations. \jVe send a light pulse from the origin along each of the

transl€rse orthogonal axes of the coordinate frame given to us by the h1 wave. These light

pulses are retro-reflected by mirrors back to the origin after traveling the same coordinate

length I in the two orthogonal directions, and we compare the two round trip times in the

presence of an ha wave. For the light ray sent along the z axis,

-(cdt)2 + (1 +ft+)(dr) ' �  :  0 (1.3)

=[  d t  =  |  4 l * [  ! n *o . . *o ( lh+12) '
, / ,"""a.. i"  J,. ,"a,, io c J,osa v*tp Z

For the other pulse launched at the same time in the other orthogonal direction g, its round-

trip time differs by I.".o ".,o hadt from the one along c. Thus the phase difference between two

phase-fronts starting at the same time I'ia a beam splitter at the origin and then combined

after retro-reflection at the two mirrors is

t,tr1t1 = uo lt_,n*at'
(1.4)

lghere ra6 is the frequencl. of light. Let us now assume that ha : h'scos(aot) in o',tr coordinate

frame. l'here o.r, is the frequencl' of the gravitational wave reaching us. Carrying out the

(1.2)
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integration in Equation 1.4, we finally obtain,

6s(t) = hn.'| . "' ::ti-i;' 
o . coslu nft - r t c)1. (1.5)

7f u.l /c is much less than l, we get

ltd(t)l = hsus(2t /c). ( i  6)

Thus we are naturally led to the concept of intelfelometly for detection of $avitational

waves; the phase difference measured by a Michelson interferometer can be attrjbuted to

passing gravitational waves in absence of other sources of such phase change' We also notice

from Equation 1.6 that the longer the arms of this Michelson interferometer, the lalgel is the

measured phase difference owing to Sravitational waves-

In the example we just described, the two masses were aligned along the principal ates

of h;1; to understand what happens when the two masses lie along two arbitrarily chosen

orthogonal a_xes, we refer to Figure 1,1. \l'e shorv masses distributed in a ring and their relative

separations, as a gravitational wave propagates normally through the ring Any two masses at

the end of lines intersecting at 90o can be used as mirrors to define a it4ichelson interferometer

with a beam-splitter at the origin; as the axm lengths from the origin to these two masses

sho.n, anv relatire change, so $,ill the phase difference measured at the beam-splitter. we

thus observe that even if the wave may not be properly aligned with the two arms of the

interferometer, u,e $,ill measure some phase diference owing to the passing gravitational wave

- this phase difierence, however, may not be as large as that in the aligned sase. Let 6/1,x(i)

refer to the ma-ximum possible phase difference that can be measured by properly aligning

the interferometer for the corresponding polarization The phase difference, measured by an

interferometer with its arms defining the x and y axes of an arbitrarl' coordinate frame in

which the gravitational wave is incident at a zenith angle of 09r, and an azimuth angle of @r,,

is ihen given b1'

dd(t) = 
;(t  + cos2dr,)cos(2 6s.)Q+G)+ cosdeusin(zde-)d'(t) ( 1 7 )



al = rJz clt = tl

YTb

---.'. X axis
+polarized gravitational wave coming out ol the paper

x polarized gravitational wave coming out ol the paper

Figure 1.1: A ring of free masses in some coordinate frame as the gravitational wave Plopagates
normally through it; the relative separation of the masses change as indicated for the two

difierent polarizations.

7.2 Sources of gravitational waves

We can try to estimate the magnitude of ft.6 by drawing analogs with electro-magnetic radr-

ation. \{ass and momentum consen'ation rule out radiation from the monopole alrd dipole

pads of a system of moving massesl the quadrupole is then the frrst term that radiates, and

this happens to be the Q term. To have ihe energy propagating out, we must have this term

associated with an 1/r spatial dependence. We form a dimensioniess h9 with the fundamental

constants G a,nd c and the radiatin g Q l, ltne radiation, being in the classical limit, cannot

involve h) as

,  G On, - i  i  ( r .8 )

Defining .EQ to be the kinetic energy in quadrupolar form, and putting the relevant num-

bers in Ecuation 1.8 above. we find:

10 I\,Ipc-----------:- $rhere
r

6Q

M;aho.

al = 3trl2

!  10-20 (1  e)



1 Ma = 1.99 x 1030 kg = 1 Solar Mass; and

10 Mpc = 3.09 x lO2okilometers: distance to Virgo Cluster'

The numbers quickly esiablish that gravitational wave sources caanot be terrestial; they must

be generated by objects that are of interest in astrophysics.

Some estimates of gravitational wave strength a.re ofered in [1] for different kinds of as-

trophysical sources. Bursts of gral'itational waves immediately precede a collision of compact

binaries or a supernova collapsel these bursts produce radiation at frequencies that are very low

initiall),, but increase to about 10 kHz as the impending catastrophe dlaws near. Thorne [2, 1]

calculates the strength for grav.itational s'aves from a supernova collapse to be

h,." : 3 x ro-'�0tffi )11'(1 !H')tP(19Iry), (1.10)

where AE represents the energy lost to gravitational waves. In fact, energy lost to gravita-

tional waves (extremely slowly over years of observation) have been shown to be consistent

I'ith the decay of the orbital period of the binary system PSR 1913+16 (this is the famous

bina.ry pulsar system that obtained a nobel prize for Hulse and Taylor in 1993).

Gravitational waves of well defined periodicity are supposed to be generated by rotating

stars; Thorne [1] calculates the gravitational wa1'e strength generated by a rotating neutron

star of ellipiicity e to be (e ( 10-6)

h,^" = Bx 1o-20 . . t, u*-J-t't19ff1,
(  1  . 1 1 )

rvhere / is the frequency of rotation.

Another source of gravitational radiation may well be a stochastic background which,

because of its lack of any fixed direction of propagation, allows for easier data analysis -

however, its strength cannot be predicted very well'

1.3 History of gravitational wave detection and LIGO

Attempts to detect gravitational waves started with the work of Joe Weber in the sixties, r.r'hen

he searched for coincident excitations of normal modes in two massive Aluminum cylinders

separated b1,. a large distance. In 1970, \\reber claimed that t$'o such c1'linders indeed rvere



reSistering vibrations owing to passing gravitational waves. This attracted a lot of expert-

mentersl Weiss [3] conceived of arl interferometric detection of the waves, and performed a

deiailed study of an instrument tbat could arhieve this goal. Most of weber's claims were later

disputed, but the work on gravitational wave detection that had been initiated still continues

unabated. The original idea of Weber has been developed by many groups, and the resonant

,,bar" technology - operated at low temperatures with better sensors - now claims detectious

at the level of ft, = 10-18 in a bandwidth of few Hz a.round a Iesonance of approximately 1

kHz [a].
The idea of Weiss has undergone many modifications, and groups a'round the world have

seriously pursued the idea of gravitational wave detection through interferometry. In the first

section, we showed how a passing gravitational wave could be demonstrated by a change in

the diferential phase of a Michelson interferometer,

6Q = hnu6(21 I c) ' (r.12)

We notice that we can amplify the phase difference caused by a gravitational wave at low

frequencies, if we can ma.ke the iight traverse a lonS distance L The original instrument

constructed by Weiss [5], and a German group at Garching [6], involved a delay line in which

the light bounced back a.nd forth many times between trvo mirlols to build up the phase-shift

before making its way out for interference. A French group [7], a Scottish group [8], and a

group at Caltech [9] pursued the idea ofusing Fabry-Perot cavities as the arms ofthe luichelson

interferometer - in this scheme, a partialll' transmitting mirror allorved the incident light to

enter an optical cavity while letting a part of the liSht inside the cavity to escape out Figure

1.2 illustrates the difference betlveen a delay line and a Fabry-Perot interferometer'

The work with proto-types [6, 5, 9] qui&ly established that the gravitational waves reach-

ing us could not have amplitudes larger tha.n hl.-" = 10-16-10-17, and that the dominant ones

most probably have frequencies belos' 1 kHz. Given this uncertain description of the waves,

interferometric methods offer more adr,a.ntages than the lesonant "bar" technology as they

allo{, a \r,ider bandwidth search around lorr, frequencies- A number of groups therefore have

pooled their resources to develop the interferometer technology for direct detection and moni-

toring of gravitational waves. The Fabrl' Perot scheme of Figure 1.2 has become the preferred



(a) Delay line interferometer (b) F abry-P erct intederometer

Figure 1.2: Tr"'o methods for amptifying the differential phase

overall design, as optical cavities allow high and spatially pure light intensities which then

lead to better sigrial to noise ratios. The LIGO project of united states' a joint collaboration

between MIT and Caltech, aims at building two interferometers with 4 km long arrns - one

in Hanford. lvashington and another in Livingston Parish, Louisiana. The vIRGO project, a

joint collaboration between a group in Italy and another in France, pla,ns to build one inter-

ferometer *,ith arm lengths of 3 km. GEO-600, a project pursued by a British and a Germa'n

group, wishes to build one interferometer with arms 600 meters long, while TAN4A-300' a

Japanese effort, wants to construct its interferometer with 300 meter arms'

The work that is documented in this thesis was underta.ken under the auspices of the LIGO

project. This project [10] builds on the experience of caltech and IvIIT with laser interferome-

ters, and has two primary tasks: to build two 4 km long interferometers as stated before, and

to understand and reduce the noise in these interferometers so that their sensitivity can be

enhanced to where continual monitoring of gravitational waves is possible. while construction

of the t'r,o interferometers are vigorously under way, scientists at the two institutions are also

trying to understand the noise in laser interferometers by constructing proto-types' The 40

meter proto-type at Caltech recently achieved a (potential) sensitivity to gravitational waves

of h ry 3 x 10-1e around a50 Hz [11]. To understand what is needed to make this sensitivity

even better and motivaie the n'ork documented in this thesis, lrc need to present the LIGO
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noise estimates. We do this in the next section.

1.4 The LIGO noise budget

The approximate form of Equation 1.5, gir€D in Equation 1.6, holds true for a Fabry-Perot

interferometer at very low (gravitational wave) frequencies, if the transit time 2lfc is replaced

by the equivalent "storage time", rr, of an optical cavity. The storage time of an optical

cavity represents approximately the time spent by light inside the cavity before it escapes

back out again; for a cavity with low loss (of light power in a round trip), we ca,rr approximate

r" = (2llc).(1/?) where ? is the tra.nsmission of the input mirror and / is the length of the

cavity. The measured phase difierence spmtrum gets telated to a gravitational wave amplitude

in a Fabr-v-Perot cavity as [2]:

6$(u) = 4w6r".  h(a) (1.13)

where r,.16 corresponds to the frequency of the laser used. If we use the parameters for the

optical cavities used in LIGO [12], we obtain a r" equal to 0.87 milliseconds; assuming a

wavelength of 0.5 microns, *'e can thus write

6 6 ( i l = 2 x 1 0 1 2 . h ( / )y '-(fPrTTlz'
LIGO has recently decided to switch to the Nd:YAG laser with a t'avelength of 1.06 microns;

if qc used this laser, the factor on the right hand side of Equation f.14 (2 x 1012) will be

h ah ed.

Horv small a d/ can LIGO hope to measure? Light used for interferometry introduces

quantum noise in detection of phase by an interferometer, and this noise scales up as t/F as

P, the power inside the interferometer, is increased; the differential phase signal, on the other

ha.nd, is also amplified as it gets multiplied by the power P. The equivalmt phase noise thus

scales as 1/!F - in Chapter 2 we show how a powet level of about 80 watts at a wavelength

of 514.5 x 10-9 meter inside the interferometer can get the equivalent phase noise down to

I x 10-10 radianllfr. .

However, quantum noise is noi the only noise present in the detection of phase - numerous

other noise sources, described extensiveh' elservhere [3, 10] and reviel'ed recentll' [12], can

(1.14)


