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Abstract
The LIGO project (Laser Interferometer Gravitational-Wave Observatory) is currently

engaged in the construction of a new observatory to measure gravitational radiation from

astrophysical sources. The first generation of interferometric gravitational wave antennas

is scheduled to come online in 2001. Wirh an initial noise level of 3xl0-"strain,4Hz

at frequencies around 200H2, these antennas repreSent the most sensitive instruments ever

constructed for the detection of gravitational radiation. To achieve the required sensitivity,

th€ antennas are configured as recycled Michelson Interferometers with Fabry-Perot cavi-

ties in the Michelson axms.
One of the fundamental limits associated with an instrument of this type is the ability

to detect differential phase shifts between the beams returning to the beamspliner from the

Fabry-Perot arm cavities. To achieve the planned sensitivity to gravitational radiation, this

detection should be limited only by photon counting statistics ("shot noise") at a level of

8xlilllradians,/".8 between i50Hz and 10kHz.
The goal of this work is to develop and demonstrate the techniques which are neces-

sary to achieve this optical phase sensitivity. A prototype recycled Michelson interferome-

ter was constructed which reached an optical phase sensitivity of l2x l0-" radims/JHz

above 600 Hz.
This thesis describes the methods used to achieve this optical phase sensitivity, and

details the lessons learned from operating the prototype instrument. we pay particular

attention to interferometric control of suspended optics, laser frequency control' and ther-

mal lensing.

Thesis Supervisor: Rainer Weiss
Title: Professor of Physics
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"In the first experiment one of the principal difficulties encountered . . .

was its extreme sensitiveness to vibration. This was so great that it was

impossible to see the interference fringes except at brief intervals when

working in the city, even at two o'clock in the morning."

-Albert Michelson, [Michelson 1887]

(Describing the first interferometer he used to attempt to detect the

luminiferous ether.)
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Chapter 1

Tmportance of Optical Phase Sensitivity to
Interferometric Gravitational Wave Antennas

Ll fntroduction
The Laser Interferometer Gravitational-Wave Observatory GIGO) is now engaged in

construction of a new observatory which will be able to me:lsure gravitational radiation

from astrophysical sources [Abramovici 
'92]. Gravitational radiation was fint predicted

by Einstein lEinstein 
'16], 

Binstein '181, but, due to the extremely small influence of this

radiation, it has never been directly observed.l The goal of this chapter is to introduce the

reader to effects of gravitational radiation, explain briefly the method which LIGO will use

to detect this radiation, and motivate this work by describing the importance of optical

phase sensitivity to the LIGO detection scheme.

1.2 Gravitational Waves
Gravitational waves are traveling waves of the space-time metric, guu . Generated by

accelerating masses, these gravitational field disturbances propagate at the speed of light,

and provide the solution to Newton's problem of gravitational action at a distance. A grav-

itational plane wave creates a differential strain along the 2 space axes which are trans-

verse to the direction of the waves's propagation. For any reasonable source of

gravitational radiation, the pernrrbations of the metric by the passing gravitational wave

are quite small, so we use the "linearized" theory (see, for example, [Schutz 
'90] or [Saul-

son '941) and rewrite the metric glr' as

8pr - Tlp,, + ipo' llruul " t (  1 . 1 )

where quu is the Minkowski metric (describing flat space), and ftpr-, is the metric distor-

tion due to the gravitational wave. In the weak-field limit, the Einstein equation for lruu

can be written as a traveling wave equation,

However, indirect observations have been made by Hulse & Taylor [Hulse 
'75], 

[Taylor 
'82], 

[Taylor
'891, who carefully studied the orbital decay ofa neutron star binary system, and found the decay rate
to be in excellent agreement witl the energy lost to gravitational radiation.

l 3



l+$.v'lau" = o
\ c d t  )

(r.2)

the 2In a transverse-traceless gauge, we can write the solution for a wave traveling

direction as

ftuu = exp(i*orc) ( 1.3)

This represents two independent plane-wave solutions. The magnitude of the spatial com-

ponents along h* and hun is h*, which is known as the "plus" polarization, and the mag-

nitude along h*, and h, is h*, which is commonly called the "cross" polarization. Eqn.

1.3 means that each of the four non-zero components of ftr! could be expressed as

hu = hr. sin(-ror + &z) (1.4)

representing a metric perturbation traveling along 2 at the speed of light, with frequency

or , and amplitude hr .

One way to understand the implication of a passing gravitational wave is to examine

the change in proper distance between two objects as a wave passes by. With one object at

the origin, and the second at x = I,y = z = 0, then the proper distance between them is

1
tl ,, -t l

D-- --- = l ls,, .dx'dx-l
J r- r '"

( l .s)

This reduces to

I
- f /i------- ,
Dpropr, = 

J Jl9',ldx
0

If h* is spatially uniform, changing slowly/, and less than 1, then the proper distance is:

Dprop", = I' ^lqr,+ hu@ = 0, t = o)

= r  
[ r + ] n . 6 = 0 , ' = o ) ]

(1 .7)

2. The measurement in LI6O will be conducted by light which is resonart in a 4krn arm cavity, so the
time fluctuations of lrnu should be comparcd with the cavity storage time of 0.88 rnsec-

14



which means the distance between the two "freely-falling" objects changes as a gravita-

tional wave passes by. According to eqn. 1.3, hu = -hyy, so as distances along the i

axis are elongated, distances along ! will be compressed by the same ratio. It is important

to realize that the proper distance is stretched by an amount which is proportional to the

original distance and the gravitational wave amplitude, which is why the effect of gravita-

tional radiation is usually described as producing a strain, i.e.

Y =)n.
There are only two independent components of irurr which are described as the two

polarizations of gravitational waves. The amplitude of a plane wave in the "plus" polariza-

tion is captured by h* , which will differentially change the proper distances along i and

!. The'tross" polarization is described by h' and results in a differential stretching

which is rotated by 45" from the i and ! axes. This effect on a ring of free masses is

shown in figure 1.1.

lrme = u

Figurt 1.1: The effect of a passing gravitational wave on an object.

L.3 Sources of Gravitational Waves

The search for gravitational waves has so far been stymied by the fact that even the

most powerful sources of gravitational radiation only produce tiny effects at the Earth. A

typical source produces waves at the earth with a strain of h - QG/Rra- Here, B is the

acceleration of the quadrupole moment of the source, G is the gravitational constant, R is

the distance from t}te source, and c is the speed of light. The scaling factor, G/ca , is quite

small, leading us to consider gravitational radialors on the order of a solar mass.

(1.8)

( " ' )

T = l Period

[ "  
"  

)

I o o l
l ,

p
T = ;

r ' "  )

l . l



Many sources of gravitational waves are discussed as possible LIGO candidates,

including coalescence of two compact objects (such as neuuon stars or black holes),

supernovas which generate non-spherical motion during the core collapse, and spinning

neutron stars with non-axisymmetric mass distribution (see, for example, [Thorne'87]).

The imminent completion of the LIGO interferometers and data from the new Rossi X-

Ray Timing Explorer GffE) have generated a great deal of interest in variants to these

standard sources, including new estimates of the number of neutron star-black hole bina-

ries by Bethe and Brown [Bethe 
'98] and work by Lars Bildsten and others discussing var-

ious mechanisms by which neutron stars could convert the energy and angular momentum

gained by accretion into gravitational radiation [Andersson 
'98], 

lBiidsten 
'98], [Owen

'e81.

The fiduciai source of radiation for which one designs detectors is the burst of gravita-

tional waves produced in the final minutes before the coalescence of inspiralling binary

neutron stars. If two neutron stars of equal mass M are orbiting in the .r-y plane at a dis-

tance 2ro from each other with an orbital frequency of /o.r , then the amplitude of waves

traveling along ttre 2 axis is [Saulson 
'94]

zo *2 r:
hxx = "-=i'M rifi,6cos(2'Znf o*t)'

Rc '

h*y = -hrt'

Newtonian mechanics suggests we can relate the radius and frequency by

fk = GM/t6n2rf , and the strain becomes

,.. ='# = Ll*ttr'�1 (&}("PX*hi

( l .e)

(1.r0)

This represents the strain produced by a pair of neutron stars (M = l.4M@) in the Virgo

cluster (R = 15 Mpc ) in the last minute of their lives (when /oro - 400H2!). It is this

level of strain which LIGO hopes to detect. Unfortunately, current estimates of the popula-

tion of neutron star binaries indicate that we will need to observe an astrophysical volume

which extends 200 Mpc from Earth to measure three such coalescence events each year

(lPhinney '91] and fNarayan '91]).

l o



Another burst source is the core coliapse of a type II supemova. Several models of

core collapse are described in lThome 
' 87] . The cunent belief is that the core collapse will

be only slightly aspheric. If bar (m=2) modes form in the spinning, collapsing core, they

would emit gravitational radiation. These events might last about 30 cycles at 1000I{2, and

could emit gravitational energy AEoq/ - 3xrc4 Moc2 . At a distance of l0Mpc, within

which volume there are typically several type II supernovas each year, a core collapse

which develops a bar instability could generate a characteristic stain at the Earth of
_7'�'

/rc - 5x10 
'- .

There are several modeis for periodic sources, sources whose gravitational radiation

signature changes very slowly with time. Many of these sources, like the Hulse-Taylor

binary pair of neutron stars PSRI916+13, emit radiation at a frequency much to low to be

seen with currently imagined Earth-bound instruments3. Some periodic sources have been

suggested, however, which would be within the observational capabilities of the LIGO

detectors. [Bildsten 
'98] has suggested, for example, that the accreting neutron star in

Scorpius X-l could be emitting gravitational waves at 500I{2, twicb the neutron star rota-

tion frequency. The amplitude could be as large as h" = 2.2x10-26 ,which means it should

be observable with a year or so of integrated observation time.

1.4 The LIGO detector
To detect a strain of the order 10-2t will be difhcult, but several groups around the

world are currently building observatories to meet that challenge. LIGO is building a pair

of 4km baseline optical interferometers, one in Hanford, Washington, and one in Living-

ston Parish, Louisiana fBarish '97]. LIGO is also building a half length (2 km) interferom-

eter in the vacuum system at th.e Hanford site. Virgo, an Italian-French collaboration, is

building a 3km instrument near Pis4 Italy [Vinet 
'97]. GEO600 is a German-U.K. collab-

oration building an advanced 600 meter instrument in Hanover, Germany fDanzmann
'971. There is also active work ongoing at the TAMA project in Iapan [Tsubono.'97] and

the ACIGA project in Australia (Blair'971.

Each of the LIGO instruments is configured as a power-recycled Michelson interfer-

ometer with Fabry-Perot arm cavities, as shown in figure 1.2. The Michelson interferome-

3. However, LISA, the proposed Laser Interferometer Space Antenna, could readily observe rnany low
frequenry sources within our galaxy [Folkner 

'98].
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