NOISE ANALYSIS OF A SUSPENDED HIGH POWER
MICHELSON INTERFEROMETER

by
Partha Saha
S.B. (Physics with Electrical Engineering)
Massachusetts Institute of Technology (1989)

S.B. (Mathematics)
Massachusetts Institute of Technology (1992)

submitted in partial fulfillment

of the requirements for the degree of

DOCTOR OF PHILOSOPHY
at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
February, 1997

(©Massachusetts Institute of Technology 1997

Signature of Author
Department of Physics

. February, 1997
Certified by

Rainer Weiss
Thesis Supervisor

Accepted by
George Koster

Chairman, Department Committee

LIGo-PoT0012 - 0o- R







NOISE ANALYSIS OF A SUSPENDED HIGH POWER
MICHELSON INTERFEROMETER
by
Partha Saha

Submitted to the Department of Physics
on February, 1997 in partial
fulfillment of the requirements for the Degree of
DOCTOR OF PHILOSOPHY

Abstract

The Laser Interferometer Gravitational Wave Observatory (LIGO Project) will search for
gravitational waves by observing shifts in the interference of a Michelson interferometer. To
start detecting gravitational waves with any measure of confidence, current estimates require
the interferometer to be sensitive to differences of at least 10~9 radians in the phase of light.
Ground-based LIGO will offer this sensitivity in a band around 100 Hz. The sensitivity of
LIGO is limited at frequencies below 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 VI, where I is the light intensity at
the Michelson beam-splitter. With the signal power scaling as I, a fundamental sensitivity
limit is thus set for detection. To obtain the desired sensitivity given this limit, LIGO will
have close to 100 watts of laser light incident on the beam-splitter. No laboratory in the
world, 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 the 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)! has constructed a suspended Michelson interferometer. The noise

1Prof. R. Weiss and Dr. D. Shoemaker gave birth to the Phase Noise Interferometer {PNI) project after they



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 frequency 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 back mirror. Qur 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 107? radian/ vHz
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 scattering 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 Weiss

Title: Professor of Physics

wrote the proposal in 1992; the actual work started in full swing around mid 1994. The team at MIT consisted
of Brian Lantz and Partha Saha as graduate students; Drs. Peter Fritschel (charge), Gabriela Gonzalez (from
April 1995), and Mike Zucker (actively from September 1994 to early 1995, in an advisory role thereafter) as
research scientists. Mr. Tom Evans, Mr. Ed Kruzel, and Mr. Ralph Burgess offered technical help, while Prof.
R. Weiss and Dr. D. Shoemaker offered advice and guidance, The project drew support and technical help
from the entire LIGO team in many ways — especially Dr. Sigg and Ms. Mavalvala, who gave the project its
first sworking wavefront sensor.
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Chapter 1

Gravitational Wave Detection
Through Interferometry

This chapter will offer a brief and simple introduction to the physics of gravitational waves and
their detection. The aim will be to motivate the focus of this thesis, that the phase difference
measured by a Michelson interferometer can achieve a sensitivity of 1070 radian/vHz in a

bandwidth around several hundreds of Hertz.

1.1 Gravitational waves and their detection

The theory of special relativity relates events across inertial frames of reference through
Lorentz transformations. It gives us the metric g,, which, acting on a space-time interval,
gives us an invariant across all inertial frames of reference.

General theory of relativity introduces non-inertial effects to g,,- The motion of massive
objects causes changes in g, to propagate away at the speed of light. In the coordinate frame
of an observation point far away from a massive object in motion, small perturbations h, to

the special relativistic metric 7, can be sensed:

g,u,u = Nuv + h;w- (11)

It is this hy, that gets referred to as gravitational waves.
Einstein’s equation, assuming small variations in gy, and excluding the source, reduces

to a wave equation for h,, — a transverse variation of ny, with respect to the direction of
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propagation can then be assumed. The freedom to choose a coordinate frame allows us to
select one where h,,, 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 z and y
coordinates, and get symmetrically located within a matrix representation (metric property).

Thus the most general TT h;; can be written as
1 0 01
wf o Jem] 03] (12

where the first piece is referred to as the '+’ (hy) polarization, and the second one the 'x’
(¥ ) polarization.

The effect of a gravitational wave can be demonstrated if a measurement of time interval
with light is attempted in some coordinate frame of reference. Arbitrarily, we choose an Ay
wave; the hy wave has exactly the same effect in a coordinate frame rotated 45° with the
one we will use for our calculations. We send a light pulse from the origin along each of the
transverse orthogonal axes of the coordinate frame given to us by the A, wave. These light
‘pulses are retro-reflected by mirrors back to the origin after traveling the same coordinate
length ! in the two orthogonal directions, and we compare the two round trip times in the

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

—(cdt)? + (1 + hy)(dz)? = (1.3)

0
dz
= dt = / Ji+h 2
round trip + c

round trip

: d. 1
= = [ Zaf  Shedt+O(hl)
‘Jround trip round trip

round trip c
For the other pulse launched at the same time in the other orthogonal direction y, its round-

trip time differs by |, h_.dt from the one along z. Thus the phase difference between two

ound trip

phase-fronts starting at the same time via a beam splitter at the origin and then combined

after retro-reflection at the two mirrors is

() = wo |

t—

t i
o hedt (1.4)

where wy is the frequency of light. Let us now assume that hy = hgcos(w,t) in our coordinate

frame, where w, is the frequency of the gravitational wave reaching us. Carrying out the
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integration in Equation 1.4, we finally obtain,

Sp(t) = hy - % . io%i-n(%g?l)/i) - cosfwg(t — 1/c)]. (1.5)
g

If wyl/c is much less than 1, we get
168()] ~ howo(21/0). (L6)

Thus we are naturally led to the concept of interferometry for detection of gravitational
waves, the phase difference measured by a Michelson interferometer can be attributed 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 larger is the
measured phase difference owing to gravitational waves.

In the example we just described, the two masses were aligned along the principal axes
of hij; to understand what happens when the two masses lie along two arbitrarily chosen
orthdgonal axes, we refer to Figure 1.1. We show 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 90° can be used as mirrors to define a Michelson interferometer
with a beam-splitter at the origin; as the arm lengths from the origin to these two masses
show any relative change, so will 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, we will measure some phase difference owing to the passing gravitational wave
— this phase difference, however, may not be as large as that in the aligned case. Let 8¢y x(t)
refer to the maximum 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 z and y axes of an arbitrary coordinate frame in
which the gravitational wave is incident at a zenith angle of 84y, and an azimuth angle of ¢,

is then given by

dp(t) = %(1 + cos® Bgu) c08{2¢gu) P+ (2} + €08 Ogu Sin(2¢gw )@« (1) (1.7)
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% polarized gravitational wave coming out of the paper

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

1.2 Sources of gravitational waves

We can try to estimate the magnitude of Ay by drawing analogs with electro-magnetic radi-
ation. Mass and momentum conservation rule out radiation from the monopole and dipole
parts of a system of moving masses; the quadrupole is then the first term that radiates, and
this happens to be the ) term. To have the energy propagating out, we must have this term
associated with an 1/r spatial dependence. We form a dimensionless hg with the fundamental
constants G and ¢ and the radiating Q/r (the radiation, being in the classical limit, cannot
imvolve h) as

¢
ho~ -g. (1.8)

Defining E to be the kinetic energy in quadrupolar form, and putting the relevant num-
bers in Equation 1.8 above, we find:
EY 10 Mpc

Mol - where {1.9)

hy. ~ 10720
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1 Mg 1.99 x 10% kg = 1 Solar Mass; and

10 Mpe = 3.09 x 10%kilometers = distance to Virgo Cluster.

The numbers quickly establish that gravitational wave sources cannot be terrestial; they must
be generated by objects that are of interest in astrophysics.

Some estimates of gravitational wave strength are offered in [1] for different kinds of as-
trophysical sources. Bursts of gravitational waves immediately precede a collision of compact
binaries or a supernova collapse; these bursts produce radiation at frequencies that are very low
initially, but increase to about 10 kHz as the impending catastrophe draws near. Thorne [2, 1]
calculates the strength for gravitational waves from a supernova collapse to be

10 Mpe
T

AFE 1 kHz
- ~20 1/2 1/2 A
Brms = 3 x 10729( M@c2) ( 7 Y ), (1.10)

where AFE 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
with the decay of the orbital period of the binary system PSR 1913+16 (this is the famous
binary 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 wave strength generated by a rotating neutron

star of elli‘pticity € to be (e < 1079)

ho (1.11)

f_yp L0 kpe

~8x 1072 . ¢.
frmms * 10 € (lkHz T

where f 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, when
he searched for coincident excitations of normal modes in two massive Aluminum cylinders

separated by a large distance. In 1970, Weber claimed that two such cylinders indeed were
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registering vibrations owing to passing gravitational waves. This attracted a lot of experi-
menters; Weiss |3} conceived of an interferometric detection of the waves, and performed a
detailed study of an instrument that could achieve 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 detections
at the level of A = 10~18 in a bandwidth of few Hz around a resonance of approximately 1
kHz [4].

The idea of Weiss has undergone many modifications, and groups around 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 differential phase of a Michelson interferometer,
§¢p = howo(2!/c). (1.12)

We notice that we can amplify the phase difference caused by a gravitational wave at low
frequencies, if we can make the light traverse a long distance I. The original instrument
constructed by Weiss [5], and a German group at Garching [6], involved a delay line in which
the light bounced back and forth many times between two mirrors 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 of using Fabry-Perot cavities as the arms of the Michelson

" interferometer — in this scheme, a partially tranémitting mirror allowed the incident light to
enter an optical cavity while Ietting a part of the light inside the cavity to escape out. Figure
1.2 illustrates the difference between a delay line and a Fabry-Perot interferometer.

The work with proto-types [6, 5, 9] quickly established that the gravitational waves reach-
ing us could not have amplitudes larger than Armpms = 10~16-10-17, and that the dominant ones
most probably have frequencies below 1 kHz. Given this uncertain description of the waves,
interferometric methods offer more advantages than the resonant “bar” technology as they
allow a wider bandwidth search around low 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 Fabry Perot scheme of Figure 1.2 has become the preferred
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Laser =~ '=;j - | Laser L { }
! Y

(a) Delay line interferometer (b} Fabry-Perot interferometer

Figure 1.2: Two methods for amplifying the differential phase

overall design, as optical cavities allow high and spatially pure light intensities which then
lead to better signal 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 arms — one
in Hanford, Washington and another in Livingston Parish, Louisiana. The VIRGO project, a
joint collaboration between a. group in Italy and another in France, plans to build one inter-
ferometer with arm lengths of 3 km. GEO-600, a project pursued by a British and a German
group, wishes to build one interferometer with arms 600 meters long, while TAMA-300, a
Japanese effort, wants to construct its interferometer with 300 meter arms.

The work that is documented in this thesis was undertaken under the auspices of the LIGO
project. This project [10] builds on the experience of Caltech and MIT 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 two 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 = 3 x 1071° around 450 Hz [11]. To understand what is needed to make this sensitivity

even better and motivate the work documented in this thesis, we need to present the LIGO
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noise esitimates. We do this in the next section.

1.4 The LIGO noise budget

The approximate form of Equation 1.5, given in Equation 1.6, holds true for a Fabry-Perot
interferometer at very low {gravitational wave) frequencies, if the transit time 2!/c is replaced
by the equivalent “storage time”, 7, 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 can approximate
7. 2= (21/c) - (1/T) where T is the transmission of the input mirror and [ is the length of the
cavity. The measured phase difference spectrum gets related to a gravitational wave amplitude

in a Fabry-Perot cavity as [2]:

S(w) = dwors - h(w) - ﬁ, (1.13)

where wy corresponds to the frequency of the laser used. If we use the parameters for the
optical cavities used in LIGO [12], we obtain a 7, equal to 0.87 milli-seconds; assuming a
wavelength of 0.5 microns, we can thus write
1
6¢(f) =2 x 10" - h(f) - ATUPE
LIGO has recently decided to switch to the Nd:YAG laser with a wavelength of 1.06 microns;
if we used this laser, the factor on the right hand side of Equation 1.14 (2 x 10'%) will be
halved. '
How small a 8¢ 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 VP as

(1.14)

P, the power inside the interferometer, is increased; the differential phase signal, on the other
hand, is also amplified as it gets multiplied by the power P. The equivalent phase noise thus
scales as 1/ VP —in Chapter 2 we show how a power level of about 80 watts at a wavelength
of 514.5 x 10~° meter inside the interferometer can get the equivalent phase noise down to
1 x 1071° radian/v/Hz .

However, quantum noise is not the only noise present in the detection of phase — numerous

other noise sources, described extensively elsewhere [3, 10] and reviewed recently {12], can



