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Preface

This thesis is an account of work carried out between October 2001 and Octo-

ber 2005 towards interferometry for spaceborne gravitational wave detectors.

Chapter 1 gives a brief overview of the nature of gravitational waves and of
present and future detectors, particularly the planned space based gravita-

tional wave detector LISA. This work is derived from published literature.

Chapter 2 examines the critical technologies for LISA that will be tested on
the technology demonstrator mission LISA Pathfinder. Of these technologies
the interferometry of the LISA Technology Package on board LISA Pathfinder
is described and the expected noise sources defined. This work is derived from

published literature.

Chapter 3 describes the design and construction of a prototype optical bench
interferometer. This optical bench was created to demonstrate the possibility
of building similar benches for LISA Pathfinder and eventually LISA. The
design of the optical bench was carried out by D. I. Robertson, H. Ward and
the author. The bench was constructed by the author with assistance from
J. Hough and J. Bogenstahl. The associated optical and electrical equipment
built to enable the optical bench construction were assembled by the author

with input from D. I. Robertson and H. Ward.
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Chapter 4 describes a series of tests on the prototype optical bench to de-
termine its intrinsic stability. The laser injection bench was the work of the
author. The phasemeter was designed and constructed by H. Ward. The series
of tests were carried out principally by the author with D. I. Robertson and
H. Ward. The optical bench was also tested using a prototype LISA Technol-
ogy Package phasemeter designed and built at the Albert Einstein Institute,
Hannover. G. Heinzel, V. Wand and A. Garcia from the Albert Einstein In-

stitute were present in Glasgow and assisted in the experiments.

Chapter 5 describes the construction of the LISA Technology Package engi-
neering model at the Rutherford Appleton Laboratory, Oxford. The engineer-
ing model was built by K. Middleton of the Rutherford Appleton Laboratory
with on site assistance from the author and G. Heinzel of the Albert Einstein
Institute, Hannover. The hydroxide-catalysis bonding technology used was
transferred to the Rutherford Appleton Laboratory by the author with advice
from J. Hough.

Chapter 6 reports on the current effort at the University of Glasgow towards
building the flight model LISA Technology Package optical bench interferom-
eter. This work is being carried out by a team including D. I. Robertson,
H. Ward, M. Perreur-Lloyd and the author. F. Steier of the Albert Einstein

Institute, Hannover assisted this work during the summer of 2005.

Chapter 7 describes an ongoing experiment investigating weak light phase
locking relevant to the LISA mission. This experiment utilises the proven
stable optical bench described in Chapters 3 and 4 and was carried out by
the author with assistance from H. Ward and D. I. Robertson. Advice on 7f

circuitry was given by G. Newton.

Chapter 8 presents the conclusions of the reported work.

xxvil



Appendix A describes the design and construction of an optical signal gen-
eration test bench to provide signals for a prototype phasemeter. The test
bench provided both LISA Technology Package and LISA type signals. The
test bench was designed by D. 1. Robertson, H. Ward and the author. The test
bench was constructed by the author and the tests carried out by D. I. Robert-

son.

Appendix B describes a study carried out by the author at the Rutherford
Appleton Laboratory on the fibre positioning unit for LISA. This work will be
used to carry out tests of potential technologies, which will be completed by
staff at the Rutherford Appleton Laboratory. M. Caldwell and K. Middleton

assisted the author with this work.

Appendix C is report that was submitted to the Albert Einstein Institute, Han-
nover as part of an extensive study being conducted there to define sideband-
induced noise in the LISA Technology Package interferometer. The experiment

described was constructed and executed by the author.
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Summary

The existence of gravitational waves is predicted by Einstein’s General The-
ory of Relativity. They can be considered as a wave-like distortion of four
dimensional spacetime. Gravitational waves are produced by systems with
time varying quadrupole mass moment. Spacetime is a stiff elastic medium,
implying that waves traveling through it will have small amplitudes and this

makes their detection very challenging.

There are well established efforts towards the detection of gravitational waves
using ground-based systems. These detectors are limited by a lower frequency
limit of ~ 10Hz set by the gravity gradient wall, which is a consequence
of being in a gravitationally noisy environment. However, there are many
predicted sources of gravitational radiation of relatively large amplitude at
lower frequencies. Thus to complement the ground based network of detectors
a spaceborne detector, the Laser Interferometer Space Antenna (LISA), is

planned.

Gravitational wave detection by interferometry on Earth involves displacement
measurements of order 1078 m/+/Hz on tens of millisecond timescales and over
arm lengths of kilometers. In contrast, LISA requires the monitoring of 5 mil-
lion kilometer baselines at a noise level of 10712m/+/Hz and over 1000 second

timescales. So while the displacement sensitivities required of LISA may ap-
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pear routine in the context of current ground-based detectors, the frequency

regime and distances involved introduce new challenges.

In order to try and reduce some of the technological risks of LISA, a pre-
cursor mission (called LISA Pathfinder) will be flown to demonstrate per-
formance of technologies that cannot be adequately demonstrated on Earth.
LISA Pathfinder contains an experiment called the LISA Technology Package
(LTP). The work presented in this thesis deals mainly with investigations of
the interferometry that will be used in the LTP and in LISA, with particular
emphasis on the identification of sources of excess noise and of methods to

minimise their effects.

LTP will use interferometry to monitor the distance between two inertial proof
masses. The goal is to demonstrate the performance of the intertial sensors
to within an order of magnitude of that required for LISA. To do this the
interferometer sensitivity is relaxed an order of magnitude from the LISA goal

but is still technically very challenging.

The approach adopted to demonstrate the interferometry for LTP was to build
a stable optical bench using hydroxide-catalysis bonding of optical components
to a low thermal expansion baseplate. This is the construction approach to be
used in LTP and likely to be adopted for LISA. The stability of the optical
bench was then tested using an LTP style heterodyne interferometer arrange-
ment and demonstrated to be stable to 10 pm/ vHz from 3mHz to 30mHz,
with the exception of a minor spectral feature of temperature driven excess

noise when operated in a laboratory environment.

The experience gained by constructing and testing the optical bench strongly
influenced the techniques used to construct the engineering model LTP bench

and the techniques that will be used for building the flight model. A significant



result of the interferometry investigations was the discovery of a previously
unexpected noise source. This involved spurious coupling of fluctuations in
relative length of the optical fibres used to convey light to the interferometer.
Techniques to reduce the significance of the noise source were demonstrated

and have now been adopted for LTP.

The stable optical bench was then used as part of an experiment designed
to provide essential information for the interferometry of LISA. Due to the
unprecedented armlength of the LISA interferometer the light received at the
end of an arm has light power at the ~ 100 pW level. The corresponding shot
noise sets the level of phase information that can be determined. In the design
of LISA this fundamental effect is planned to set the limit to sensitivity over a
significant part of the frequency spectrum; other noise sources must therefore

be reduced to have lesser significance.

In one mode of LISA operation a local laser on each of the three LISA space-
craft is phase-locked to the weak incoming light from another distant space-
craft. This weak-light phase locking has never been adequately demonstrated
at LISA frequencies and noise performance. To address the need for such
a demonstration the stable optical bench developed during the prototyping
of the LTP interferometer is now being adapted to mimic the core part of a
LISA phase locking arrangement. Essentially the proven dimensional stabil-
ity of the interferometer is being used to replace the equivalently stable LISA
arm length. The phase locking system requires extremely phase stable signal
chains to reach the LISA sensitivity, of which the rf amplifier and demodula-
tion topologies are seen as one of the few remaining noise sources preventing a
full weak-light phase locking system being realised. The experimental progress
is described, together with a route to the near term goal of a demonstration

at the LISA performance goals.



Also reported is work describing the design and construction of a phase mea-
surement test bench that provides optical signals to stimulate LTP and LISA
prototype photodiodes and phase readout systems.

A study into the requirements and current options of actuators for fibre posi-
tioning needs on LISA is presented. This will lead to experimental testing of

a potential actuator.

Finally, a report submitted as part of a large investigation into the cause of the
previously identified noise source is included. It examines the production of
frequency shifted laser beams by acousto-optic modulators driven by rf signals
containing two spectral components and the resultant beat notes observed

when the light is detected by a photodiode.
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Acronyms

Much of the content of this thesis discusses space-based projects which tend
to be acronym-rich. All acronyms are defined prior to use but an acronym list

is included for reference.
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Acronym | Definition

AEI Albert Einstein Institute

AIGO Australian International Gravitational Observatory
AOM Acousto-Optic Modulator

BP Band Pass filter

BS Beamsplitter

CAD Computer Aided Design

CCLRC Council for the Central Laboratory of the Research Councils
CEA Combined Error Angle

CMM Coordinate Measurement Machine

CTE Coeflicient of Thermal Expansion

d.c. Direct Current

DRS Disturbance Reduction System

EA Error Angle

EM Engineering Model

EOM Electro-Optic Modulator

ESA European Space Agency

FFT Fast Fourier Transform

FIOS Fibre Injector Optical Subassembly

FOV Field Of View

GPIB General Purpose Instrumentation Bus

HF High Frequency

HP High Pass filter

IGR Institute for Gravitational Research

LCA LTP Core Assembly

LCGT Large-scale Cryogenic Gravitational wave Telescope
LF Low Frequency

LIGO Laser Interferometer Gravitational wave Observatory
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Acronym

Definition

LISA
LP
LPF
LTP
Mo
NA
NASA
Nd:YAG
OB
OMS
PBS

Laser Interferometer Space Antenna
Low Pass filter

LISA Pathfinder

LISA Technology Package

Solar Mass

Numerical Aperture

National Aeronautics and Space Administration
Neodymium-doped Yttrium Aluminium Garnet
Optical Bench

Optical Metrology Subsystem
Polarising Beamsplitter Cube
Personal computer

Photodiode

Proto-Flight Model

Phase Measurement System
Prototype Optical Bench

parts per million

Power Spectral Density

Quadrant Photodiode

Rutherford Appleton Laboratory
Radio Frequency

Small Missions for Advanced Research of Technology

Space Technology 7
Netherlands Institute for Applied Geoscience




Chapter 1

Gravitational waves and

detectors

1.1 The origin of gravitational waves

General relativity predicts the existence of gravitational radiation (3] and that
it manifests itself as a wave-like distortion of spacetime. It also restricts the
number and type of polarisation states of gravitational radiation and shows
that radiation propagates at the speed of light. Hermann Bondi provided a
rigorous proof [4] that gravitational radiation is a physically observable phe-

nomenon: that gravitational waves carry energy.

This deformation of spacetime can be described by the Einstein curvature
tensor G, and the source by the stress energy tensor T. These are related as

c4

where the coupling constant contains the speed of light, ¢, and the Gravita-

tional constant G. From the large coupling constant in equation 1.1 we can

1



1.1 The origin of gravitational waves 2

deduce that spacetime is a very stiff elastic medium. Waves travelling through
the fabric of spacetime will be small in amplitude with high energy density,
so even when dealing with large amounts of energy from violent astrophysical

events the observable effects at a distance will be small.

The constraints imposed by mass having a single sign and the conservation of
momentum result in gravitational radiation being quadrupole in nature, with
monopole and dipole radiation being forbidden. The spherically symmetric
collapse of a star would therefore not create gravitational waves, whereas a

binary system will radiate gravitational waves.

The quadrupole nature of gravitational radiation, coupled with its very weak
interaction with matter, imply that a source of gravitational radiation large
enough to be detected would have to come from fast, coherent motion of large
amounts of matter. This denies us the opportunity of performing experiments
using laboratory manufactured gravitational waves [5] and so instead we have
to look to nature to provide us with sources of gravitational radiation. We
find that there are many possible astrophysical sources such as supernovae,
pulsars, binary stars and the Big Bang. We also find that the radiation from
even these enormously energy rich sources is challengingly difficult to detect.
When these signals are detected, however, they will provide astrophysical data
of a kind that has never been seen before, as gravitational waves pass almost
unhindered through matter in contrast to other forms of radiation currently

observed.

General relativity, unlike classical electromagnetism, is non-linear. This causes
problems when trying to resolve the curvature of spacetime into separate com-
ponents, forcing us to adopt an assumption that is not rigorously correct, i.e.
that we can apply the principle of superposition to gravitational waves. Far

from the sources of strong gravitational radiation we can consider gravitational
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waves to be superimposed as plane waves on a locally flat background. Once
we have made this approximation, we can then solve Einstein’s equations for
weak fields and derive a wave solution. This leads us to the two possible

polarisation states for gravitational waves, h; and hy.

When a gravitational wave passes through a region its effect is to change the
curvature of the spacetime within. If this region contains free masses then the
effect on the masses as seen by an observer will be a change in the separation
of the masses that depends on the amplitude and polarisation of the wave
(see Figure 1.1). The effect of a gravitational wave passing through a ring
of free test particles will be that the ring is compressed in one axis whist
being elongated in a perpendicular axis when the wave has a phase of 7/2,
then return to its undisturbed state when the phase of the wave is 7. The
previously elongated axis then becomes compressed and vice versa at phase
37 /2. Finally the ring returns to its undisturbed state when the wave reaches
a phase of 7. In attempting to detect the passage of such a wave we can
recognise that this perpendicularly opposite motion lends itself ideally to the
use of a Michelson interferometer [6]. The optics involved have to be isolated
in order to act as independent ‘free’ masses. This is the basic idea used in

ground based laser interferometric gravitational wave detectors.

1.2 Sources of gravitational waves

There are many potential sources of gravitational radiation that could produce
radiation of a detectable level with suitable frequency. The theoretical analysis
of these sources informs the design of detectors and also the methods used to
search for gravitational wave signals in the data. Perhaps the most interesting

gravitational radiation that will be detected is that from sources which have
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Figure 1.1: Illustration showing the two independent linear polarisations of a
gravitational wave acting on a ring of free particles. Wave has amplitude 0.2

(Source [1]).

not yet been anticipated. This kind of a discovery could open whole new

debates as to the nature of the universe.
Some postulated sources of measurable gravitational radiation are:

e Spinning neutron stars whose centre of mass does not lie on their rotation
axis (possibly due to small irregularities on the surface) will emit gravitational
waves. The system would emit gravitational radiation as twice the rotation
frequency due to the mass distribution having a period every half rotation
cycle and this could be well into the detection band for ground-based (higher
frequency) detectors. Furthermore, a neutron star acting in this way could
provide a long lived signal if it were accreting material from a neighbour and

replenishing the energy it was losing by gravitational radiation.

e Binary star systems will emit gravitational radiation similarly to spinning
neutron stars. In a binary system the orbital motion produces gravitational
waves which carry energy away from the system. This results in the orbit
decreasing and eventually the inspiralling trajectory will lead to the two ob-

jects merging. This sequence of events produces a distinct gravitational wave



1.2 Sources of gravitational waves 5

signature: a chirp signal. The periodic signal will increase in amplitude and
frequency until the final merger. These signals will sweep from low frequency

through all the detector bands and will provide a good source of astronomy.

e Type II supernovae are the violent collapse of a massive stellar core to form
a neutron star or a black hole. If the collapse is not spherically symmetric a
burst of gravitational radiation will be emitted. The exact waveform resulting
from such an occurrence is very difficult to predict and so detection would
allow the reverse to occur: the observation could assist the efforts to model

such an event.

e The observation of a gravitational wave stochastic background would provide
interesting information. One possible source of a stochastic background is the
gravitational waves produced from ~ 10=2*s after the Big Bang. Stochastic
background measurements could be made by both ground and space based

(lower frequency) detectors [7].

e Black holes of mass ~ 10 M, are expected to be found in binary systems
in similar numbers to neutron star binaries. Due to the greater mass (and
therefore energy) associated with these black holes they will be visible from
further distances. Gravitational waves from binaries containing black holes
are prime candidates for the first ground-based detection and may even be

detected by the first generation of detectors.

e Supermassive black holes (having mass > 108 M) are a very exciting source
for space-based detectors. We do not yet know how they are formed but
we do know they exist. These black holes can emit gravitational radiation
when linked as a binary, similarly to the lower mass black holes, but with
lower frequency and emitting radiation of much larger amplitude. If these

sources exist they will be seen by LISA. Supermassive black holes can also
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emit gravitational waves when capturing smaller compact bodies.

A review of gravitational wave sources potentially detectable with first and

second generation detectors can be found in [5].

1.3 Gravitational wave detection

The enormity of the task of measuring gravitational waves becomes apparent
when we realise that we are trying to measure strain amplitudes of the order
102!, For an interferometer with 1km long arms, this translates to a move-
ment of approximately 107¥m. The tiny magnitude of this movement tells
us that any noise included in our measurement will have to be very low to
avoid completely washing out the signal. Noise sources associated with grav-
itational wave detectors include thermal noise, seismic noise, shot noise and

laser (intensity and frequency) noise [8].

The search for gravitational waves is ongoing and direct detection is yet to be
accomplished. In 1975 Hulse and Taylor reported on the discovery of a binary
system containing a pulsar (PSR 1913+16) [9] (this was also followed up in the
1976 publication [10]). They pointed to the opportunity of measuring the rate
of loss of orbital energy to test relativistic gravitation theories. This binary
system was studied over many years, culminating in the publications [11, 12].
This work indirectly shows evidence of gravitational wave emission and is in
excellent agreement with general relativity. Hulse and Taylor jointly received
the Nobel Prize for Physics in 1993 for ‘the discovery of a new type of pulsar,

a discovery that has opened up new possibilities for the study of gravitation’.
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1.3.1 Ground based detectors

Despite the considerable challenges of direct gravitational wave detection many
first generation ground based detectors are currently on-line, with the second

generation in the advanced planning stages.

Resonant bar detectors

The field of experimental gravitational wave detection began in earnest with a
resonant bar detector antenna that was planned and built by Joseph Weber [13,
14]. The basic design included a large cylindrical aluminium bar with strain
gauges used to monitor the amplitude of the resonant modes. The principle
was that when a gravitational wave of frequency close to the longitudinal
resonant frequency of the bar passes through the detector, the bar will become
excited. The change in amplitude of the resonant mode, AL is proportional
to the dimensionless wave amplitude h &~ AL/L where L is the length of the
bar. The sensitive strain gauge is then used to measure the amplitude of the

resonant mode.
This technique is still used today in more advanced bar detectors:

e The Allegro detector is a 2300kg aluminium bar located in Louisiana, USA
and has been operating since 1991. It is cooled to 4.2 K to reduce the effects

of thermal noise due to random vibration of atoms.

e The Auriga detector is a 2230 kg aluminium bar located in Padova, Italy and
has been operating since 1997. It is cooled to 200 mK.

e The Explorer detector is a 2270kg aluminium bar located at CERN in

Geneva, Switzerland and it has been operating since 1990. It is cooled to
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2.6K.

e The Nautilus detector is a 2260 kg aluminium bar located in Rome, Italy
and it has been operating since 1995. It is cooled to 130 mK.

e The Niobe detector is a 1500 kg niobium bar located in Perth, Australia and
has been operating since 1993. It is cooled to 5K. Niobium has been used for
its high @ factor, which gives a longer ring down and enables increased signal

to noise measurements.

o The MiniGRAIL detector is a 1150 kg CuAl(6%) sphere [15] being commis-
sioned in the Netherlands. Spherical detectors are being investigated as they
are omnidirectional, whereas the bar detectors are limited in this respect. This

detector will be cooled to 20 mK.

e The Mario Schenberg detector is a 1150 kg CuAl(6%) sphere [16] being com-

missioned in Brazil. This detector will be cooled to 20 mK.

A review of the bar detector status in 2002 can be found in [17].

Laser interferometric detectors

Resonant bar detectors are limited to monitoring very narrow frequency bands,
dictated by their physical dimensions. This has led to the development of a
different style of gravitational wave detector in which the physical material
between the end faces of the bar detector is removed and interferometry is used
as the readout technique. This has the advantage of allowing broad frequency

ranges to be observed and also allowing much longer length antennae.

The ground-based network of laser interferometric gravitational wave detectors
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is now well established and scientific results are already being harvested [18,
19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30]. A thorough review of the ground
based detectors in 2000 can be found in [8].

The sensitivity of detectors is usually stated in terms of h, the dimensionless
strain amplitude of a gravitational wave. A strain in space caused by the
passing of a gravitational wave of amplitude h would have the effect of changing

the distance between two free masses. This occurs as

AL h
T = 3 (1.2)

where the masses are separated by a distance L and AL is the induced change
in separation. Thus we can see that increasing the armlength of the detector
improves the sensitivity although it increases the resources needed to build a

detector.
The current ground based laser interferometric detectors are:

e The Laser Interferometer Gravitational wave Observatory (LIGO) project
consists of three interferometers: a 4km and a 2km armlength detector in
Hanford, Washington and a 4 km armlength detector in Livingston, Louisiana.
All three interferometers have Fabry-Perot cavities in the arms and power
recycling schemes to increase light storage time (and hence phase shift due
to gravitational wave interference). This detector network is currently the
most sensitive gravitational wave detector in operation. The best reported
strain sensitivity to date was seen during the second science run (S2) and
was 3 x 10722/v/Hz at 200 Hz [30]. The next generation of LIGO, Advanced
LIGO, is already planned and will improve on LIGO’s performance by an order
of magnitude in strain sensitivity which should be enough to start making
detections on reasonable time scales. One of the major upgrades to achieve

this improvement will be the introduction of advanced suspension systems [31],
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as demonstrated by GEO 600. Advanced LIGO should have a best sensitivity
of ~ 2 x 1072*/v/Hz at around 300 Hz [32].

e The VIRGO interferometer is a French-Italian collaboration based situated
near Pisa, Italy. It is a 3km armlength detector with power recycling and
Fabry-Perot arm cavities. Commissioning is still in progress and the latest sen-
sitivity curves show a best strain performance of ~ 10~2°/+/Hz at 300 Hz [33].
The most notable distinction between VIRGO and the other detectors is the
isolation system used to ensure the optical components act as ‘free’ test masses.
The VIRGO detector uses an isolation system called the ‘Superattenuator’ de-
signed to provide a factor of 10'? reduction of seismic noise at a few Hz to

enable to the detector to measure down these low frequencies.

e GEO 600 is a British-German collaboration located near Hannover, Germany.
It has a 600 m armlength, although this is effectively doubled by having folded
arms, with both signal and power recycling implemented. The philosophy of
GEO 600 is to use advanced technology to compensate for the smaller scale
arms in order to obtain sensitivities roughly comparable to the first generation
longer baseline detectors over part of the frequency spectrum. This results
in technology demonstration that can (and will) be implemented in the next
generation of ground-based laser interferometric gravitational wave detectors.
This includes the use of advanced suspension systems which form the baseline
for Advanced LIGO. GEO 600 has a very high duty cycle and latest published
strain sensitivity of ~ 3 x 1072!/+/Hz at 1kHz [25].

e TAMA300 is a Japanese detector located in Tokyo with 300 m armlength.
It has Fabry-Perot cavities in the arms and the latest data taking run (DT9)
produced a maximum strain sensitivity of 2 x 102'/v/Hz at 1kHz [34]. There
are plans to build a 3km armlength detector in Japan that will be cooled to

cryogenic temperatures to reduce thermal noise, the Large-Scale Cryogenic
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Gravitational wave Telescope (LCGT).

e AIGO is currently an 80 m test bed located near Perth, Australia. It is being
used to investigate high power lasers for use in advanced laser interferometer
gravitational wave detectors and Euler spring based suspensions [35]. There

are plans to turn the facility into a ~km armlength facility.

Having a global network of detectors will be essential when gravitational waves
are detected on Earth to provide coincidence measurements and to infer the

orientation of the source.

1.3.2 Detectors in space

Ground based detectors are prevented from measuring below approximately
10 Hz due to gravity gradient noise. This is the disturbance of the test masses
by changes in the local mass distribution, e.g. seismic waves, turbulence in
the atmosphere. This is a result of the inverse square law of gravitational
attraction. Even birds flying past 100 m away will cause the test mass to move
more than a gravitational wave passing through the system. It is possible to
reduce these effects to some extent by building a detector in a gravitationally
quieter environment (underground, for example), but only small improvements
in the detector frequency range can be gained. These kind of effects are limited
to low frequencies, however, as local mass distributions on Earth tend to be

stable at frequencies greater than a few Hertz.

This noise source is a frustration for gravitational wave detection as there are
many expected sources at lower frequencies, as indicated in Section 1.2. Thus
to conduct gravitational wave detection and astronomy at low frequencies we

move to a gravitationally quiet environment: space.
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LISA (Laser Interferometer Space Antenna) [36] is the planned space-based
gravitational wave detector, a triangular spaceborne detector with five million
kilometer long arms, due for launch around 2015. The primary objective of
LISA is to observe gravitational waves at low frequency (107 to 10~ Hz). A
gravitational wave acting on LISA will change the length of one 5 x 10° m arm
relative to the other. This fluctuation will be measured with sub-Angstrom
accuracy allowing gravitational wave strains (A /1) even of the order 10~ to

be detected over one year with a signal to noise ratio of around five [37].

By looking at this frequency range LISA has the advantage of being guaran-
teed to detect gravitational radiation as there are abundant sources within
the expected sensitivity range, such as massive black holes and galactic bi-
naries. Space-based and ground-based detectors will be looking at different
frequency regions allowing entirely complementary observations to be made

(see Figure 1.2).
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Figure 1.2: Graph showing how space based and ground based observations will
complement each other by covering a different frequency range with similar

sensitivities (Source [1]).



Chapter 2

Testing critical technologies for

LISA

LISA is a large scale joint ESA/NASA mission which will combine many tech-
nologies, of whicﬁ the concept of ‘drag free’ test masses (effectively the end
mirrors of the interferometer) cannot be adequately tested in the 1g environ-
ment of Earth. To address this, and other critical technologies, a smaller scale
mission is planned for launch in 2009. The mission is called LISA Pathfinder
(previously called SMART-2) and is an intermediate step to reduce the tech-
nological risks faced in the LISA mission. One of the experiments aboard LISA
Pathfinder is the LISA Technology Package [38] and it aims to demonstrate the
thrusters, drag-free test mass concept [39] and ultra-stable interferometry to
levels similar to those required for LISA. The noise sources and couplings will
be characterised to give confidence that the LISA performance can be achieved.
LISA Pathfinder will also contain NASA’s LISA technology demonstrator, the
ST-7 experiment [40], which has recently been de-scoped.

In LISA gravitational waves will change the separation of inertial test masses,

14
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the vector describing the change in separation depending on the amplitude,
origin and polarisation of the wave. The movement of the test masses relative
to each other will be measured and information about the gravitational wave
deduced. Thus it is essential that we can trust that when no gravitational wave
passes through the system no unexpected movement of the test mass occurs,
as non-inertial movements of test masses can produce similar effects to those

being sought.

The aim of the LTP experiment is to show the quality of drag-free performance
to within an order of magnitude of LISA requirement, but to characterise noise

sources to LISA levels.

LTP will consist of two test masses (one surface of each acting as a mirror
in an interferometer) with an optical bench between them housed in a single
spacecraft. Laser light will be coupled onto the optical bench and heterodyne
interferometry used to measure the movement of the masses relative to the
optical bench and to each other. The interferometer outputs will be read out
by a phasemeter which provides low noise measurements of test mass positions

and angles. These signals can also be used as inputs to the controllers.

Using the information gained from LTP, LISA will be constructed with confi-
dence that the behaviour and performance of the test masses (which are optical
components in the interferometer and the fundamental intertial reference) is

well understood.

To obtain data of sufficiently high sensitivity from the LTP measurements the
inherent noise within the interferometer has to be less than 10 pm/+/Hz over
the frequency range of interest (3 mHz to 30 mHz, relaxing as 1/f2 at lower
frequencies). The optical bench must also remain structurally sound and well

aligned after the violent disturbance experienced during launch into orbit.
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2.1 LTP interferometry

The baseline for the LTP is a non-polarising heterodyne Mach-Zender interfer-
ometer [41, 42], This has been selected in favour of polarising interferometers
as there were concerns that polarisation leakage could lead to cross-coupling
between beam paths. A consequence of this is that the beams can no longer

be perpendicularly incident on the test masses.

The concept of heterodyne interferometry is shown in Figure 2.1. The laser
is split at point A into two equal beams that pass through two acousto-optic
modulators (AOMs). The AOMs are driven at two frequencies separated by
the heterodyne frequency, /het, which is of order 1kHz. The AOMs are not

situated on the stable interferometer baseplate due to thermal considerations.

Stable structure

AOM 1

AOM 2 Fibres QPD2 1

Figure 2.1: Schematic showing the principle of the heterodyne interferometry.

The beams pass through fibres (this is not a requirement of the interferometry
but a practical means of coupling light onto a baseplate) and are recombined
at point D. Half of the light travels a different route and is recombined at
point E. The heterodyne signal from quadrant photodiode 1 (QPD1) is sent
to the phase measurement system (PMS), as is the heterodyne signal from

QPD2.

The phase at the QPDs depends on the difference in path length between the
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blue and red beams. This includes the path length variations introduced by
differential temperature changes in the fibres (the main source of path length

noise in this system). Thus the phase at the QPDs is given by

¢QPD1 = (A - D)blue - (A - D)red
= (A - B)blue + (B - D)blue - (A - D)red: (21)

dgpp2 = (A= E)pye — (A — E)req
= (A — Boiwe + (B = E)piue — (A = D)yeg —
— (D= E)es (2.2)

So combining Equations 2.1 and 2.2

=> dopp2 = ¢grp1 — (B — D)piye +
+ (B — E)blue - (D g E)red, (23)

=> ¢gpp1 + [(B — E) via C] = ¢gpp2+ [(B — E) via D]. (2.4)

i.e. the phase at QPD2 is related to the phase at QPD1 by the difference in path
lengths for the two different routes from point B to E: path length variations
prior to the initial beamsplitters on the ultra-stable substrate should cancel

out.

Thus the important measurement is the phase change of one interferometer
output compared to the other as this is due to the path length variations on
the optical bench. If we include the drag free test masses as components in

the interferometer then the phase change becomes a measure of their motion.

There are four interferometers (used to measure the performance of the drag-
free motion along the beam axis and also the alignment of the two test masses)

in the LTP set-up:
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e a reference interferometer (shown in Figure 2.2),

e an interferometer with large path length difference that measures the laser

frequency noise as shown in Figure 2.3 (see Section 2.2.2),

e an interferometer called z; that measures the position of one test mass in

relation to the interferometer baseplate (shown in Figure 2.4) and

e an interferometer called z; — 2, that measures the distance between the two

test masses (shown in Figure 2.5).

The complete LTP optical layout is shown in Figure 2.6. Much of the optical
modeling for LTP has been carried out using OptoCad, a program written by
Roland Schilling, as in these Figures. The optical layout was initially designed
by Gerhard Heinzel and the design was further advanced by Felipe Guzman
Cervantes. The distance between the test masses is of order 300 mm and this
must be monitored by the interferometer to 10 pm/v/Hz, over a range of many
microns. The light travels different distances in the two fibres to facilitate

beam path length matching at the interference points.

The optical bench is located between the two test mass enclosures, at the
heart of the LTP core assembly. The interferometer consists of a Zerodur®
baseplate of dimensions 212 x 200 x 45 mm with 22 reflecting optical compo-
nents hydroxide-catalysis bonded [43, 44] to one of the 212 x 200 mm faces.
Zerodur(®) is a glass ceramic chosen mainly for its ultra-low thermal coefficient
of expansion [45]. The optical components are to be made of fused silica due
to its excellent optical properties at 1064nm. The light is coupled onto the
optical bench using quasi-monolithic fibre injectors, custom designed and built

for the application.
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Figure 2.2: Optical model of the LTP reference interferometer.

<r

Figure 2.3: Optical model of the LTP frequency noise interferometer.
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Figure 2.4: Optical model of the LTP X\ interferometer.
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Figure 2.5: Optical model of the LTP X\ —x2 interferometer.
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Testmass |
PDAI PDFA
BEAM 1
BEAM 2
PDRB
PDI2B
IPDI2A
PDA2' PDRA'
Testmass 2

Felipe Guzmin Cervantes. 23 Mar 2006

Figure 2.6: Optical model of the LTP optical bench interferometer. Dimensions

are in metres.
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2.2 LTP noise sources

The noise sources described in this Section are for well aligned interferome-
ters. A discussion of alignment tolerances for similar interferometry is given
in Section 3.1.5. Each interferometer noise source for LTP has to be kept a
factor of 10 below the measurement goal of 10 pm/+/Hz, i.e. each noise source
is allocated a maximum noise budget of 1 pm/+/Hz at 3mHz. This is to avoid
any correlated noise sources adding linearly and generating more noise than

expected.

2.2.1 Laser power fluctuations

There are two frequency regimes where laser power noise matters for the LTP
interferometer: adding noise into the phase measurement at the heterodyne
frequency and adding radiation pressure noise at the test mass in the measure-

ment band.

At the heterodyne frequency the laser power noise can couple into the mea-
surement by producing a signal of randomly varying phase at the heterodyne
frequency. The signal adds to the ‘real’ heterodyne signal producing apparent

fluctuations in its phase.

If we consider a fractional variation in laser power, § P/ P, where § P is the laser
power variation and C - P is the signal size at the heterodyne frequency (with
C the contrast of the interference), then we can relate this to the maximum al-

lowable noise contribution from this source: 1pm/+/Hz, or 27 x 1078 radians in
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terms of relative phase of heterodyne signal as (taking the worst case C =80%):

oP

- < —6

cp S 27 x 107°/vHz
=>—6}]; < 5x107%/VHz .

This level of power variations is not expected to be a difficult requirement at

the heterodyne frequency [46].

In the measurement band, where we are concerned about radiation pressure
effects on the test masses, the laser power noise, 6P, can be related to the

induced displacement fluctuations, dz, by

26P
oz = —,
mcw
where m is the mass of the test mass, c is the speed of light and w = 27 f and

f is the frequency of the measurement.

The test masses will be cubes of side ~ 4.5 cm and made of a gold/plantinum

alloy, having a density ~ 2 x 10*kg/m3. Thus m ~ 2kg.

Again looking at the fractional power variation and a maximum displacement

fluctuation of 1 pm/v/Hz:

ép mcw?

F < 2p %
~ 3x107°/VHz.

at 10mHz and where P has been taken to be 1 mW, which is representative of

the expected light power in the LTP interferometer arms.

Again this level of laser power noise is not expected, but the fibres may in-
troduce additional power fluctuations to the beams on the optical bench. The
laser power immediately after each fibre on the optical bench will be measured

(using the pick-off beamsplitters labeled BS11 and BS16 in Figure 2.6) using
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single element photodiodes. These signals can be used as part of a feedback
loop to provide an error signal to the AOM drive signals to reduce the laser

power noise.

2.2.2 Laser frequency noise

If there is a difference in the path lengths of an interferometer then it will be
sensitive to laser frequency noise. In the case of LTP, even if the interferome-
ters were constructed with equal paths optical components (the test masses)
are required to move during some modes of operation. This results in the
path lengths becoming unbalanced and laser frequency noise coupling into the

measurement.

Laser frequency noise (6v) couples to apparent path length change (dz) as

0z = AxJ—V , (2.5)
v

where v is the laser frequency and Az is the path length difference between the
different arms of the interferometer. Taking the path length difference to be
1 mm (this is a reasonable manufacturing tolerance) and the noise contribution
budget of 1 pmv/Hz gives a requirement that the laser frequency noise is less
than ~ 3 x 10° Hz/v/Hz. This is around two orders of magnitude lower than
expected for the LTP [46] laser, so some strategy is required to reduce its effect.

A common method of reducing laser frequency noise is to lock the laser fre-
quency to a stable reference (usually a stable optical cavity or a molecular
transition, e.g. an iodine cell). While either of these solutions could in princi-
ple be applied to LTP they would add mass and complexity and are therefore
not attractive. For LTP the baseline solution is to have an additional in-

terferometer to measure the laser frequency fluctuations. This interferometer
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purposely has a large path length difference (~40cm) to maximise the cou-
pling of laser frequency noise. The measured signal can then be used either as

part of a stabilisation loop or to correct the data post-factum.

2.2.3 Path length changes

There are two ways in which the optical bench can generate noise sources:
physical path length changes between reflective components and changes in
optical path length through transmissive components. Both of these are tem-
perature driven. The expected temperature fluctuations experienced by the
optical bench at the mechanical interfaces are < 104K/ vHz, from 1-30-
mHz ([2], requirement OMS-7.2.5-3).

Physical path length changes

The physical expansion of the Zerodur®) baseplate depends on the temperature
fluctuation noise, 6T, and the thermal coefficient of expansion, o (which is
2 x 1078 /K for expansion class 0 Zerodur®) [45]). How this effects the apparent
path length depends on the separation of the components. Taking the worst
case situation (the longest path in the interferometer) the relevant path is from
the reference signal recombination beamsplitter to the ; — 2 recombination
beamsplitter. This beam path includes beams that reflect off the test masses,
but even though the test masses are not attached to the baseplate, the test mass
housings are attached to the baseplate via Zerodur®) side-slabs and the test
masses are relatively stationary with respect to them, meaning this path length

can be considered the most prone to expansion of the Zerodur® baseplate.
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The path length from BS5 to BS10 is (using the labeling of Figure 2.6):

BS5 — M14
— M12
— M11
— BS2
— BS1
— TM1
— BS3
— M4
— TM2
— M5
— BS10

(12cm)
(18.5cm)
(7 cm)
(20m)
(3cm)
(11 cm)
(17 cm)
(2cm)
(17 cm)
(12cm)
(3cm) .

This gives a total path length, [, of ~1.05m. From this we can calculate a

worst case apparent path length change of

0 = axlxdéT

= 21x107%m.

This is a factor of ~ 2 above the individual noise source budget, but this is very

much a worst case analysis for the path length change due to the Zerodur®

baseplate expansion. In practice the temperature changes across the optical

bench will be very uniform. This will result in the observed effect being greatly

reduced due to common mode expansion of the individual interferometer arms.

Optical path length changes

The optical thickness of the beamsplitters varies with temperature due to the

expansion of the material and change in refractive index. The beamsplitters
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have a thickness of 7mm but the beams are incident on the beamsplitters at
45° and consequently traverse the beamsplitter at ~ 29°. This results in a
beam path length in the beamsplitters of 8mm. The maximum number of
beamsplitters passed by any beam is three (in both of the frequency noise

paths), giving a total optical path in the beamsplitter material, {, of 24 mm.

The beamsplitters will be made of fused silica which has a refractive index (n)
of 1.45, a coefficient of thermal expansion (CTE) of around 0.51 x 10~¢/K and
a change of refractive index with temperature (dn/dT) of ~ 9.7 x 107%/K.

Knowing these values we can calculate the apparent path length variation due

to this effect:

dn
8l = [HXCTE+ﬁJ x 1l x 6T

= 25x107m/vHz .

This is significantly above the noise budget of 1 pm/+/Hz but this is an extreme
worst case calculation. Each interferometer has been designed such that both
arms pass through the same number of beamsplitters, meaning that most of
this noise is expected to be common to both arms and cancel out. The ground
based tests that have been carried out endorse this (one of which is described

in Chapter 4).

2.2.4 Phase information lost at quadrant photodiodes

Quadrant photodiodes are needed on the LTP to give angular information of
test mass position. These quadrant photodiodes have four quadrants separated
by ~ 45 um inactive strips. There are two ways in which light can be lost at
the photodiodes: beam clipping at the extremities of the photodiodes and light

lost at the inactive photodiode slits.
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Beam clipping will be avoided by using photodiodes with suitably large active
area compared to beam size but some light will obviously be lost at the inactive

strips.

For the ideal case of overlapping, colinear, interfering beams with flat wave-
fronts, the information lost at the photodiode slits would not alter the phase
measurements. All the interferometer arms have different lengths but use light
from the same sources. It is not possible to match the wavefronts of all the
beams at every photodiode as the only variables are the sizes and curvatures
of the beams at the two fibre injectors and the distance from the fibre injec-
tors. Thus, the wavefronts will have some curvature and there will be some

mismatch of curvature at the photodiodes.

Beam jitter from the fibre injectors will be minimal and the photodiodes will
be located on the optical bench baseplate, reducing the effects of beam jitter
coupling into the phase measurement to an insignificant level. However, in
some modes of operation the test masses will be moved from their nominal po-
sitions and thus one of the wavefronts will move with respect to the photodiode

slits. This effect is described in more detail in Section 4.3.4.

2.2.5 Stray light

Stray light is the term used to describe light arising from, for example, back
reflections from nominally transmissive surfaces. These beams can potentially
reach the photodiodes and contribute to the measured phase. If all the surfaces
involved in directing the stray beams to the photodiode are stable with respect
to the optical bench and laser frequency noise is suppressed, then they will not

cause additional noise.
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The concern for these beams is that they can reflect from surfaces not rigid
with respect to the optical bench and then influence the phase of the measured
signals, adding spurious noise. This is discussed for the LTP case in [47]. The
requirement on the stray light contribution for each beam is to be attenuated

to at least 107% of the signal amplitude ([2] requirement OMS-4.3.3-6).

To reduce the effect of stray light, optical modeling is used to predict the source
of stray beams in order to place beam blocks in appropriate places. Figure 2.7
shows the stray light beams and Figure 2.8 shows the implementation of the

beam dumps. This is discussed fully in [48].
The following conditions for the stray light analysis are set:

e stray beams are generated at the reflective surfaces with 0.5% of the incident

power,
e stray beams with a relative amplitude of 10~® and above are shown,

e the optical windows (on the test mass housing) reflect the stray beams to-
wards the optical bench baseplate at an angle of 5° to the incoming beam

and

e the test mass tilts have a maximum of +2 mrad.

2.2.6 Measurement noise

Spurious noise must not be added to the measured signals at the signal process-
ing stage. The style of phasemeter chosen for LTP uses a single-bin discrete
Fourier transform method [46]. This involves converting each measured hetero-

dyne frequency into a digital signal that is used to measure both longitudinal
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Figure 2.7:

Figure 2.8:

dumps.

1=

Optical model of the LTP interferometers showing all stray beams.
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Optical model of the LTP interferometers showing the stray beam
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test mass motion and angular shifts using differential wavefront sensing. These
signals can be used as error signals as part of a feedback loop to stabilise the

test mass position.

2.3 Validation of LTP style interferometry

While the drag free test masses cannot be ground tested the interferometry
can, by replacing the test masses with mirrors attached to the baseplate in the
same way as the other mirrors and beamsplitters. One less interferometer is
required in this case as there is no need for a measurement of two test masses’

‘combined movement.’

Prototype tests have been conducted verifying the performance of LTP style
interferometry and these are described in Chapters 3 and 4. This is also

reported in [49)].



Chapter 3

LISA Pathfinder prototype
optical bench design and

construction

LTP requires interferometry to measure the relative displacement of intertial
test masses. The experimental programme described here was to design and
construct a prototype optical bench and then to use heterodyne interferometry
to determine its stability. The aims of this series of experiments were to
develop and test the construction techniques required to build such a bench,
demonstrate heterodyne interferometry at the desired sensitivity, demonstrate
the required stability of the bench, and to investigate noise sources in the

bench and interferometry.

32
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3.1 Design of the prototype optical bench

3.1.1 Design considerations

The LTP measurement requirements were reviewed and an interferometer lay-
out was devised to provide the simplest functional demonstration of the key

LTP measurement principles using a representative optical bench.

This resulted in a prototype interferometer including the following features in

common with the planned LTP interferometer:

e an optical bench (OB) baseplate made from material with a low coefficient

of thermal expansion,

e optical components rigidly fixed to the baseplate,

e light fibre coupled onto the OB baseplate and

e heterodyne interferometry used to measure path length changes.

It differed significantly from the LTP interferometer by not having any optical
components outwith the prototype OB baseplate. The aim of the LTP OB is
to measure the displacement between the two test masses and also between the
prototype OB and one test mass, thus the two inertial test masses are separate
from the prototype OB. The prototype has no external components and the
‘inertial test mass’ mirrors can be considered as being replaced by mirrors on

the bench itself 7.e. it is a null test.

By having arm lengths of the order of a meter the prototype optical bench is
similar LTP.
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3.1.2 Choice of materials

Optical component material

The choice of optical component material is important both for mechanical
stability and for the optical properties of the beamsplitters, which are the only
transmissive elements in the system. One potentially significant noise source
in the test interferometer is thermally driven optical path length changes in
the bulk material of the beamsplitters. The combined effect of a change in
temperature on the optical path length will depend on the refractive index (n),
the coefficient of thermal expansion («) and the rate of change of refractive
index with temperature (dn/dT) of the material. We can construct a thermal
coupling factor that combines these effects into a single measure and use this
to compare the performance of different beamsplitter materials. We restricted
the search to materials which had previously been successfully bonded using
the hydroxide-catalysis bonding technique, and that had high transmission
of light at A = 1064nm. The data for the materials considered is shown in

Table 3.1.

The properties of the various natural and synthetic fused silicas are very simi-
lar, and are better than the easily available alternatives. We therefore chose to
have the beamsplitters and mirrors manufactured from Suprasil on the grounds
of availability and cost. Suprasil has a refractive index of 1.45 at 1064 nm,
a dn/dT of 9.7 x 1078 per degree (measured at 644nm) and coefficient of
thermal expansion equal to 0.51 x 107%/K, giving a thermal coupling factor
of ~ 8 x 1078/K. For a total optical path in the material of 1.7cm (three
passes through beamsplitters) this corresponds to a temperature sensitivity of
1.4 x 107" m/K. For a target displacement noise of 10 pm/ vHz we will require
a temperature stability of 7 x 1073 K/+/Hz. In practice the amount of trans-
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mission in each interferometer path is balanced so we expect largely common

mode effects which will make this noise source less significant, as described in

Section 4.3.9.

Table 3.1: Optical properties of potential beamsplitter substrates

Material | Refractive]| Wavelength | dn/dT | Wavelength| o Thermal
index (n) | of refractive | (x107%) | of dn/dT | (x1078) | coupling
index mea- measure- factor
surement ment (nm) nxCTE
(nm) +dn/dT
(x107)
BK7 1.509 581 2.8 546 7 13
Fused sil- || 1.46 587 7.1 N/A 0.5 8
ica
Zerodur®)| 1.54 587 13 650 0.02-0.1 | 13 domi-
de- nated by
pend- |dn/dT
ing on
class
ULE® 1.48 N/A 11 N/A 0.03de- [ 11 domi-
pends | nated by
on tem- | dn/dT
pera-
ture
Suprasil || 1.45 1064 9.7 644 0.51 10
Sapphire | 1.75 1064 13 N/A 8 27
Spectrosil || 1.45 N/A ~8 N/A 0.54 9
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Baseplate material

ULE®), an ultra-low expansion titanium silicate glass! was chosen as the mate-
rial for the baseplate due to its extremely low coefficient of thermal expansion
(< £0.03 x 107%/K at 25°C [50]). Zerodur® (a glass ceramic) had been used
in previous tests [51] and has very similar properties to ULE® but in this
case ULE® was more readily available. A square of ULE®) of side 400 mm,
and 25 mm thick was decided on. This is approximately a factor of two larger
than the final size of the LTP OB and was chosen to be representative of the
scale of the LTP OB but to allow a less restricted working area for aligning
and bonding the interferometers. The baseplate has holes along its edges for
the mounting of Invar plates onto which fibre injectors and photodiodes may
be attached. Invar is a controlled expansion iron/nickel alloy with thermal

coefficient of expansion 2 x 1076/K.

3.1.3 Layout of interferometer

The optical layout of the interferometer consists of two beams forming three
recombination points via six mirrors and nine beam splitters as labeled in
Figure 3.1. The light is introduced onto the prototype OB using the two fibre
couplers to the left of the diagram. One beam has been frequency shifted (by
an acousto-optic modulator (AOM) prior to the fibre) by 80 MHz and the other
(by a separate AOM) by 80.01 MHz. This results in a 10kHz beat note when

the beams are recombined.

There are three beam recombinations on the prototype OB (LTP will have

four); giving the reference, measurement and frequency noise signals. The

!Trade name Corning 7971, composition 92.5% SiOs, 7.5% TiO,
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BS 7
Fibre coupler Light of
frequency u
BS 1
Reference
BS 8 Light of
E§\5 M3 frequency
Freq noise — o+8u
BS3
Measurement
M5
BS 6 Recombined
beams
M 6
BS 4 M2
Fibre coupler Power monitor
BS2 BS9

Power monitor

Figure 3.1: Layout of optical paths on the prototype optical bench
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phase of the three outputs are monitored at the three named photodiodes on
the left of Figure 3.1. The other two photodiodes are monitor photodiodes to

measure the laser power injected onto the prototype OB by the two fibres.

Each pair of interferometer arms make the same number of passes through
transmissive optics (i.e. reference paths through one per arm, measurement
paths through three per arm and frequency noise paths through two per arm).
As all the optical components are nominally at 45° incidence angle to the
beams this means that each pair of arms has a balanced path length in the
glass. This is to make the path length changes due to a thermally driven

change in refractive index (dn/dT) as common mode as possible.

The minimum requirement of the prototype OB is to provide an output optical
signal whose phase can be measured with respect to a reference. The phase

difference between two measured optical signals, ¢4y is

2nd
baiff = B
_ 27vd (3.1)

C

where v is the light frequency, X is the wavelength of the light and d is the
path length difference: The phase variation (@) between the two measured
phases will change if the laser frequency changes (as dv) or if the path length
changes (as §d):

66 = 2Vsa4 2", (3.2)

c c

The reference interferometer on the OB is used to remove the effects of path
length changes on the laser injection bench and in the fibres. A third interfer-
ometer is also used on the OB to provide a measure of laser frequency noise, this

interferometer purposely has a large path length difference (see Section 4.3.5).



3.1 Design of the prototype optical bench 39

3.1.4 Beam path lengths

Any interferometer with unbalanced optical path lengths in its two arms will
be sensitive to laser frequency noise as described in Equation 3.2. In order
to minimise this, the prototype optical bench interferometer was designed to
have perfectly matched path lengths, but in practice an error of order a few
millimetres can be expected during construction. To deal with this effect the
laser frequency noise measuring interferometer is included in the optical set-up

and is used as detailed in Section 4.3.5.

The beam path length differences were manipulated in the CAD model of the
optical layout and the critical measurements are shown below (the number of
significant figures reflects the CAD accuracy, not the alignment tolerances).

All distances are quoted from the centre of the nominal reflection points.
Measurement interferometer path length difference

The critical distances for the paths making the measurement interferometer
are: [(BS7 to BS3) - (BS7 to BS1)], the difference between reference and
measurement paths for light of frequency v and [(BS2 to BS3) - (BS2 to BS1)],
the difference between reference and measurement paths for light of frequency

v+ ov.

¢ The distance from BS7 to BS3 is:

5.7272 4 99.8077 + 153.1212 + 143.7574 + 5.7272 + 112.9291 = 521.0698 mm
e The distance from BS7 to BS1 is:

66.8788 + 116.0501 4 5.7272 = 188.6561 mm
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e The distance from BS2 to BS3 is:

5.7272 + 182.9291 + 113.1212 + 226.8787 + 29.8079 + 5.7272 = 564.1913 mm
e The distance from BS2 to BS1 is:

70 + 5.7272 + 156.0503 = 231.7775 mm

¢ Giving:

= (BS7 to BS3) - (BS7 to BS1) = 332.4137mm
and

= (BS2 to BS3) - (BS2 to BS1) = 332.4138 mm
as required.
Frequency noise interferometer path length difference

The critical distances for the frequency noise paths are: [(BS7 to BS5) - (BS7
to BS1)], the difference between reference and frequency noise paths for light
of frequency v and [(BS2 to BS5) - (BS2 to BS1)], the difference between
reference and frequency noise paths for light of frequency v+ dv. These should

be as different as possible to accentuate the frequency noise.

e The distance from BS7 to BS5 is:

5.7272 + 99.8077 + 153.1212 + 143.7574 + 40 + 40 = 489.4135mm
e The distance from BS7 to BS1 is:

66.8788 + 116.0501 + 5.7272 = 188.6561 mm

e The distance from BS2 to BS5 is:



3.1 Design of the prototype optical bench 41

70 + 40 + 112.9289 + 5.7272 = 228.6570 mm
e The distance from BS2 to BS1 is:

70 + 5.7272 + 156.0503 = 231.7775 mm

¢ Giving:

= (BS7 to BS5) - (BS7 to BS1) = 299.7574 mm
and

= (BS2 to BS5) - (BS2 to BS1) = -3.1205 mm.

This gives a frequency noise path length difference of 302.8779 mm

Distance from fibre coupler to reference photodiode recombination point
Coupler to BS1 via BS7 = 240 + 66.8788 + 116.0501 + 5.7272 = 428.6561 mm
Coupler to BS1 via BS2 = 120 + 70 + 5.7272 + 156.0503 = 351.7775 mm.

So, after input couplers the path via BS7 is 76.8786 mm longer than via BS2.
This difference is compensated before the fibre couplers (on the laser injection
bench). While not strictly necessary this was implemented to keep common

mode phase changes caused by laser frequency changes to a minimum.
Cancelation of fibre notse

Crucially, beam path variations from the laser injection bench (which is in
air and a relatively unstable temperature environment compared to the OB
in a vacuum enclosure) and the fibres are, in principle, canceled out in the
phase measurement between the reference and measurement interferometers.
These phase changes should produce purely common mode phase changes at

the interferometer outputs. All the path variations prior to BS7 and BS2
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should therefore, in principle, not enter into the measurements.

3.1.5 Tolerances

To achieve good fringe contrast at the output of the interferometers the two
beams must be well matched in size and curvature and well aligned in angle
and overlap. The two beams are launched onto the optical bench with a beam
diameter of ~ 1 mm which ensures very similar beam size and curvature at
the interferometer output. There are four remaining degrees of freedom in
alignment: two angles and two displacements. These can be broken down into
two components for each alignment: vertical (the plane perpendicular to the

beam paths) and horizontal (the plane parallel to the beam paths).

We set ourselves the target of a phase change across the beam diameter of less
than A/10 due to angular misalignment. For a beam diameter of 1 mm and a

wavelength of 1 ym this is an alignment of 100 uradians (~ 22 arcsec).

We set ourselves a target of lateral beam displacement at 10% of the beam

diameter, 100 um for a 1 mm diameter beam.

Vertical alignment tolerances

The bonding method used results in a bond thickness of the order of 100 nm [43].
Over a 5mm bond the bonding layer has uniform thickness to a small frac-
tion of this, resulting in the bond contributing negligible angular deviation to
the component positioning. Hence alignment in the vertical direction can be
achieved by the manufacture of the baseplate and components, in conjunction

with introducing the beams parallel to the baseplate.
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For the vertical beam alignment to be maintained the recombined beams have
to make an angle less than ~ 22 arcsec. This is the total error build up due to
baseplate and component build up. This is the defining tolerance as a 22 arcsec
angular deviation over the distances involved in the interferometers (~0.5m)

would cause a lateral beam displacement of ~ 50 ym.

The critical element of the reflective components is the perpendicularity of the
bonding surface to the reflective surface - if the reflective surface is not at 90 °
to the incident beam then the beam will reflect at twice the deviation from
90°. This error can build up at each reflection point. The reference beams
have a combined total of four reflections, the measurement beams six and
the frequency noise beams eight. A tolerance of component perpendicularity
of 3arcsec was agreed with the manufacturer (this corresponds to a roll off
of around 75nm over a 5mm flat and tighter tolerances would have proved
difficult to manufacture). This would contribute a very worst case error of
24 arcsec (out of specification) but the risk of this was considered extremely

minimal?.

The baseplate must be polished flat for bonding as well as to control vertical
beam alignment. The constraint for bonding applies over length scales of order
the size of the components to be bonded and requires a flatness of A/10 (this

applies to the component surface to be bonded as well as the baseplate).

Deviations in flatness of the baseplate over large lengthscales (L) will cause
local variations in the gradient () of the baseplate with the maximum gradient
being given by

wd

Qmaz = Erad. (3.3)

2This would be a very extreme worst case situation of linear addition of all the errors in

such as way as to maximise their effect. In practice there is very likely to be some cancelation

of this error build up, even if there was a systematic error in the components.
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The reasonably easily achieved polishing accuracy over lengthscales of 100 mm
is A/4, corresponding to Qmqez of 0.4 arcsec. The surface polish of the bench was
therefore specified as flat to an accuracy of A/10 or better over lengthscales of

30mm and with a deviation of no more than A/4 per 100 mm.

These manufacturing constraints are sufficient to remove the need for vertical

alignment of components.

Horizontal alignment tolerances

The method of horizontal alignment must enable the components to be posi-
tioned and bonded within tolerance such that the interference quality at each

of the three recombination points is within specification.

One possibility would be to use a fixed template (as described in 3.1.7) to
position the mirrors and beamsplitters. The angular beam alignment tolerance
of 100 urad and size of components (20mm on the long side) result in an
angular positioning of components at the ~ 1 um level. This would be very

difficult (if possible) to achieve using fixed mechanical references.

The preferred alternative was to incorporate a degree of adjustability into
the construction process, allowing fine adjustment of some components using
an optical readout to determine correct positioning of the components. This
method involves placing the component on the baseplate and carrying out
fine adjustment immediately prior to or during the bonding process and is

described in Section 3.1.9.

There now follows a discussion of the resolution required for the fine adjustment
of the horizontal beam angle and position, considering how a misalignment in

component position would affect the output beam for both the reflected and
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the transmitted beams.

Factors effecting reflected beams

Angular misalignment occurs when the angle between the incoming beam and
the reflecting surface is other than that intended. All beams on this OB are
intended to make an angle of 45° with reflecting surfaces. If there is an angular
misalignment of a component, there will be a corresponding angular shift of
the beam. There will also be a lateral shift in beam position, although this is a
small effect and we are less sensitive to it. For a component misalignment of 6,
the beam path will be reflected at an angle 266 away from the intended angle.
This misalignment would result in reduced contrast of the interference fringes
when the beams are recombined. Thus the 100 urad tolerance on angular
position of beams means that 50 urad resolution is required in component

placement.

Lateral beam misalignment can also arise independently of angular alignment
when the component is placed at a distance along the beam path other than
that intended. If the component has the specified orientation with respect to
the beam, but not the specified position, the reflected beams will be shifted lat-
erally by the magnitude of misplacement. Assuming the component is bonded
to the baseplate as defined by the template, any non-angular misalignment
arises from the tolerance to which the template is engineered which, in our
case, is less than £0.05mm. Such an error reduces the overlap of the two
recombined beams. This effect does not depend on distance traveled by the

beam after deviation.

Although component thickness does not affect the reflected beams, it would

result in an unplanned lateral offset error if the component was manufactured
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to a thickness other than that for which the template was designed. Thus, the

components must be of nominal thickness to within 70 gm (100 pmXxsin45°).

Factors effecting transmitted beams

Angular misalignment of the components would affect the transmitted beams
as well as the reflected beams. The lateral shift due to transmission through a
component has been calculated for 45° in the design of the OB. If the beam is
not incident at this angle it will be following a different path to that intended.
Figure 3.2 shows the magnitude of beam deviation with angle around the
region of interest. The nominal beam shift (1.56 mm) has a tolerance of 100 pm
associated with it (as it is purely a lateral shift) and it is clear that the entry
angle can be more than a degree from nominal and still be within tolerance.

This suggests that this alignment will not be a source of significant error.
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Figure 3.2: Lateral beam shift on transmission with changing entry angle.

If the components are not at the design thickness the beam will be laterally
translated by a different amount than that assumed. This will alter the lateral

shift as shown in Figure 3.3. It can be seen that this effect would be apparent
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in the reflected beams first and is not significant in this context. A purely
lateral shift on placement of component would not affect the transmitted beams

significantly.
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Figure 3.3: Lateral beam shift on transmission with changing component thick-

ness.

3.1.6 Component Design

Other specifications were that that the beamsplitter coating was specified to be
50 & 1% and the mirror coating to have > 95% reflectance. The rear surface
of both mirrors and beamsplitters was anti-reflection coated to reduce any
problems that may be caused by stray beams. This coating was specified as
having a reflectivity of < 0.2%. The final specification was that none of the
coating should contaminate the bonding surface as this could cause problems
both with the bonding of the component and with the accuracy of the angle

between the bonding surface and the mirror surface.

The mirrors and beamsplitter dimensions were chosen to be 20 x 20 x 5mm,

with one of the 20 x 5 mm surfaces to be bonded to the optical bench, a mirror
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or beamsplitter coating applied to one of the 20 X 20 mm faces and an anti-
reflection coating on the other. This is representative of the LTP components.
The thickness of the beamsplitters is a compromise between reducing the path
length of light in the beamsplitters, ease of manufacture, and ease of handling
when bonding the interferometer. An aspect ratio of around four was the
maximum that provided reasonable handling characteristics and was therefore
chosen. The mirrors could, in principle, have had a lower aspect ratio as they
do not require such precise handling, but using the same dimensions as the

beamsplitters provided a modest cost saving without any performance penalty.

3.1.7 Method of construction

As a quasi-monolithic optical bench of this complexity had never been con-
structed previously a system was devised to locate the components with the re-
quired accuracy. The bonding technique has been verified several times [43, 44],

although not for components requiring fine adjustment while bonding.

The fundamental principle was to locate two sides of each component in their
nominal positions by placing them against a metal superstructure (in the form
of a brass template). The template was designed so that the position and
orientation of the component surfaces were defined by two machined, perpen-
dicular surfaces. Small radii were removed from the critical corners between
the perpendicular brass faces as it is not possible to machine an exact right

angle, an example is shown in Figure 3.4.

The construction of the OB consisted of two phases: the bonding of the non-

adjustable components and the bonding of the adjustable components.
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Figure 3.4: Close up of brass template showing locating surfaces and corners

with radii removed.

3.1.8 Non-adjustable components

The brass template alone was used to position the nine non-adjustable com-
ponents. The template design was created from the CAD layout of the optical
bench. The template was made from a piece of 400 x 400 x 4mm brass
with regions machined out corresponding to each component on the optical

baseplate.

The template was to be placed above the baseplate prior to (and during)
bonding. Fixing holes were drilled around the edge of the brass, matching the
fixing holes on the ULE® baseplate. The fixing holes for the template were
oversized so that it could be easily removed when the components had been
bonded in place. The area around where a component was to be bonded was
made large enough for easy access while bonding without being large enough
to degrade the structural stability of the brass sheet, or interfere with the other

features of the template.
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The template was designed so that the beam height (12 mm above the base-
plate) was above the brass. Marks were etched into the brass during machining
to assist in determining mirror/beamsplitter locations and also which way the
reflective side was to face. A photograph of the template is shown in Figure 3.5.

This also shows the adjustable hinges described in Section 3.1.9.

Figure 3.5: The brass alignment template for bonding the prototype optical
be7ich. The hinges for aligning adjustable components are shown attached to

the template.

To ensure that the components lay against the two defining template faces, in
keeping with the principle of the template, the optical bench (and template)
were inclined at ~ 5° during bonding. This angle of inclination is enough to
ensure that the components rest against the brass faces whilst not tilting off
vertical. The template was designed such that all the components rest on the
critical surfaces from the same direction, removing the need to reposition the

template for each bond.
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3.1.9 Adjustable components

When bonding the adjustable components in place adjusters were fixed to the
template. In these cases adjusters take the place of the machined, perpendic-

ular surfaces of the brass template.

For each recombination two degrees of freedom are required (two are fixed)
to align the beams - angular and lateral position. The method chosen was to
adjust the angle of two reflected beams to obtain the desired alignment. The
optical beams were introduced to the interferometer for this procedure. This
allowed the alignment to be judged by looking at the contrast of the interfer-
ence. Using the final optical beams to optimise the alignment automatically
compensates for any small misalignment due to machining tolerances of the

template affecting the positioning of the non-adjustable components.

To control the positioning of the adjustable components, adjusters were de-
signed and manufactured. The adjusters work on the same principle as the
template: two defining faces are used to locate a component. A CAD drawing
of a left-handed adjuster is shown in Figure 3.6 (the right handed adjuster is
a mirror image). These are designed not to interfere with any optical beams
so that they can be used in conjunction with the laser to align the critical

components.

When using the adjusters the beams from the heterodyne injection bench were
used to illuminate the quadrant photodiode. To obtain the required resolution
of adjustment the mechanism consisted of a micrometer driving a lever arm.
The micrometers used had a nominal resolution of 10 ym (with a more than
ample + 5 mm of travel) and the lever arm measured 72 mm from hinge to mi-
crometer contact point. This translates to an angular resolution of 29.2 arcsec

per adjuster.
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Figure 3.6: CAD drawing of left handed fine adjuster. The light blue cuboid

represents a mirror/beamsplitter component.

Tapped holes were made in the brass template in the appropriate places to
attach the adjusters in place next to each of the six components where ad-

justability was necessary.

Development of a technique to prevent optical contacting during

alignment

The adjustable technique described relies on being able to place the component
on the baseplate close to the nominal position and then make fine adjustments.
The component can then be removed, bonding fluid applied and the component
replaced for the bonding to take place. The first problem with this procedure
is that when two very flat and clean surfaces are brought into close proximity
during the dry alignment phase they are very likely to optically contact. If
this phase is omitted, then during the bonding phase there is a settling time of
around 30 seconds from the component placement until the bond has started

to form, but this does not provide sufficient time to align the interferometer.
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In an attempt to avoid optical contacting whilst still allowing fine component
positioning a series of tests were conducted during which a component was
floated on a buffer fluid. For the buffer fluid to be a suitable candidate for this
application it must have suitably low viscosity to allow component position-
ing and evaporate without leaving any residue that could interfere with the

bonding process.

The alkanes octane, nonane and decane were investigated. Alkanes are hydro-
carbons that contain only single bonds, the simplest being methane. These
alkanes were chosen due to their low viscosity and their availability with low
residue on evaporation properties (the tested products had a residue on evap-
oration of < 5ppm). The range of different alkanes were tested in order to

identify the one with the most suitable rate of evaporation.

Octane was selected as having the most suitable evaporation rate and bonding
tests were carried out on surfaces that had been prepared for bonding and
then coated in octane. The octane was then allowed to evaporate (in a clean
environment) and a bond was made with no further treatment or cleaning of
the suifaces. This is an important aspect of the process as it was not possible

to clean the baseplate area to be bonded after component positioning,.

Approximately 10 ul of octane allowed three minutes of adjustment time for
components of 20 x 5mm footprint without risk of optical contacting. The
process is repeatable and so it is possible to align an interferometer with much
reduced time pressure. It should be noted that the risk of scratching the
surfaces increases with each removal and replacing of the components, which

could result in inferior bond quality.

A feature of this method of alignment is that the buffer fluid does not neces-

sarily form an even layer and this can result in misalignment of the two beams
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in the vertical direction. This is seen as a phase difference between the hetero-
dyne signals (measured using a quadrant photodiode) from the top quadrants
and the lower quadrants. This effect reduces as the octane evaporates and is
removed when the actual bonding fluid is used. The signals monitored during
alignment are the contrast of the individual quadrants and the left to right
quadrants’ phase difference (or alternatively the summed contrast of all four
quadrants, which depends on the contrast and phase of the four quadrants).
Final small adjustments can be made after the application of the bonding fluid,
although there is very limited scope for this during the rapid settling of the
bond.

This technique for adjustable component bonding was successfully used in
the prototype optical bench construction. This resulted in it later being used
during the LTP optical bench engineering model (see Chapter 5) and it will also
be used in the LTP optical bench flight model construction (see Chapter 6).

3.2 Construction

In the following account of the construction process the details of the bonding

procedure have been omitted for clarity. They are found in [43, 44].

The baseplate, template and components were cleaned to a high degree using
previously developed methods. The bonding was undertaken in a laminar flow
cabinet, which was in a semi-clean laboratory. The components were cleaned in
the semi-clean area and moved to the ultra-clean cabinet for the final cleaning
stage. The particulate count inside the cabinet was measured using a particle
counter, which registered zero counts over five minutes for 0.1, 1 and 10 um

particles. This was a considered a satisfactory environment for the bonding.
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3.2.1 Verification of component perpendicularity

Following delivery of the components, the perpendicularity of the reflecting
face to the bonding face was tested. This was done by ‘water bonding’3 the
bonding surfaces of two mirrors together to create a composite 40 x 20 x 5mm
piece which is nominally flat as shown in Figure 3.7. Figure 3.8 shows the view

through a water bond (looking along the long axis of a composite piece).

Figure 3.7: Photograph of
a composite component’ -
two normal components wa-  Figure 3.8: Photograph viewing

ter bonded together through a water bond

The flatness of the composite piece was then tested using a grazing incidence
interferometer (Logitech GI20 Flatness Measurement System [52]), as indi-
cated in Figure 3.9. In the case of a component having non-perpendicular
bonding and reflection surfaces, the interferometer shows a departure from a
nominal flat piece.

3This bonding procedure is virtually identical to the hydroxide-catalysis bonding used
in the final interferometer, the only difference being that water rather than a hydroxide
solution is used. This is a bond with similar properties to the hydroxide-catalysis bond but
the bond can be unmade by soaking in deionised water and the process does not damage

the surfaces.
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The bonds are sufficiently strong (even after a short amount of time before the
bond has fully set) to maintain the relative positions of the two components
under small loads, i.e. moving and placing the composite structure on the

interferometer.

The components were then de-bonded. One component was rotated through
180° about the bonding surface and they were re-bonded in this new orienta-

tion.

The composite mirror was measured in both orientations to remove the risk of
imperfect components appearing within specification by having compensating
errors. This could occur due to a chance matching of component error angles or
by some systematic effect during manufacture causing matching error angles.

An illustration of this effect is shown in Figure 3.9.

Interferometer Temporary bond
reference flat

error angle

Figure 3.9: Diagrams showing composite’ mirror (side view) of components
P and ‘Q' The blue rectangles indicate the mirror coating: a. showing can-
celation of component error angles due to non-perpendicularity of bonding and
reflecting surfaces, b. manifestation of error angle showing component imper-

fection.
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Measurement resolution

A complete fringe of the GI20 interferometer corresponds to a change of 2 um
in the distance from the interferometer reference flat to the measured piece [52].
It is possible to resolve to better than one fifth of a fringe which corresponds
to ~ 20 pradians (~ 4 arcseconds) over 20 mm, which is suitable resolution for

verification of component perpendicularity for this application.

This measurement is of a combined error and it is not possible to disentangle it
to determine the absolute angular error between bonding and reflecting faces

for each component unless one angle is already known.

Bond thickness variations

A bond has finite thickness but it may also have some variation in thickness
across its length. A variation in bond thickness would appear as a variation
in error angle and in a worst case scenario could compensate for the error
angle, making a defective component appear within tolerance as shown (greatly
exaggerated) in Figure 3.10. Bond thickness varies with the concentration
of bonding fluid used, becoming thicker with higher ratio of sodium silicate

solution to water.

A variation across the bonding surface (5mm) of 35nm would appear as an
error angle of ~ 1 arcsecond (7 uradians). Measured bond thicknesses for bonds
made using weak concentrations of bonding fluid (similar to those used for
these tests and expected to be similar to that of a water bond) are 81 +
3nm [43]. It is not expected that a variation as large as 35 nm will be present
in a bond of thickness 81 nm, suggesting that the error angle contribution due

to bond thickness variation should be smaller than the resolution required.
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error angle Interferometer
referenge flat

\%

Bond with varying thickness

Figure 3.10: Diagram showing ‘composite’ mirror (side view) with variation

of bond thickness negating component error angle

Interpretation of combined error angle

The components were placed on the interferometer such that there was an air
wedge between both mirrors and the reference flat, which generates fringes
across both surfaces4. This results in a number of fringes, n, across one mir-
ror and n+ £ across the other (where 6 is dictated by the error angle). The

combined error angle for this orientation can then be calculated.

When one component is removed, rotated by 180° about the bonding surface
and re-bonded, a different combined error angle will be seen (unless one or
both pieces are square). For two components, a and b, with error angles EA4a

and EAb, then the largest combined error angle {CEAf) would be
CEAi = EAa+ EAb

and the other possible combined error angle, CE A 2 (for the other component

orientation), would be

CEA2=FEAa- EAD.

Measuring CEA\ and CE A2 allows the calculation of E4a and EA4 b, but not

4In practice this is usually unavoidable
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the determination of which component contributed which error angle.

Results of tests

The first pieces tested using this technique showed a deviation from flatness
of ~ 60 arcsec, well outside the expected 6arcsec. An example measurement
is shown in Figure 3.11, where the superimposed red line has been drawn to
show the method used for fringe counting. The two mirrors show a difference
in slope with respect to the interferometer flat of approximately 3.5 fringes,
corresponding to an angle of ~ 70 arcsec. Further inspection of the remaining
pieces showed that in many cases the bonding surface was contaminated by

spillage of the optical coatings.

Figure 3.11: Flatness measure- Figure 3.12: Flatness measure-
ment of two water bonded compo- ment of two water bonded compo-
nents before repolishing. nents after repolishing.

All the pieces were returned to the manufacturer and the fault in the manu-
facturing process was traced. A remedial repolishing technique was identified
and the pieces were corrected and individually measured by the manufacturer.
The pieces were again tested on return from the manufacturer and found to
be within specification. Figure 3.12 shows an example of the flatness of the
conjugate water bonded piece after repolishing. The fringe difference is less

than one third of a fringe, corresponding to less than 6 arcsec.
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3.2.2 Non-adjustable component bonding

The nine non-adjustable components were located and bonded using only the
template as a reference. Only four bolts were used to attach the brass template
to the ULE®) baseplate. This allowed fast removal of the template in case of
an unacceptable bond, thus giving full access to the bond and maximising
the chances of successfully removing the bond with little or no damage to the

component or baseplate.

Initially the template is located aligned to the baseplate using the fixing holes.
When the first two components have been bonded they become the reference
for locating the template. In this case the template can be removed and
then realigned to these bonded components. This becomes important if the
template has to be removed and replaced for some reason, e.g. re-cleaning. For
this reason, two cubes with a long baseline between them were chosen to make

replacement of the template as accurate as possible.

The components were bonded nearest to the bonding technician (who is ‘down
wind’ of the baseplate) to minimise the risk of contaminating areas of the
baseplate to be bonded to. In the case of any contamination that could not
be removed with a jet of clean air, the removal of the template is necessary to

re-clean the area.

It can be seen from Figure 3.1 that when nine of the components are bonded
(relying on the accuracy of the template), namely BS1, BS2, BS3, M1, BS4,
BS5, M2, M3 and BS6, the reference photodiode and the frequency noise

photodiode can each be illuminated with one beam.

Figure 3.13 shows the brass template above the baseplate with the nine non-

adjustable components in place. In the foreground of the photograph the
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invar mounting bracket can be seen. This is for attaching the fibre injectors

and quadrant photodiode for the adjustable component bonding.

Figure 3.13: OB after first nine components have been bonded, showing the

brass alignment template in position above the baseplate

3.2.3 Adjustable component bonding

With all the non-adjustable components in place the laser beams are intro-
duced onto the OB. When BS7 and BS8 are correctly placed the reference
recombination is completed. BS7 and BS8 are judged to be in the correct
position when the alignment of the two beams hitting the reference photodi-
ode are colinear and overlapping with the required precision, i e. the required

contrast of the heterodyne beatnote fringes is seen.

The same process was followed for the frequency noise photodiode using M4
and M5. With M4 and M5 in place we can see that the final recombination
to the measurement photodiode is now illuminated by one beam, so the last

two components (M6 and BS9) can be positioned using the same technique to
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complete the measurement recombination.

A quadrant photodiode was used to monitor the alignment. The quadrant
photodiode was centered on the beam from already bonded components and
the two final components in the path positioned using the adjusters with a

bonding technique that was developed specifically for this use.

Figure 3.14 shows the adjusters in position immediately after the final two
components (M4 and M5) had been bonded. Figure 3.15 shows the completed

optical bench with brass template removed.

Figure 3.14: Prototype optcial bench during bonding showing fibre couplers
and quadrant photodiode attached to invar mount (foreground) and adjusters

(back right)

3.3 Contrast of output signals

The contrast of the interference fringes at the interferometer output depends

on collinearity, overlap, power matching and mode matching of the beams. It
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Figure 3.15: Fully bonded optical bench with fibre couplers attached to invar

mount

should be noted that the contrast of the output signals from the prototype
optical bench is not as critical as for the LTP optical bench as all beams
are fixed and d.c. components can be removed by filtering. The contrast is

calculated from measurements of the heterodyne signal by

Maximum signal - Minimum signal "
- : : . 3.4)

Contrast =

The heterodyne signals as measured upon installation of the OB in the clean

facility after bonding are shown in Figure 3.16.

The contrast of the reference and measurement paths is ~ 58% and ~ 55%
respectively, while that of the frequency noise signal is ~ 12%. Clearly the
beams interfering to give the frequency noise signal are significantly misaligned.
The reference and measurement signals are acceptable. All of the signals show
lower contrast than when initially bonded and the change in signal is attributed
to movement of the fibre couplers relative to the optical bench. These couplers
are bolted onto the invar shelf, which is bolted to the ULE® bench. The glass

to metal fixings are thought to have shifted slightly during transit from the
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Figure 3.16: Heterodyne signals at the output of the optical bench upon instal-

lation.

bonding lab to the interferometry lab: the risk of cracking the ULE(R) limits

the extent to which the bolts may be tightened5.

Investigation revealed that the frequency noise beams exhibited good relative
angular alignment but had significant lateral misalignment. An additional
beamsplitter was placed on the OB in one of the frequency noise arms (rotated
at an angle less than 90° to the beam) to help reduce the lateral misalignment
by acting as an inclined optical flat. This also introduces a power mismatch
between the two interferometer arms and also a different number of transmis-
sions through components, but these only have a second order effect on the
contrast. This is the least critical interference and lower contrast here will
not degrade the overall interferometer performance. The resulting (improved)

SThis design of fibre injector is a simple solution with obvious limitations. The fibre
injectors for the LTP engineering and flight models are bonded to the baseplate. This
makes alignment significantly more difficult but fixes the beam location with respect to the

interferometer rigidly.
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signal is shown in Figure 3.17.
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Figure 3.17: Heterodyne signals at the output of the optical bench (with im-

proved contrast in the frequency noise arm).

The reference signal now has a contrast of ~ 52 % and the measurement signal
a contrast of ~ 50 % while the frequency noise signal has an improved contrast

of ~ 41 %.

The angles of the beams onto the optical bench were optimised using by ad-
justing the fibre couplers. This led to improved contrasts of ~ 69% for the
reference interference, ~ 68% for the measurement interference and ~ 58%
for the frequency noise interference. These signals are perfectly adequate to

drive the phasemeter inputs (after suitable filtering).

Returning the beam positions to their bonding alignments by repositioning of
the fibre couplers would improve these signal contrasts further. This was not
necessary and using the reduced contrast signals was considered preferable to

risking useable signals in an effort to increase contrast by a few percent.



Chapter 4

LISA Pathfinder prototype

optical bench interferometry

4.1 Experimental setup

A schematic of the overall setup is shown in Figure 4.1 and consists of three
parts: beam preparation, optical bench (in vacuum tank) and phase measure-

ment system.

The optical beams were prepared on an optical table (described in Section 4.1.1)
next to the vacuum tank and supplied to the OB via single mode polarisation
maintaining fibres and fibre feedthroughs. After circulation on the OB the re-
combined beams passed through a window and onto the measurement photo-
diodes (see Section 4.1.2). The photodiodes were mounted outside the vacuum
chamber for convenience with the option of locating them on the invar shelf
(bolted to the ULE®) baseplate) if required. The fibre injectors’ alignment to

the OB is very critical and so these were always mounted on the invar shelf.
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The signals from the photodiodes were fed into the phase measuring system

(PMS) as described in Section 4.1.2.

Vacuum enclosure * N
|
Optical
Bench
AOMs Fibres
Laser injection bench
Photodiodes
Transimpedance
amplifiers
Phasemeter Filters, gam and comparators

DAQ and — <e-
LabVIEW s 7F
interface 2

Figure 4.1: Schematic layout of laser injection bench, prototype optical bench,
measurement photodiodes and phase measurement system. The optical beam

colour key used in Figure 3.1 is also used here.

4.1.1 Laser injection bench

A laser beam preparation bench was required to produce two frequency shifted,
but otherwise identical, single mode laser beams to be fibre coupled onto the
optical bench. This was achieved using light (of wavelength 1064 nm) from
one laser split into two beams and frequency shifted using two independent
acousto-optic modulators (AOMs), one operating at 80 MHz and the other at

80.01 MHz. A labeled photograph of the injection bench is shown in Figure 4.2.



4.1 Experimental setup 68

Laser

Fibre
coupler
AOMs
Fibre—
coupler

Figure 4.2: Photograph of the laser injection bench. Beam paths are shown

using the same colour key as Figure 3.1.
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To obtain light transmission through the fibres the beams must be mode
matched to the fibre core diameter. To do this the beam parameters must
be known and appropriate lenses must be chosen and positioned on the beam
propagation axis to provide a beam of the correct diameter and curvature at

the fibre.
The expansion of a Gaussian beam is given by
(4.1)

where w(z) is the beam radius at a distance z from a waist of wy and A is the
wavelength of the light [53]. Where the position of the waist (z = 0) is not

known we can replace z with z; — a and expect to get

2 2\%q A2g2
w(z))? = e 2 - 5 + W (4.2)

The laser beam diameter was measured at several locations along the beam
propagation axis and the waist position and size calculated by plotting [w(2;)]?
against z; and fitting to a hyperbola using Matlab® [54], as shown in Fig-
ure 4.3. This yields the coeflicients of z; in Equation 4.2 from which the size

of the laser waist and its position (wo and a) were calculated.

Once these parameters were known the evolution of the beam was mapped

such that the beam size and curvature at the fibre were matched.

The laser used was an 800 mW Innolight Nd:YAG non planar ring oscillator
with internal ‘noise eater’ [55]. The AOMs were made using TeO, cells by AA
Opto-Electronique, model AA.MT.80/B20/A1@1.06 um. These were driven
by two phase locked Agilent 8648A signal generators and Motorola CA2832C
power amplifiers. The Motorola amplifiers were chosen for their low noise

performance [56]. They provide wideband linear amplification: 35.5dB of gain
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Figure 4.3: Plot showing beam parameter fitting. The red crosses are measured

data points and the blue line is the fitted data.
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from 1-200 MHz with 1.6 W maximum output power (ensuring they could not
damage the AOMs which are rated to 2.5 W rf input power).

The optical fibres were manufactured by OZ Optics and were single mode
polarisation maintaining fibres with FC connectors (model HPUC-23AF-1064-
P-6.2AS-11).

This injection bench was used to provide the signals for alignment of the final
OB components during the construction phase (Section 3.1.9) and for the
stability tests described in this Section. For this reason it was constructed on

a separate bench for transportability.

4.1.2 Phase measurement system

The phase measuring system consisted of front end photodiodes, signal condi-
tioning electronics and a digital phasemeter (read out using a data acquisition

card with LabVIEW interface).

The principle of operation was to employ a ‘stopwatch’ style phasemeter that
counted the number of fast clock cycles between consecutive rising edges of the
heterodyne beatnotes, as shown in Figure 4.4. The phase difference between
the waveforms is obtained by measuring ¢, the time interval between rising

edges of the reference and measurement signals.

The time for one full reference cycle, T, is measured in order to scale the signal
and therefore make the relative phase measurement insensitive to frequency

drifts.
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Figure 4.4: Principle of the ‘stopwatch’ style phasemeter.

Photodiodes

The three 10 kHz measurement front ends used were silicon photodiodes with
an active area of 41.3 mm?, supplied by RS, stock number 651-995. The ac-
tive area is square with side 6.4 mm. Each photodiode had a custom built
transimpedance amplifier and 330 kHz filter. The circuit diagram is shown in
Figure 4.5. The cases were connected to the circuit ground but isolated from

the optical table using insulating posts. The opamps were LT 1028.

+15V

15pF
RS 651-995 ZS | I

- to PMS
47
_i>— K
LT 1028

v

Figure 4.5: Clircuit diagram of the 10 kHz measurement photodiodes.
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Signal conditioning

The phasemeter requires digital input signals, as shown in Figure 4.4. The orig-
inal heterodyne signals are sine waves, however, and so some manipulation of
the signals is required, without corrupting the phase information. Each signal

was high pass filtered, amplified and fed into a comparator chip (AD790 [57]).

This made the switching point of the comparators insensitive to changes in
the amplitude of the heterodyne signal. Also to this end, components with
low temperature coefficients were used and corner frequencies were suitably
far from the measurement frequency. Finally, the signals were converted to

digital waveforms by the comparator.

Digital phasemeter

The phasemeter used in these experiments was an enhanced version of that

developed for the experiments described in [58].

The data is accumulated in two Altera® Flex®) logic chips and read out (at a
chosen rate) to a PC by a National Instruments Digital I/O card. LabVIEW
software was used to record the data, which was later processed using Matlab.
A photograph of the two Altera®) chips on the printed circuit board is shown
in Figure 4.6.

The phasemeter is capable of reading in five signals - one reference and the

four measured channels (whose phase is compared to the common reference).

The fundamental limiting noise source for this phasemeter is quantisation

noise, which is a function of the signal and fast clock frequencies.
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Figure 4.6: Photograph of the logic chips in the Stopwatch ’style phasemeter.

The phasemeter incorporated additional features (that are outwith the scope of
this thesis) in order to measure down to the noise levels required. These include
measuring two separate time intervals for each cycle and taking particular care
of counting at cycle boundaries (required for multiple cycle phase shifts). On
board averaging was also implemented and led the final output data rate to

the controlling computer being adjustable up to ~ 100 Hz.

The type of phasemeter selected for LTP uses a fast analogue to digital con-
verter to digitise the heterodyne signals. The phase differences are then deter-
mined digitally by discreet Fourier transform [46]. A prototype phasemeter of

this kind was tested with this OB as detailed in Section 4.3.7.
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4.2 Test environment

The performance measurements of the prototype OB interferometer were con-
ducted in a class 1000 clean room with temperature controlled clean air. The
OB was housed in a 1 m diameter vacuum tank which could be evacuated using
a magnetically levitated 10001/s turbo pump backed by a scroll pump. The
system is designed to achieve pressures of order 107 Torr. The air cleaning and
conditioning system is specified to maintain the temperature in the laboratory
to within 1° of 20°C. The temperature in the lab and in the vacuum tank was
monitored and recorded during data taking. The pressure in the vacuum tank
during experimental runs was ~ 2 x 10~2 mbar, which is adequate to passively
shield against local temperature variations and convection currents. Locating
the OB in a closed tank also reduces optical path length changes due to air

currents.

Figures 4.7 and 4.8 show typical temperature variations in the test facility.
The vacuum tank provides a thermal environment more than two orders of

magnitude quieter than the ambient laboratory in the mHz region.

4.3 Optical bench noise performance

On the prototype optical bench a reference signal is generated by splitting
some of the light from each of the fibre couplers and combining them to form
an interference (a 10kHz beatnote). The measurement beatnote comes from
light that has traveled a further distance around the optical bench and is then
similarly combined. If one path changes differentially in length by one wave-
length (1.06 pm) with respect to the other then the phase difference between

the two interferometer outputs would change by one cycle.
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Figure 4.7: Time series of temperature variations in the test facility.
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Figure 4.8: Power spectral density of temperature variations in the test facility.
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A change in phase can be caused by a genuine change in relative optical path
by movement of one the mirrors/beamsplitters (for example due to differential
expansion of the baseplate), by a refractive index change of one of the trans-
missive components (effectively changing the optical path length through the
component) or by other, second order, effects that couple into the measure-

ments.

The advantage of having the reference interferometer on the low expansion
baseplate as well as the measurement interferometer is that all path length
variations prior to the reference interferometer should be irrelevant. There are
many such path length variations before the optical bench due to the laser
injection bench being in air and the light traveling through fibres. This means
that the phase of the interferometer outputs can be varying significantly with
respect to the signals used to drive the AOMs. It could be expected that
this would not be a source of degradation in performance but in practice this

turned out not to be true, as described in Section 4.3.6.

4.3.1 Initial performance

Figures 4.9 (time series) and 4.10 (power spectral density (PSD)) show prelimi-
nary measurements of the path length stability on the optical bench compared
to the LTP interferometry goal with the experimental set up shown in Fig-
ure 4.1. This data was taken with the OB in the vacuum enclosure but at

atmospheric pressure.

Figures 4.11 (time series) and 4.12 (PSD) show the stability measurements
with the vacuum enclosure evacuated to ~ 2 x 1072 mbar. The convection cur-
rent reduction introduced by the vacuum significantly improved the stability

measurement, although the noise level is clearly still above the LTP goal.
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Figure 4.9: Time series showing initial noise performance of optical bench.

The data was taken over 16 hours.
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Figure 4.10: PSD showing initial noise performance of optical bench. The
green curve is the measurement channel and the blue curve is the frequency

noise channel. The red line is the LTP interferometry goal.
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Figure 4.11: Time series showing noise performance of optical bench under

vacuum. The data was taken over 17 hours.
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Figure 4.12: PSD showing noise performance of optical bench under vacuum.
The green curve is the measurement channel and the blue curve is the frequency

noise channel. The red line is the LTP interferometry goal.
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This Section describes the investigations undertaken to identify the sources of

excess noise and the experimental implementation of their removal.

4.3.2 Amplitude stabilisation

The laser power level in each arm of the interferometer varies due to fluctu-
ations in laser output and variations in the transmission through the system
(for example in the fibres). The prototype optical bench was designed such
that the light power of the two different frequency beams can be monitored
using the transmitted beams through BS8 and BS9 (as shown in Figure 3.1).
In practice the beams were directed by mirrors separate to the OB to power

monitor photodiodes sited outside the vacuum tank.

This light was used to stabilise the light in each arm to investigate if low
frequency laser power variations were coupling into the measurement. The
drive power to the AOMs was used as the actuator. AOMs work by propagating
an acoustic wave through a suitable, acousto-optic, material (TeO in this case)
resulting in an index of refraction variation. When light is incident at the
Bragg angle on this ‘acoustic grating’ light is diffracted. The 1st order beam
will have been frequency shifted by the rf drive frequency and the power of
the shifted beam is proportional to the rf drive power. Thus, the rf drive to
these modulators can be used as the actuator for power stabilisation of the

light on the OB, as shown schematically in Figure 4.13.

No difference in the noise performance was seen when the amplitude stabilisa-

tion servo was in use with a gain > 100 and a bandwidth of 20 kHz.
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Figure 4.13: Layout of the power stabilisation servo. Wires are denoted by
black lines and laser light (of all frequencies) by red lines. Only one AOM and

feedback path is shown for clarity.

4.3.3 Reducing rf pickup

Systems handling high frequency signals can emit some of the signals if the
system is not perfectly impedance matched. These signals can be picked up
elsewhere in the system and mixed with other signals at any non-linear junction

(for example a photodiode).

Of concern in this instance are the 80 MHz and 80.01 MHz drive signals to the
AOMs. These signals are of order 1.5W each. The mixing of one of these
signals with some of the other would cause a 10kHz signal and could appear
at the measurement photodiodes. The phase of this electrical pickup 10kHz
signal may not be locked to the phase of the optical 10 kHz signal, causing an
apparent phase change. This was found to be the case in the initial system

and considerable effort was put into improving the rf shielding and impedance
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matching.

One of the main improvements was the introduction of high quality cabling for
all rf carrying signal lines, terminated with SMA connectors. The cable used
was Filotex® Quickform®) 86 which has a silver plated copper covered steel
inner conductor separated from the outer conductor of tin soaked copper braid
by a PTFE dielectric spacer. This was used as it has screening properties close
to that of semi-rigid cables whilst having greater flexibility. The high power
amplifiers were placed in conductive sealed tins which were grounded to reduce
their radiation and reception of rf signals. Particular care was taken to shield
the amplifiers due to the relatively large size of the signals at these points. The
level of unwanted rf signal was reduced to ~ 80dB below that of the main

signals.

4.3.4 Beam size and position investigations

Investigations were undertaken to ensure that a combination of factors includ-
ing beam size were not coupling into the phase measurements. Each interfering
beam carries phase information and by monitoring the change in ‘net’ phase
from the two beams we deduce path length changes on the optical bench. Thus
if some of this information is lost there is a risk that a spurious path length

change will be recorded.

If a beam is large compared with the photodiode, a significant proportion of

the light may be lost off the active area of the photodiode (clipped)!. With

1For the prototype OB experiments single element photodiodes were used, so clipping
can only occur at the photodiode active area edge. For the LTP interferometers quadrant
photodiodes will be used to extract relative beam angle data. This means that this loss of

information at the photodiode slits must be considered as well as edge effects.



4.3 Optical bench noise performance 83

this lost light there is an associated loss of phase information. If there was no
motion in the system then this would not affect the measurement as the phase

difference is always being measured.

For the prototype optical bench experiments the photodiodes were not rigidly
mounted with respect to the optical bench, potentially resulting in large jitter
of the interfering beams with respect to the edge of the photodiode.

For the ideal case of perfectly overlapping beams whose wavefronts are matched,
beam clipping and jitter could occur with no effect on the net phase. However,
if we take the example of flat interfering wavefronts but with an angle between
them, then this is not the case. Figure 4.14 shows two beams with plane wave-
fronts (wavefront 1 and wavefront 2) viewed orthogonally to the direction of
propagation. If both wavefronts were in the same orientation as wavefront 1
(which has been arbitrarily designated ‘zero’ phase) then it is clear that the
clipping due to beam jitter would have no effect on the measured phase. How-
ever, with this angular tilt between the two beams as shown the phase does
change with beam jitter: with the photodiode active area clipping in position 1
the net phase is ‘negative’ but when the beam moves across the photodiode to

position 2 the net phase is zero.

The magnitude of beam jitter was measured using a scanning knife edge beam
analyser in place of the photodiodes. The measurement precision was limited
by the analyser noise but placed a conservative upper li