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Supervisor’s Foreword

A global network of second-generation kilometre-scale interferometric detectors is
expected to be operational in the next few years, with the aim of directly detecting
gravitational-wave strain signals of the order of one part in 1023. These giant
instruments, combining forefront technologies from many fields of engineering and
physics, will be sensitivity-limited by fluctuations at the atomic and quantum level.
One such limiting source is quantum fluctuations of laser light.

In the early 1980s, the injection of squeezed states of light was proposed by
Caves as a way to reduce the impact of laser quantum fluctuations in gravitational-
wave detectors. This theoretical work preceded the first experimental observation of
squeezed light by 5 years. Since the first observation of squeezed light in the mid-
1980s, the development of both squeezed light theory and squeezed light tech-
nology progressed steadily.

Even after 30 years of development, open questions remained. Two such
questions had implications for the continuing viability of squeezed light as a
technology for enhancing gravitational-wave detectors. The first was to be able to
generate large magnitudes of squeezed light across the measurement Fourier band
of gravitational-wave detectors—10 Hz–10 kHz. The second was to verify the
capability of using squeezed light at the measurement sensitivities and realistic
operating conditions of gravitational-wave detectors. A squeezed light test on a full-
scale interferometer was needed.

Early in his work, Sheon Chua diagnosed the performance of a squeezed light
generator to determine why (1) we were limited to 8 dB of squeezing and (2) we
could only observe squeezing down to 100 Hz. He, along with fellow Ph.D. student
Michael Stefszky, implemented a new design and through very careful work was
able to demonstrate a squeezed light source achieving more than 11 dB of measured
squeezing (17 dB generated) down to 10 Hz. This squeezed light source has all the
characteristics required of the source needed for enhancing the performance of long
baseline gravitational wave detectors.

Injecting a squeezer into a 4 km long interferometer is not a single researcher
benchtop experiment. In 2011, Sheon joined the Mavalvala’s group at Massachusetts
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Institute of Technology in a project to integrate a squeezer built at the Australian
National University into one of the 4 km long LIGO detectors as a proof of principle
of the technique. He was one of the key scientists in this work along with
Drs Barsotti and Sigg and then MIT Ph.D. student Sheila Dwyer with extensive
support for LIGO Hanford staff. The experiment was a resounding success, deliv-
ering what was then the most sensitive interferometer ever constructed. The
importance of this work cannot be underestimated. With the squeezer Sheon was
instrumental in building and the implementation demonstrated on LIGO, in which he
played a key role, advanced detectors will either reach their design sensitivity at
reduced (by up to a factor of four) laser power or have their science reach doubled!

In his thesis, Sheon presents a clear overview of squeezing including an
extensive literature review, followed by a comprehensive description and critical
analysis of what it takes to build and use low frequency squeezers. He analyses
performance limits and ends with a concise summary of what now needs to be
done. His thesis will serve as an ideal reference for future students in the field.

This thesis has been awarded the Gravitational Wave International Committee
(GWIC) Thesis Prize for 2013.

Canberra, Australia David McClelland
November 2014 Centre for Gravitational Physics,

The Australian National University
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Preface

The ability to directly detect gravitational waves will open a completely new branch
of astronomy to view the Universe, one that is inaccessible to electromagnetic-
based astronomy. First-generation ground-based interferometric gravitational-wave
detectors have achieved strain sensitivities of order 10−21, at 100 Hz detection
frequency. A new generation of detectors is under construction, designed to
improve on the sensitivity of the first-generation detectors by a factor of 10.

The quantum nature of light will broadly limit the sensitivity of these new
instruments. This quantum noise will originate from the quantum vacuum fluctu-
ations that enter the unused port of the interferometer. One of the most promising
options for reducing the quantum noise impact and further increasing the sensitivity
is applying quantum squeezed vacuum states. These squeezed states have lower
noise in one quadrature than the vacuum state. By replacing the quantum vacuum
fluctuations entering the interferometer with squeezed vacuum states, the quantum
noise impact is reduced.

This thesis is an account of research in the field of squeezed states for enhancing
interferometric gravitational-wave detectors, undertaken between February 2008
and March 2013, administered by the Department of Quantum Science, Research
School of Physics and Engineering, The Australian National University, Canberra,
Australia. This Springer Theses Edition 2015 is a slightly revised version of the
original thesis of April 2013.

Following the introduction and thesis overview of Chap. 1, the thesis is divided
into three parts. Part I provides the background theory for the research presented,
with material on the characteristics of gravitational waves and their detection
(Chap. 2), quantum optics (Chap. 3), quantum noise limits of interferometric
gravitational-wave detectors (Chap. 4) and squeezed-light sources (Chap. 5).

In Part II, Chap. 6 presents a doubly-resonant, travelling-wave bow-tie cavity
squeezed light source and development work leading to the first measurement of
11.6 ± 0.4 dB of quantum noise suppression from 200 Hz and above. The properties
affecting squeezing magnitude and low-frequency squeezing measurement are
discussed. In addition, a modified squeezing-ellipse-phase control technique for
squeezed vacuum states is presented. This squeezing cavity design also has benefits
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with intrinsic isolation to backscattered light. Chapter 7 presents the measurement
of the immunity of the travelling-wave Optical Parametric Oscillator to backscat-
tered light. The immunity value, measured using the balanced homodyne detector,
is compared to a squeezing-noise coupling spectrum measurement.

Part III presents the methodologies and results from the H1 Squeezed Light
Injection Experiment, performed at the Laser Interferometer Gravitational-Wave
Observatory (LIGO). Chapter 8 introduces the project background, interferometer
hardware modifications made for the squeezing injection, and squeezed light
source, based on the Optical Parametric Oscillator from Part II of this thesis.
Chapter 9 presents the main results of the LIGO H1 Squeezed Light Experiment,
particularly the 2.15 ± 0.05 dB squeezing enhancement of the 4 km Enhanced
LIGO interferometer above 250 Hz. An unknown area was whether the addition of
a squeezer would introduce noise couplings that degrade the crucial low frequency
sensitivity. Chapter 10 presents the measurements made to investigate the impact of
backscattered light from an installed squeezer on LIGO. Inferred levels of back-
scatter noise on the interferometer readout, made from vibration excitations and
optical path length modulations, are presented.

The knowledge and processes gained, from both the squeezed light source
development work and the LIGO Squeezed Light Injection Experiment, will inform
the design, planning and implementation of squeezed states in future gravitational-
wave detectors. Chapter 11 concludes the thesis, with a summary of the work
presented and the discussion of extensions to this research.

Canberra, Australia Sheon S.Y. Chua
December 2014
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Chapter 1
Introduction

Abstract The ability to directly detect gravitational waves will open a com-
pletely new branch of astronomy to view the Universe, one that is inaccessible
to electromagnetic-based astronomy (Thorne, Gravitational Waves, 1995, [1]). The
development of that capability has many technical challenges. Finding solutions to
these challenges have called upon the research development of many different fields
of science and engineering. The first devices for the direct detection of gravitational
waves, known collectively as the resonant mass detectors, were being proposed and
constructed from 1960, starting with the work of Weber (Phys Rev 117:306, 1960,
[2]). Contemporary to this, the field of quantum optics was beginning, with the
formalism work of Glauber (Phys Rev 131:2766–2788, 1963, [3]). The cross-over
between these fields began from the foundation work in quantum-noise-limited mea-
surement that was being driven by the gravitational-wave detection field (Sov Phys
JETP 46:705–706, 1977; JETP Lett 27:276–280, 1978, [4, 5]), as resonant mass
detectors developed with increasing sensitivity that approached quantum limits. The
use of laser interferometers for gravitational-wave detection was first raised in 1962
by Gertsenshtein and Pustovoit (JETP 43:605–607, 1962, [6]). The first in-depth
scientific study into the construction of these interferometric gravitational-wave
detectors came in 1972 by Weiss (Q Prog Rep Res Lab Electron 105, 1972, [7]).
However, it was soon realised that these instruments would be sensitivity-limited
by the quantum nature of the laser light itself. This lead to the theoretical study
of the use of quantum squeezed states for enhancing interferometric gravitational-
wave detector sensitivity (Other quantum measurement schemes being developed
include variational interferometer readout (Kimble et al., Phys Rev D 65:022002,
2002; Corbitt and Mavalvala, J Opt B Quantum Semiclass Opt 6:S675, 2004,
[8, 9]), ‘speed-meter’ designs (Purdue and Chen, Phys Rev D 66:122004, 2002;
de Vine et al., Phys Lett A 316:17–23, 2003; Chen, Phys Rev D 67:122004, 2003;
Chen et al., General Relativ Gravity 43:671–694, 2011; Wade et al., Phys Rev D
86:062001, 2012, [10–14]), which are acknowledge but not presented.). It is this
quantum-optic enhancement scheme that is the focus of this thesis.

© Springer International Publishing Switzerland 2015
S.S.Y. Chua, Quantum Enhancement of a 4km Laser Interferometer
Gravitational-Wave Detector, Springer Theses,
DOI 10.1007/978-3-319-17686-4_1
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2 1 Introduction

1.1 Squeezed States for Gravitational-Wave Detection

Squeezed states for the enhancement of interferometric gravitational-wave detectors
was first proposed by Caves in 1981 [15]. This proposal was further built on by
Unruh [16] and later Jaekel and Reynaud [17] by showing that a squeezed state (with
appropriate squeezing angle) can reduce the noise below the lower-limit imposed by
the quantum nature of light. The theory of squeezed states will be covered in Chap.3,
and its application in interferometric gravitational-wave detectors in Chap.4.

From the first observation of squeezing by Slusher et al. [18], progress in both
generating larger squeezing magnitudes, and measuring squeezed states at lower
Fourier frequencies for gravitational-wave detector enhancement has been steady.
This development is charted in Fig. 1.1.
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Fig. 1.1 Plot of previous measured squeezing magnitudes and measurement Fourier frequencies.
The audio gravitational-wave detection band (10Hz–10kHz) is shown by the shaded area. Differing
colours are for clarity only. a First squeezing measurement—Slusher et al. [18], b Wu et al. [19],
c Grangier et al. [20], d Xiao et al. [21], e Polzik et al. [22], f Breitenbach et al. [23], g Schneider
et al. [24], h Schneider et al. [25], i Lam et al. [26], j Buchler et al. [27], k Bowen et al. [28], l
Schnabel et al. [29], m Laurat et al. [30], n first squeezing in audio GW band—McKenzie et al.
[31], o McKenzie et al. [32], p Vahlbruch et al. [33], q Suzuki et al. [34], r first squeezing across the
audio GW band—Vahlbruch et al. [35], s McKenzie [36], t Goda et al. [37], u Takeno et al. [38], v
Vahlbruch et al. [39], w Yonezawa et al. [40], x Vahlbruch [41], y Vahlbruch et al. [42], z Mehmet
et al. [43], A 12.6dB squeezing at 5.5MHz—Eberle et al. [44], B 12.3dB at 1550nm—Mehmet et
al. [45], C Khalaidovski et al. [46], D Chua et al. [47], E this thesis, F 11.6dB at 200Hz, >10dB
across the audio GW band—Stefszky et al. [48]

http://dx.doi.org/10.1007/978-3-319-17686-4_3
http://dx.doi.org/10.1007/978-3-319-17686-4_4
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1.1.1 Squeezing Magnitude

Measured squeezing magnitude has steadily increased over time from refinements in
experimental technique and optical components. The largestmagnitudes in squeezing
yet achieved have beenwith the squeezing apparatus that use nonlinear opticalmedia.
A squeezing magnitude of 12.6dB has been observed by the group at the Albert-
Einstein Institute (AEI) in Hannover, Germany [44].

1.1.2 Audio-Detection Band Fourier Frequencies

Squeezing measurement in the gravitational-wave detection band is a key require-
ment for squeezing to be useful for gravitational-wave sensitivity enhancement. For a
long period after first measurement by Slusher et al., detection frequencies remained
above the audio gravitational-wave detection band. In 2004, McKenzie et al. made
the first measurement of squeezing within the detection band by connecting the rela-
tionship between the presence of bright field at the squeezing frequency and technical
noise coupling [31]. Shortly after, first measurement across the entire detection band
was achieved by Vahlbruch et al. [33]. Subsequent studies of the issues surround-
ing squeezed state detection in the audio band were made and reported on [35, 49],
leading to the comprehensive study of Stefszky et al. [48], joint work between the
Australian National University (ANU) and the Albert-Einstein Institute (AEI) in
Hannover, Germany. This work also contains the first measurement of greater than
10dB squeezing across the audio detection band.

1.1.3 Proof-of-Principle Experiments and Application
in Gravitational-Wave-Detection Interferometers

Proof-of-principal experiments for squeezed light injection into benchtop and proto-
type interferometers in gravitational-wave-detector configuration have been made.

• Bench-top Interferometers—The first experiment with squeezing-enhanced sig-
nal detection from a simple Michelson interferometer with power-recycling was
reported byMcKenzie et al. [50], where the demonstrated enhancementwas∼3dB
with an injected 5.46MHz signal into the Michelson. The first demonstration of
squeezing-enhanced detection with a dual-recycled Michelson interferometer was
performed by Vahlbruch et al. [51], showing enhancement of up to 2.8dB between
5 and 15MHz.

• Prototype Interferometer—Amilestone in the implementation of squeezing injec-
tion into gravitational-wave detectors was the successful test on the Caltech 40m
prototype interferometer in 2008 [52]. This interferometer is a miniaturised copy
of a gravitational-wave detector, with suspended optics and recycling mirrors. The
prototype injection saw an improvement of 3dB at the kHz frequencies.
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Key milestones in the application of squeezed states in large-scale interferometric
gravitational-wave detectors have been reached:

• Implementation into GEO600—The GEO600 interferometer, located near Han-
nover, Germany was the first to implement squeezed state injection as part of base-
line design and operation. An improvement of 3.5dB above 700Hz was reported
in 2011 [53].

• The LIGOH1 Squeezed Light Injection Experiment, undertaken at the LIGOHan-
ford Observatory in Washington State, USA, confirmed the sensitivity-enhance-
ment capability of squeezing around the 100Hz audio detection frequency.

1.2 Thesis Overview

The development of the doubly-resonant, travelling-wave squeezed light source
resulting in greater than 10dB squeezingmagnitudemeasured across the audio detec-
tion band, and the results of the LIGO H1 Squeezing Light Injection Experiment,
form themajor sections of research presented in this thesis. The structure of the thesis
comprises of three major parts.

Part 1 provides the background theory for the research presented. This part calls
upon published texts and reference material. This part is intended for completeness.
For the reader familiar with these topics, this first part can be bypassed.

• Chapter2 provides an introduction to gravitational waves and their detection. An
overview of gravitational-wave sources, current and future gravitational-wave
detectors, and an overview into sensitivity-limiting noise sources is presented.
Pitkin et al. [54] is recommended for further detail.

• Chapter3 presents the basics of quantum states of light and their pictorial rep-
resentations, along with the quantum descriptions of optical components such as
mirrors, optical cavities and photodetection. This chapter is based on the compre-
hensive text of Walls and Milburn [55].

• Chapter4 introduces the calculations for obtaining the sensitivity-limiting quan-
tum noise curves for interferometric gravitational-wave detectors. Three detector
configurations are introduced, as well as the effect of applied squeezing for each
configuration. The calculations presented are heavily based on theworks ofKimble
et al. [8], and Buonanno and Chen [56, 57].

• Chapter5 gives an overview of a ‘generic’ squeezed-light source used for inter-
ferometric gravitational-wave detector enhancement. The various key parts are
canvassed, including the laser inputs, nonlinear optics, measurement, stabilisa-
tion and control stages. The reference material for further detail are the works of
Buchler [27], McKenzie [36] and Vahlbruch [41].

In Part 2, the development work and results from the doubly-resonant, travelling-
wave squeezed light source are presented.

http://dx.doi.org/10.1007/978-3-319-17686-4_2
http://dx.doi.org/10.1007/978-3-319-17686-4_3
http://dx.doi.org/10.1007/978-3-319-17686-4_4
http://dx.doi.org/10.1007/978-3-319-17686-4_5
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• Chapter6 details the doubly-resonant, travelling-wave squeezed light source. The
Optical Parametric Oscillator and the modified squeezing-angle control scheme
are presented. The properties that affect squeezing magnitude and low-frequency
measurement are then presented. The progression of upgrades to the squeezed
light source, reflecting the progression of knowledge gained into these properties,
are outlined. Results of up to 11.6dB squeezing in the audio gravitational-wave
detection band (Curve (E) of Fig. 1.1), and 5900 s of continuous 7.5dB squeezing,
down to 1Hz (Curve (D) of Fig. 1.1) are reported.

• Chapter7 presents themeasurement of the immunity of the travelling-waveOptical
Parametric Oscillator to backscattered light. The immunity value, measured with
using the balanced homodyne detector, is compared to a squeezing-noise coupling
spectrum measurement.

Part 3 presents the methodologies and results from the LIGO H1 Squeezed Light
Injection Experiment.

• Chapter8 introduces the LIGO H1 Squeezed Light Injection Experiment. The
project background, the Enhanced LIGO interferometer and the hardware modi-
fications made for the squeezing injection are presented. The LIGO H1 squeezed
light source is highlighted, based on the doubly-resonant, travelling-wave Optical
Parametric Oscillator.

• Chapter9 presents the main results of the LIGO H1 Squeezed Light Exper-
iment, particularly the sensitivity enhancement of the 4km Enhanced LIGO
interferometer using squeezed states. This includes the first measurement of
squeezing-enhancement below 300Hz detection frequency in an interferometric
gravitational-wave detector, and the best sensitivity to gravitational waves above
250Hz.

• Chapter10 presents the measurements made to investigate the impact of backscat-
tered light from an installed squeezer on LIGO. Inferred levels of backscatter noise
on the interferometer readout, made from vibration excitations and optical path
length modulations, are presented.

Chapter11 concludes the thesis, with a summary of the work presented and the
discussion of extensions to this research.

1.3 Statement of Contribution

Research Work at the Australian National University

The work at the Australian National University was jointly completed with
M. Stefszky and C. Mow-Lowry, under the supervision of D. McClelland, P.K. Lam,
B. Buchler and D. Shaddock. This work was published in [47, 48].

http://dx.doi.org/10.1007/978-3-319-17686-4_6
http://dx.doi.org/10.1007/978-3-319-17686-4_7
http://dx.doi.org/10.1007/978-3-319-17686-4_8
http://dx.doi.org/10.1007/978-3-319-17686-4_9
http://dx.doi.org/10.1007/978-3-319-17686-4_10
http://dx.doi.org/10.1007/978-3-319-17686-4_11
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I led the Optical Parametric Oscillator tolerance to backscatter, medium-term
length squeezing, and squeezing ellipse phase noise measurement work. Squeez-
ing spectrum measurements were made jointly with M. Stefszky. The work on
characterising low-frequency noise sources in squeezing detection was led by M.
Stefszky and C. Mow-Lowry, with my input. Mitigation of low-frequency noise on
the squeezed light source was jointly implemented by M. Stefszky, C. Mow-Lowry
and me. The modified coherent sideband locking scheme was devised by C. Mow-
Lowry and K. McKenzie, with experimental implementation led by me.

The homodyne detector electronics for the later squeezing experiments was
designed by H. Vahlbruch and R. Schnabel, from the Albert Einstein Institute, Han-
nover Germany.

Research Work at the LIGO Hanford Observatory

The LIGO H1 Squeezed Light Injection Experiment was a collaboration of many
members of the LIGO Scientific Collaboration. The lead scientists over the Exper-
iment window were myself, S. Dwyer, L. Barsotti and D. Sigg, with invaluable
contributions fromM. Factourovich, G. Meadors, M. Stefszky, A. Khalaidovski, and
C. Mow-Lowry.

The LIGO squeezing Optical Parametric Oscillator was constructed and tested
by myself, M. Stefszky, C. Mow-Lowry, S. Dwyer and A. Khalaidovski, under the
supervision of L. Barsotti, D. Sigg, K. Kawabe, R. Schnabel, D. McClelland and
N. Mavalvala. Integration with the LIGO interferometer was overseen by Kawabe,
with invaluable support from Landry and the LIGO Hanford Observatory staff. N.
Smith-Lefebvre, M. Evans, R. Schofield, C. Vorvick, and R. Gustafson kept the
LIGO interferometer running at peak sensitivity. The running of the squeezer was
the responsibility of myself, Dwyer and Barsotti.

The backscatter impact on interferometer sensitivity was led by myself and R.
Schofield, with S. Dwyer, L. Barsotti and D. Sigg. Interferometer sensitivity traces
with squeezing were jointly completed by myself, S. Dwyer, L. Barsotti, D. Sigg, M.
Evans and K. Kawabe, with input from G. Meadors, M. Factourovich and N. Smith-
Lefebvre. Injection characterisation work was completed by S. Dwyer, myself, L.
Barsotti, M. Evans, D. Sigg and K. Kawabe. Squeezing phase noise work on LIGO
was led by Dwyer, with input from myself, Barsotti, and Sigg.

1.4 Publications

• Stefszky, M.S, Mow-Lowry, C.M., Chua, S.S.Y., Shaddock, D.A., Buchler, B.C.,
Vahlbruch, H., Khalaidovski, A., Schnabel, R., Lam, P.K., and McClelland, D.E.,
Balanced Homodyne Detection of Optical Quantum States at Audio-Band Fre-
quencies and Below, Class. Quant. Grav., vol. 29, no. 14, 145015 (2012)
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• Chua, S.S.Y., Stefszky, M.S., Mow-Lowry, C.M., Buchler, B.C., Dwyer, S., Shad-
dock, D.A., Lam, P.K. and McClelland, D.E., Backscatter tolerant squeezed light
source for advanced gravitational-wave detectors, Opt. Lett., vol. 36, no. 23, pp.
4680–4682 (2011)

• Chua, S., Stefszky, M., Mow-Lowry, C., Buchler, B.C., McKenzie, K., Shaddock,
D.A., Lam, P.K. and McClelland, D.E., Quantum squeezing in advanced grav-
itational wave detectors, Int. J. Mod. Phys. D, vol. 20, no. 10, pp. 2043–2049
(2011)

• Stefszky, M., Mow-Lowry, C.M., McKenzie, K., Chua, S., Buchler, B.C., Symul,
T., McClelland, D.E. and Lam, P.K, An investigation of doubly-resonant optical
parametric oscillators and nonlinear crystals for squeezing, J. Phys. B Atomic,
Molecular and Optical Physics, vol. 44, no. 1., 015502 (2011)

• DeVine,G.,Rabeling,D.S., Slagmolen,B.J.J., Lam,T.T.-Y.,Chua, S.,Wuchenich,
D.M., McClelland, D.E. and Shaddock, D.A., Picometer level displacement
metrology with digitally enhanced heterodyne interferometry, Opt. Exp., vol. 17,
no. 2, pp. 828–837 (2009)

• LIGO Scientific Collaboration—Author acknowledged as a lead scientist,
Enhanced sensitivity of the LIGO gravitational wave detector by using squeezed
states of light, Nat. Phot., vol. 7, pp. 613–619 (2013)

• Chua, S.S.Y., Dwyer, S., Barsotti, L., Sigg, D., Schofield, R.M.S., Frolov, V.V.,
Kawabe, K., Evans, M., Meadors, G.D., Factourovich, M., Gustafson, R., Smith-
Lefebvre, N., Vorvick, C., Landry, M., Khalaidovski, A., Stefszky, M.S., Mow-
Lowry, C.M., Buchler, B.C., Shaddock, D.A., Lam, P.K., Schnabel, R., Mavalvala,
N., and McClelland, D.M.,Impact of backscattered-light in a squeezing-enhanced
interferometric gravitational-wave detector, Class. Quant. Grav., vol. 31, no. 14,
035017 (2014)

• Dwyer, S., Barsotti, L., Chua, S.S.Y., Evans, M., Factourovich, M., Gustafson,
D., Isogai, T., Kawabe, K., Khalaidovski, A., Lam, P.K., Landry, M., Mavalvala,
N., McClelland, D.M., Meadors, G.D., Mow-Lowry, C.M., Schnabel, R., Smith-
Lefebvre, N., Stefszky, M.S., Vorvick, C., and Sigg, D., Squeezed quadrature
fluctuations in a gravitational wave detector using squeezed light, Opt. Exp., vol.
21, no. 16, 19047–19060 (2013)
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Chapter 2
Gravitational Waves and the Quest
for Their Direct Detection

Abstract This chapter introduces gravitational waves and reviews the optical-
interferometric experiments for their direct detection. This is intended as an overview
of the field—for further detail, a recommended source is Pitkin et al. (Living Rev
Relativ 14(5):75 pp, 2011, [1]). Section2.1 presents the basics of gravitational waves
and potential sources of suchwaves in our Universe. Section2.2 presents an introduc-
tion to current, second generation and future ground-based interferometric detectors.
Section2.3 provides an overview of noise sources currently affecting ground based
measurements.

2.1 The Nature of Gravitational Waves

As presented in Einstein’s theory of General Relativity [2], the gravitational force
exists due to the curvature of space-time. This curvature implies that space-time is a
flexiblemedium, and allows the existence of propagatingwaves of space-time known
as gravitational waves. Gravitational waves are oscillations of space-time itself. This
is intrinsically different to themore familiar electromagnetic waves, which propagate
through space-time [3].

Some of the predicted astrophysical sources of gravitational waves include:

• Inspiral/Coalescing Binary Systems [4, 5]—Binary systems of compact objects,
such as neutron stars and black holes, emit gravitational waves as they orbit. As
angular momentum and energy are lost via gravitational waves, the orbital distance
decays. Asymptoting to coalescence, the emitted gravitational waves increase in
both strength and frequency, resulting in a chirp signal.

• Spinning Massive Objects [4]—Spinning massive objects will lose angular
energy via emission of periodic gravitational waves, whose signal strength
increases as the degree of axial-asymmetry increases. Possible candidates include
non-symmetric pulsars and neutron stars.

© Springer International Publishing Switzerland 2015
S.S.Y. Chua, Quantum Enhancement of a 4km Laser Interferometer
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Fig. 2.1 Predicted sources
of gravitational
waves—adapted from [4].
Symbol meanings: MO solar
mass, ε ellipticity, Ω
stochastic background
energy density
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• Stochastic Background [4, 6]—A stochastic background of gravitational waves,
similar to the cosmic microwave background, is expected to be a remnant from
the early Universe. Predictions of signal strength for inspiral systems, spinning
massive objects and Stochastic background are shown in Fig. 2.1.

• Supernovae [7, 8]—The non-symmetric dynamics of these stellar explosions are
predicted to emit gravitational waves. Detecting these emissions will be a poten-
tial source of direct information about these events that are currently not well
understood.

Propagating at the speed of light, gravitational waves interact very weakly with
matter. This characteristic means that detecting gravitational waves may offer a rela-
tively unhindered view of the Universe, a view that is inaccessible to electromagnetic
radiation-based astronomy. For example, it allows the possibility of gaining insights
from the formation of the Universe from 10−36 s after the Big Bang, or approx-
imately 300,000years earlier than electromagnetic-based astronomy is capable of
[6], as well as dynamics of Supernovae core collapses [8] (above). Furthermore,
gravitational waves are generated from these phenomena directly, thus carry direct
information about the characteristics of these objects/events [9].

The lowest mode of gravitational-wave oscillation is the quadrapole, and can be
best described by their effect on a region of space-time [10]. Figure2.2 shows the
effect of the two basic polarisations (h+ and h×) of a passing gravitational wave
on two rings of free-falling test particles. The rings are truncated and elongated in
orthogonal directions.
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h+

hx

t0Δd

Fig. 2.2 The effect of the two basic gravitational wave polarisations (h+ and h×) passing into the
page on free-falling test particles, where Δd represents the displacement of the particles from their
neutral position over a full cycle. The strain is an exaggerated h = 0.4 to clearly demonstrate the
effect

The strength of the gravitationalwave ismeasured by the strain, h, or the fractional
length change it induces, given by:

h = δL

L
(2.1)

where δL is the change in length and L is the original length that the change is
measured over. The largest astrophysical sources/events are expected to have extra-
ordinarily small strains, of order h ≈ 10−21 and lower [10].

Observations by Hulse and Taylor [11, 12] on a binary neutron star-pulsar sys-
tem, PSR B1913+16, provided the indirect evidence of the existence of gravitational
waves. They found that the changing orbital period of the binary system was consis-
tent with the predicted loss of energy from system via the emission of gravitational
waves [13].

2.2 Ground-Based Gravitational-Wave
Interferometric Detectors

This section presents an overview of current and future ground-based interferometric
gravitational-wave detector projects around the world. Other direct detection efforts
and methods are being developed, such as space-based detectors [14, 15], resonant
mass detectors [16–19], as well as pulsar timing arrays [20–24]. These efforts and
methods are acknowledged but are not discussed.
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Fig. 2.3 a AbasicMichelson interferometer, showing the effect of a gravitational wave passing into
the plane of the page. Details found in Sect. 2.2.1, bAMichelson interferometer with resonating arm
cavities, power recycling and signal recycling mirrors. PRM Power Recycling Mirror, ITM Input
Test Mass, ETM End Test Mass, SRM Signal Recycling Mirror, f gravitational-wave frequency,
δL change in Michelson arm length

2.2.1 Interferometers for Direct Detection

Ground-based interferometric gravitational-wave detectors are based on aMichelson
Interferometer topology. For the remainder of this thesis, references to “gravitational-
wave detectors” will specifically refer to such devices. A basic Michelson Interfer-
ometer is shown in Fig. 2.3a. Continuous-wave light from a laser is split into two
beams with a beamsplitter. The two beams then travel in the orthogonal arms of
the Michelson (length L). Both beams are reflected back towards and interfered on
the beamsplitter via the test mass mirrors, resulting in an interference signal that
encodes information about the relative optical path difference between the two arms,
detectable by the photodetector. Any change in the relative optical path difference
(δL) of the two arms will change the interference signal at the beamsplitter. A grav-
itational wave of a particular Fourier frequency f reveals itself in an interferometer
as a modulation signal on the light at the same frequency.

Gravitational-wave detectors use additional techniques to further increase the
sensitivity. These include resonating optical cavities for the Michelson arms, opti-
cal recycling mirrors, as shown in Fig. 2.3b. The first generation gravitational-wave
detectors included LIGO [25], Virgo [26], GEO600 [27] and TAMA300 [28] inter-
ferometers. All first generation detectors broadly reached their design sensitivities
by 2006.
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2.2.2 The “Generation 1.5” Detectors

The “Generation 1.5” interferometers formed intermediate upgrade stages for LIGO
and Virgo instruments, working towards their respective second generation devices.

• Enhanced LIGO [31]—The Enhanced Laser Interferometer Gravitational-wave
Observatory (also knownas eLIGO)were twoMichelson interferometers, operated
by the US-led LIGO Scientific Collaboration. Situated at two sites in the United
States (Hanford, Washington State and Livingston, Louisiana), they are purposely
separated by approximately 3000km to allow for triangulation of gravitational-
wave sources in the sky. Each site had an interferometer with 4km arm cavities
and power recycling.

• Virgo+ [32]—The Virgo+ Interferometer was also a power-recycled Michelson
interferometer, but with 3km resonating arm cavities. Situated near Pisa in Italy
and operated by the French-Italian Virgo Collaboration, Virgo+ had smaller peak-
strain sensitivity due to shorter arm lengths, but deployed more advanced seismic
isolation systems resulting in better sensitivity at lower detection frequencies.

A joint scientific measurement run between Enhanced LIGO and Virgo+ [33] was
concluded in October 2010. The start of the second-generation upgrade/installation
programs for Enhanced LIGO and Virgo+ then immediately followed. The estimated
development timelines fromGeneration 1.5 to second generation detectors are shown
in Fig. 2.5. The work presented in the later chapters of this thesis were undertaken on
theEnhancedLIGO interferometer atHanford, thus greater detail about theEnhanced
LIGO interferometer will be covered in Chap.8.

2.2.3 Second Generation Detectors

The locations of the gravitational-wave detectors comprising the second generation
network described below, are shown in Fig. 2.4a.

• Advanced LIGO [34]—The Advanced LIGO interferometer network will consist
of three 4km interferometers, one interferometer located in each of the two USA
sites and the third interferometer located in India (LIGO India with the IndIGO
consortium [35]). These interferometers will have arm cavities and use dual recy-
cling, that is both power recycling and signal recycling. With improved seismic
isolation, test mass mirrors, mirror coatings and mirror suspension technologies,
and an increase in operating laser power, the target sensitivity improvement is an
order of 10 in magnitude over (initial) LIGO. This translates to an increased obser-
vational reach of 1000 in volume space compared to LIGO, pictorially shown in
Fig. 2.4b.

• Advanced Virgo [36]—The Advanced Virgo interferometer will be a 3km dual-
recycled interferometerwith armcavities,with increased operating laser power and
improved mirrors and mirror coatings to augment their advanced seismic isolation

http://dx.doi.org/10.1007/978-3-319-17686-4_8
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aLIGO Hanford
Washington, USA

aLIGO Livingston
Louisiana, USA

aVIRGO

LIGO India

GEO - HF

(a) (b)

KAGRA / LCGT

Fig. 2.4 a Second-generation gravitational-wave interferometric detector sites around the world;
b Observational reach of Advanced LIGO, one thousand times larger volume space compared to
Initial LIGO [29]. Sky map courtesy of Richard Powell [30]
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Fig. 2.5 Development timelines for ground-based gravitational-wave detectors—adapted from [40]

system. The target sensitivity improvement is also an order of 10 in magnitude
relative to first generation Virgo.

• KAGRA (LCGT) [37]—Located underground at Kamioka, Gifu Prefecture,
Japan, construction of KAGRA Large-scale Cryogenic Gravitational-wave Tele-
scope (LCGT) began in January 2012. KAGRA will be a 3km power-recycled
interferometer with arm cavities, and will be the first underground kilometre-scale
interferometer and the first to employ cryogenics as part of its baseline technology.

• GEO-HF/GEO600 [38]—Operated by the British-German GEO collaboration,
GEO-HF is the second generation upgrade of GEO600 [27] interferometer, whose
main upgrade took place during the S6/VSR2-3 Science Run. The sole interferom-
eter in operation during the second generation detector upgrade/installation phase
(labelled ‘Astrowatch’ in Fig. 2.5), it is in dual-recycled configuration with 600m
folded arms and no arm cavities. It is the first interferometer to employ squeezed
states [39] as part of its baseline operation.
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Fig. 2.6 Design
strain-sensitivities for
selected second generation
and future
laser-interferometric
gravitational wave detectors.
The achieved design
sensitivity for first generation
LIGO [25], is also plotted
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2.2.4 Third Generation Detectors

• Einstein Telescope [41, 42]—Design studies for a third generation European
detector called the Einstein Telescope have been undertaken. This interferometer
looks to combine dual-recycledMichelsons with arm cavities, squeezed states and
cryogenics, along with being housed within a deep-underground facility.

• Third Generation LIGO [43]—The early stages of planning/discussion for the
third generation LIGO instruments started in early 2012. Various designs with
different technologies and optical topologies are being studied, including different
materials for test masses and different cooling/cryogenic strategies. However, one
common technology included in all third generation LIGOdesigns being discussed
is the use of squeezed states.

2.2.5 Strain Sensitivities and Development Timelines

For the secondgeneration and third generation detectors, their estimated development
timelines are shown in Fig. 2.5, and their respective design/predicted sensitivities
have been graphically presented in Fig. 2.6.

2.3 Noise Sources Affecting Ground-Based Interferometers

For the second generation interferometers, the target strain sensitivity is of order
h = 10−23/

√
Hz, as shown in Fig. 2.6. This presents a great challenge within the

audio frequency detection band of interest (10Hz–10kHz). A multitude of noise
sources can limit the strain sensitivity, some of which are introduced below. Their
contributions to the Advanced LIGO sensitivity, as an example, are shown in Fig. 2.7.
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Fig. 2.7 The predicted noise
budget of Advanced LIGO,
showing the contributions of
the various limiting noise
sources. Plot made using
GWINC v3 [44]
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2.3.1 Quantum Noise

Quantum noise in interferometric detectors arise due to the quantum mechanical
fluctuations of the electromagnetic field used to sense the displacement of the test
masses. This noise sourcemanifests through bothmeasurement photon arrival time at
the photodetector and photon momentum transfer onto the test masses, and is related
to the operating optical laser power. Quantum noise is expected to be the main
sensitivity-limiting noise source in second generation gravitational-wave detectors
across the audio frequency detection band.

The primary focus of the work in this thesis is the generation and application
of squeezed states to surpass quantum noise to enhance interferometric detector
measurements. Quantum noise will be in detail in subsequent chapters.

2.3.2 Thermal Noise

The term ‘thermal noise’ covers the displacement noise of the test masses that arise
from the thermal fluctuations of the atoms thatmakeup the components. This includes
the thermal noise frommirror coatings [45], surface vibration modes of the test mass
mirrors [46], internal modes of the test mass mirrors [47], thermal noise from the
suspension wires, and thermo-refractive noise [48] through input-test-mass trans-
mission.

The current approach for mitigating thermal noise is to use low mechanical loss
materials for test masses, optics and suspensions [10]. However, the choice of such
materials is limited, complicated by key requirements such as their light absorption
properties. Other approaches being considered include cryogenic testmasses [49, 50]
and exotic test mass surface structures that reduce the need for mirror coatings [51].
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2.3.3 Seismic Noise

To reach the required sensitivity, the test masses must be isolated from seismic
ground motion. The displacement spectral density of ground motion at the LIGO
sites are of the order 10−8m/

√
Hz at 1Hz, decreasing gradually with increasing

Fourier frequency [52]. A combination of active and passive isolation is typically
deployed, however, it remains a limiting floor at lower frequencies of the audio
detection band. The underground location of the KAGRA detector was chosen to
minimise the impact of seismic noise.

2.3.4 Gravity Gradient Noise

Fluctuations in the gravitational field of the local environment cause uncorre-
lated displacement noise on to the test masses. This noise, called gravity gradient
noise, is caused by moving mass bodies (e.g. trains, cars, people), and changes in
environmental-media densities (e.g. atmospheric pressure, subterranean sediment
settlement) [53, 54]. The Einstein Telescope looks toward deep-underground facil-
ities to mitigate the effect of this noise source. This noise source represents the
fundamental low frequency (to a few Hz) limit of ground-based interferometers.

2.3.5 Other Noise Sources

Other noise sources affecting the sensitivity of gravitational-wave detectors include
feedback control noise, electronic component noise, photothermal noise [55], resid-
ual gas [10, 56] and stray light [57–59]. These noise sources are not expected to limit
detection-sensitivity.

2.4 Summary

An overview of gravitational waves and the quest for their direct detection has been
presented. The nature of gravitational waves, and astrophysical sources
predicted to emit gravitational waves were reviewed. Generation 1.5 and sec-
ond generation ground-based interferometric detectors were then introduced. The
sensitivity-limiting noise sources affecting gravitational-wave detector measurement
were covered.Quantumnoise of the electromagnetic field broadly limits the detection
sensitivity across the audio gravitational-wave detection band.
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Chapter 3
Quantum Optics and Light

Abstract Quantum optics addresses the phenomena that can only be formalised by
treating light as streams of discrete quanta of energy, or photons (Fox, Quantum
Optics: An Introduction, 1996, [1]). Important for the work contained in this the-
sis, this chapter provides the background to quantum optics, and the modelling of
common optical experiment components within that framework. This background
material is based on the comprehensive text of Walls and Milburn (Quantum Optics,
2008, [2]). The basic quantum states of light (Sect. 3.2) and their pictorial repre-
sentations (Sect. 3.3) are presented, followed by the quantum optical descriptions of
mirrors and photodetection (Sect. 3.4), and optical cavities (Sect. 3.5).

3.1 Light Quantisation

3.1.1 The Quantised Electromagnetic Field

Derived from the source-free Maxwell’s Equations, the quantised electromagnetic
field (as a function of position r and time t) can be described by:

E(r, t) = i
∑

k

√
�ωk

2ε0
[âkuk(r)e−iωk t − â†

k u∗
k(r)eiωk t ] (3.1)

where ωk is the mode angular frequency, � is the reduced Planck constant, ε0 the
permittivity of free space, uk(r) is the orthonormal spatial mode function set, and âk

and â†
k respectively the dimensionless boson annihilation and creation operators [2].

The annihilation and creation operators satisfy the boson commutation relations

[âk, âk′ ] = [â†
k , â†

k′ ] = 0, [âk, â†
k′ ] = δkk′ (3.2)

The quantised nature is supported by using Eq.3.1 in writing the Hamiltonian Ĥ
for the total energy of the electromagnetic field. The results is

© Springer International Publishing Switzerland 2015
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Ĥ =
∑

k

�ωk

(
â†

k âk + 1

2

)
(3.3)

The Hamiltonian is of the form of an ensemble of simple harmonic oscillators with
quantised energy levels.

3.1.2 Quadrature Operators

The boson creation and annihilation operators are non-Hermitian, that is, they do not
represent any observable or physically-measurable quantities. However, they can be
re-defined as

â = X̂1 + i X̂2

2
(3.4)

â† = X̂1 − i X̂2

2
(3.5)

with the observable (thus Hermitian) non-commuting operator pair for the amplitude
quadrature, X̂1, and phase quadrature, X̂2. Rearranging for the quadrature operators
gives

X̂1 = â + â† (3.6)

X̂2 = i(â − â†) (3.7)

A linear combination of X̂1 and X̂2 can be used to describe an arbitrary quadrature
X̂θ ,

X̂θ = âe−iθ − â†eiθ

= X̂1 cos θ + X̂2 sin θ (3.8)

3.1.3 The Heisenberg Uncertainty Principle and Quantum
Noise

From the statistical interpretation of quantummechanics, theHeisenbergUncertainty
Principle defines the intrinsic uncertainty for two non-commuting observables, where
precise information for both observables simultaneously is not possible [3]. Explic-
itly, for two observables that are related by the commutation relation

[Ôi , Ô j ] = δi j (3.9)
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their Uncertainty relation will be described by

ΔÔiΔÔ j ≥ 1

2
|δ| (3.10)

whereΔÔ is the standard deviation of the respective operator. The standard deviation
is calculated from the Variance V (Ô)

V (Ô) = (ΔÔ)2 =
√

〈Ô2〉 − 〈Ô〉2 (3.11)

The boson commutation relations (Eq.3.2) translates the Uncertainty Principle to
quantum optics. Using the creation and annihilation operators, this results in a com-
mutation relation and uncertainty relation of

[â, â†] = 1 (3.12)

ΔâΔâ† ≥ 1

2
(3.13)

and subsequently using the amplitude and phase quadratures, converts to

[X̂1, X̂2] = 2i (3.14)

ΔX̂1ΔX̂2 ≥ 1 (3.15)

Therefore, it is not possible to precisely measure amplitude and phase quadratures
simultaneously. It is this uncertainty that is referred to as the quantum noise of the
electromagnetic field. If the fluctuations of a state satisfy the lower bound of the
Uncertainty principle, namely ΔX̂1ΔX̂2 = 1, the state is said to be a minimum
uncertainty state.

3.1.4 The Number Operator

An operator useful in describing states is the operator for the number of photons in a
mode, or the number operator, defined from the creation and annihilation operators
[1] by

N̂ = â†â (3.16)

Calculating the mean photon number N̄ = 〈N̂ 〉 gives, via multiplication with energy
per photon �ω, the mean optical power within the mode.

Popt = N̄�ω (3.17)
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3.2 Important States of Light

The states of light of particular interest to quantum optic experiments are introduced
here. These are the coherent state, the vacuum state, the squeezed state and the non-
minimum uncertainty state. Diagrammatic representations of the various states are
shown in Sect. 3.3.

3.2.1 The Coherent State

Light generated by a frequency and intensity stabilised laser source can be well
approximated by a coherent state [2], thus making them important states of light for
quantum optics experiments.

Coherent states, denoted by |α〉, are both left eigenstates of the annihilation
operator

â|α〉 = α|α〉 (3.18)

and right eigenstates of the creation operator

〈α|â† = (â|α〉)† = (α|α〉)† = 〈α|α∗ (3.19)

thus the mean photon number within a coherent state is

N̄ = 〈N̂ 〉
= 〈α|â†â|α〉
= α∗α〈α|α〉
= |α|2 (3.20)

hence the term α is known as the coherent amplitude of the state [1].
Coherent states have fluctuations equally distributed across both quadratures and

satisfy the lower bound of the Uncertainty principle, thus are minimum uncertainty
states.

ΔX1 = ΔX2 = 1 (3.21)

For measurements using unmodified coherent states, this minimum uncertainty rep-
resents the greatest accuracy in measurement that can be achieved. This limit is often
described as the quantum noise limit.
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3.2.2 The Vacuum State

Consider a special case of the coherent state that has no coherent amplitude (α = 0).
This state containing no photons on average is named a vacuum state and is denoted
by |0〉. Despite having a mean photon number of zero, this does not result in the
uncertainty in the amplitude and phase quadratures being zero, as that would violate
the Heisenberg Uncertainty Principle. The uncertainties can be calculated for the
vacuum state using Eq.3.11, that is, for the amplitude quadrature variance

V (X̂1|0〉) = 〈0|(X̂1)
2|0〉 − (〈0|X̂1|0〉)2

= 〈0|(â + â†)2|0〉 − (〈0|â + â†|0〉)2
= 〈0|(â2 + â†â + ââ† + â†2)|0〉 − 0

= 0 + 0 + 〈0|(1 + â†â)|0〉 + 0

= 1 + 0

= 1

ΔX1 = ±1 (3.22)

and similarly for the phase quadrature

ΔX2 = ±1 (3.23)

The above calculation shows that the vacuum state is a minimum uncertainty state.
This state of light is present in any region in space where there is no occupying bright
light state. These fluctuations manifest in the energy Hamiltonian Ĥ (Eq. 3.3) via
the 1

2�ωk term per oscillator.

3.2.3 The Squeezed State

Consider two generic operators Ĵ and K̂ that follows the commutator relation
[ Ĵ , K̂ ] = i L̂ . From the Heisenberg Uncertainty Principle, it follows that

〈Δ Ĵ 2〉〈ΔK̂ 2〉 ≥ 1

4
|〈L̂〉|2 (3.24)

The Uncertainty relation is a multiplicative limit, only constraining the product of
the variances. However, it does not constrain the individual component variances,
thus if

〈Δ Ĵ 〉2 <
1

2
|〈L̂〉| or 〈ΔK̂ 〉2 <

1

2
|〈L̂〉| (3.25)
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but not simultaneously (else Eq.3.24 is violated), the state is then said to be squeezed
[2]. Thus a squeezed state refers to a state where the uncertainty of one quadrature is
below the lower bound of the respective Uncertainty relation. Correspondingly the
standard deviation in the other quadrature will be greater than the lower bound.

More formally, the unitary squeeze operator is defined as [2]

Ŝ(ζ ) = exp (1/2(ζ ∗â2 − ζ â†2)) (3.26)

where ζ = Re2iΨ. The degree of squeezing is set by the squeeze factor R = |ζ |
while the quadrature angle of the squeezing is set by Ψ . For an arbitrary quadrature
X̂θ , the quadrature uncertainties can be described by

〈ΔX̂θ 〉 = e−R (3.27)

〈ΔX̂θ+π/2〉 = e+R (3.28)

which satisfies the minimum uncertainty relation.
For squeezed states, the mean photon number is described by

N̄ = |α|2 + sinh2 R (3.29)

Both coherent states and vacuum states can be squeezed, named bright squeezed and
squeezed vacuum states respectively. Squeezed vacuum states are the focus of this
thesis.

The implication of Eq.3.29 is that although α = 0, for squeezed vacuum states the
mean photon number is non-zero, thus there is optical power in the squeezed vacuum
beam. The amount of power is dependent on the magnitude of the squeezing (from
the squeezed factor R). This optical power can be viewed as the energy necessary
to change the noise statistics of the vacuum state. When considering the Quantum
SidebandDiagramof squeezed vacuumstates (Sect. 3.3.3), accounting for this optical
power will be necessary.

3.2.4 Non-minimum Uncertainty States

Non-minimum uncertainty states have fluctuations that are greater than the lower
bound product of the Uncertainty Principle. The noise is often in both quadratures,
and is often greater than the quantum noise limit, that is

ΔX1 > 1, ΔX2 > 1 (3.30)

Examples of such states include squeezed states mixed with additional noise, and
laserswith excess classical noise.Noise suppression techniques are used (for example
with lasers [4, 5]) to return the states closer to the quantum noise limit.
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3.3 Pictorial Representations of the States of Light

After an overview of their classical counter-part diagrams, this section introduces the
common pictorial representations of quantum states of light—the quantum phasor
diagram and the quantum sideband diagram.

3.3.1 Classical Phasor and Classical Sideband Diagrams

We begin by taking a classical electric field at a given time, described by

E(t) = E0eiω0t (3.31)

This field can be illustrated on the complex plane as a vector of magnitude E0, with
the coordinate system rotating in-step with vector phase ω0t , known as the rotating
frame (of reference). This picture is called the classical phasor diagram, as shown in
Fig. 3.1a. Should there be multiple vectors, one vector is chosen to be the stationary
reference vector of the rotating frame, while other vectors vary in phase with respect
to that reference. Typically, the chosen reference vector is the carrier field [6].

In optics, the application of modulation describes the process by which a carrier
field is modulated by an external time-varying waveform, via a mechanical or optical
actuator [6]. First consider a fieldwithamplitude modulation atmodulation frequency
ωm and modulation depth M , described by [7]

Ea−mod(t) = E0eiω0t (1 + M cos (ωmt))

= E0eiω0t (1 + M

2
eiωm t + M

2
e−iωm t ) (3.32)

From Eq.3.32, the amplitude modulated field is decomposed into a carrier field and
two sidebands at frequencies ω0 ±ωm . This is shown pictorially in Fig. 3.1b1, where
the chosen reference is the rotating frame of the carrier, and the sidebands rotating
in opposite directions around the carrier. We can also apply the same methodology
to a field with phase modulation, described by

Ep−mod(t) = E0ei(ω0t+M cos (ωm t)))

≈ E0eiω0t (1 + i M cos (ωmt)) (3.33)

= E0eiω0t (1 + i
M

2
eiωm t + i

M

2
e−iωm t ) (3.34)

and shown in Fig. 3.1b2. The approximation in Eq.3.33 is valid for small values
of the modulation depth—the complete description utilises Bessel Functions of the
First Kind (Jn) [7]. The pictorial representation of a field with a carrier and side-
bands is called the classical sideband diagram. The links between classical sideband
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Fig. 3.1 a Classical phasor diagramwith phasor with amplitude α and phase φ, b classical sideband
diagram for amplitude and phase modulation described by Eqs. 3.32 and 3.34 respectively, c time
evolution of amplitude modulation sidebands and resulting phasor evolution (changing α), and d
time evolution of phase modulation sidebands and resulting phasor evolution (changing φ). The
modulation effect is exaggerated for clarity
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Fig. 3.2 Quantum phasor diagram of a coherent state. a Multiple phasors representing different
possible amplitudes and phases, b equivalent single phasor with time-varying, non-deterministic
uncertainty vector, and c the quantum phasor (“Ball on Stick”) diagram with phasor “stick” and
quadrature uncertainty “ball”. Reprintedwith permission from [8], copyright IOP Publishing (2014)

and classical phasor are demonstrated with the time-evolution series of diagrams of
Fig. 3.1c, d (amplitude and phase modulation respectively) and how the sum of the
carrier and sidebands changes the classical phasor.

3.3.2 Quantum Phasor Diagram

From the Heisenberg Uncertainty Principle, there is uncertainty in the amplitude
and phase quadratures (Sect. 3.1.3), thus with a coherent state as an example, at
a measurement frequency of Ω , there are now many different phasors of varying
amplitudes and phases possible, as shown in Fig. 3.2a. These many phasors can
be equivalently described by a single phasor with an added non-deterministic, time-
varying amplitude/phase uncertainty vector, as shown in Fig. 3.2b. As the uncertainty
in both quadratures are equal (ΔX1 = ΔX2 = 1), we can illustrate the uncertainty
vector with a two-dimensional gaussian distribution, thus realising the quantum pha-
sor diagram shown in Fig. 3.2c. This diagram is a hybrid diagram in quadrature space
(X1, X2) that illustrates both classical and quantum properties of the state. Quantum
phasor diagrams of various states are shown in Fig. 3.3. The states with squeezed
quadratures are distinctive with an elliptical distribution.

3.3.3 Quantum Sideband Diagram

Consider the progression illustrated in Fig. 3.4a. We begin by returning to the quan-
tum phasor description of the form of a single phasor and an added uncertainty vector
(Fig. 3.2b). Utilising the classical sideband picture, we can represent the added vector
as quantum sidebands at frequency ω0 ± Ω , and the amplitude/phase uncertainty is
encompassed by the time-varying orientation of these sidebands with respect to each
other. Expanding to include all frequencies ω0 ± Ω, Ω ∈ R+, this completes the
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Fig. 3.3 Quantum phasor diagram representations of various quantum light states
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Fig. 3.4 a Progression from the Quantum Phasor Diagram to the Quantum Sideband Diagram.
Quantum Sideband Diagrams for the b Coherent State and c Vacuum State
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quantum sideband diagram. These sidebands are a visualisation of the 1
2�ωk energy

terms of the Hamiltonian (Eq. 3.3). The quantum sideband diagrams of the coherent
state and vacuum state are shown in Fig. 3.4b, c respectively.

From Eq.3.29, a squeezed vacuum state contains photons. These photons replace
the (unsqueezed) vacuum state, and this can be visualised with correlated side-
band pairs. The magnitude of squeezing determines how well these sideband pairs
are correlated. In the quantum sideband diagram, we can represent squeezing with
perfectly correlated sideband phasors with two-dimensional gaussian distributions
representing the degree of correlation—the smaller the distribution, the stronger the
correlation. Phase and Amplitude vacuum squeezed states, in the quantum sideband
diagram leading to the quantum phasor diagram, are depicted in Fig. 3.5.

Time
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Ω

X2

X2

X1 i(0)

i(π/2

ω

+Ω
−Ω

Ω

X2

X1

X2

X1 i(0)

i(π/2

)

)

(a)

(b)

Fig. 3.5 Time evolution of correlated sidebands at frequency ω0 ± Ω in the quantum sideband
picture, and resulting measured (quantum) phasor, for an example a amplitude squeezed vacuum
state and b phase squeezed vacuum state. The measurement quadrature i(0) is aligned with the
amplitude quadrature X1. The smaller uncertainty distribution, combined with larger sidebands
due to greater power (Eq.3.29) in (b) indicate a stronger magnitude of squeezing. The result is a
measured phasor with a more elongated squeezing noise ellipse
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3.4 A Quantum Treatment of Optical Components

3.4.1 Linearisation of Operators

A commonly used method to obtain analytic results in quantum optics is to apply a
linearisation procedure to operators. This was first applied by Yurke in 1984 [9].

When linearised, an operator Ô is now separable into two components and is
described as follows:

Ô(t) = Ō + δÔ(t), Ô†(t) = Ō∗ + δÔ†(t) (3.35)

where Ō = 〈Ô〉, Ō∗ = 〈Ô†〉 are the steady-state components and δÔ(t) =
Ō − Ô(t), δÔ†(t) = Ō∗ − Ô†(t) are the fluctuating components. It is assumed
that on average, the fluctuating components have no constant amplitude and have a
magnitude much smaller than their steady-state counterparts, namely:

〈δÔ(t)〉 = 〈δÔ†(t)〉 = 0 (3.36)

|δÔ(t)| 	 Ō |δÔ†(t)| 	 Ō∗ (3.37)

The first assumption allows for no net contribution to the constant amplitude com-
ponent from the fluctuations. The second assumption allows the simplification of
making a first order approximation, as higher order terms now have negligible con-
tributions. The commutation relations thus no longer have any bearing and a complete
semiclassical, analytical expression of a quantum operator/variable is accessible [2].

Applying the linearisation formalism to the creation and annihilation operators,we
obtain the linearised form of the fluctuations in the phase and amplitude quadratures.
These are

â(t) = ā + δâ(t) (3.38)

â†(t) = ā∗ + δâ†(t) (3.39)

δ X̂1(t) = δâ(t) + δâ†(t) (3.40)

δ X̂2(t) = i(δâ(t) − δâ†(t)) (3.41)

3.4.2 A Partially Transmissive Mirror

Figure3.6a shows two generic fields A and B incident on a lossless partially-
transmissive mirror, or lossless beamsplitter, with transmission ε. The fields at the
outputs of the mirror, C and D, can be related to the input fields via
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Fig. 3.6 Partially transmissivemirrors. The fieldsA,B,C,D are labelled for a partially transmissive
mirror with fields at a 45◦ incidence and b at normal incidence, drawn spatially separated for clarity.
The + and − signs indicates the side where the amplitude reflectivity receives a minus sign

C = √
1 − εA + √

εB (3.42)

D = √
εA − √

1 − εB (3.43)

where the convention used (here and for this thesis) to maintain the phase relations
of the beamsplitter ports is to set the reflectivity of the mirror to be −1× √

1 − ε on
one side. This is indicated by a minus sign on a diagram. The other commonly used
convention to maintain the phase relations of the beamsplitter ports is to multiply a
transmitted field by i = √−1 on each transmission pass.

A second set of input and output beams are also present, indicated by A′, B′, C′
and D′ in Fig. 3.6a. With normal incidence as shown in Fig. 3.6b, the two sets of
inputs/outputs become a single set of inputs/outputs as fields become equivalent, for
example field A is equivalent to field B′.

3.4.3 Photodetection

Direct detection of a light beam of interest (using a photodiode) is a very common
technique used in optical experiments. A basic illustration is shown in part (a) of
Fig. 3.7.

As a consequence of the Photoelectric Effect, photons incident onto a photo-
sensitive medium produce a source of freely moving electrons [6]. The produced
photocurrent i , is given by

i = ρ Popt = e ηpd

�ω
Popt (3.44)

δv

η
pdA
A'

A
i i(a) (b)

Fig. 3.7 Photodetection: a Light field A incident onto a perfect, noiseless photodetector. b A
real-world photodetector, with quantum detection efficiency ηpd
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where ρ is the responsivity of the photodetector (in units of A/W), ηpd is the quantum
detection efficiency of the detection medium, �ω the energy per photon, and e is the
modulus of the electron charge.

The photocurrent generated by the photodiode is proportional to the number of
photons in the optical field, thus using the number operator (Sect. 3.1.4) and combined
with the linearisation formalism (Sect. 3.4.1):

NA = 〈A|â†â|A〉
= 〈A|(〈â†〉 + δâ†)(〈â〉 + δâ)|A〉
= (A∗ + δA†)(A + δA)

= |A|2 + A(δA† + δA)

= |A|2 + A(δX A
1 ) (3.45)

Thus for a detector with perfect efficiency ηpd = 1, the photocurrent is

i = e

�ω
Popt

= e

�ω
N�ω

= e(|A|2 + A(δX A
1 )) (3.46)

From left to right, the above expression consists of a non-fluctuating term that is
directly proportional to the optical intensity of the incident light, and a fluctuating
term that is proportional to the amplitude quadrature times the coherent amplitude
i.e.:

〈i〉 ∝ |A|2, δi ∝ A(δX A
1 ) (3.47)

The analysis has proceeded thus far assuming perfect photodetection. In physi-
cal experiments however, noise and inefficiencies must be taken into account. The
model of physical photodetectors involves placing an imaginary beamsplitter with
transmittivity equal to ηpd before the perfect photodetector, as shown in part (b) of
Fig. 3.7. The photocurrent becomes:

i = e〈A′|â†â|A′〉 = e
(
〈√ηpd A† + √

1 − ηpdδv†|â†â|√ηpd A + √
1 − ηpdδv〉

)

= e
(
ηpd(|A|2 + A(δa† + δa)) +

√
ηpd(1 − ηpd)A(δv† + δv)

)

= e
(
ηpd(|A|2 + AδXa

1 ) +
√

ηpd(1 − ηpd)AδXv
1

)
(3.48)

Therefore, the photocurrent components are

〈i〉 = eηpd |A|2, δi = eA
(
ηpdδXa

1 +
√

ηpd(1 − ηpd)δXv
1

)
(3.49)
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The two effects of non-perfect detection are now evident. The first effect is that only
transmitted photons are counted, factored in by the transmission of the imaginary
beamsplitter. The second effect is that optical losses are accompanied by fluctua-
tions that degrade the quantum properties of the detected light, accounted for by
the entrance of vacuum fluctuations δv into the second input port of the imaginary
beamsplitter.

3.5 Optical Cavities

An optical cavity is an arrangement of partially transmissive mirrors that allow an
optical beam to circulate in a closed path. In this section the quantum Langevin
formalism that is used to describe the behaviour of optical cavities is introduced.
Key cavity parameters, and the cavity response in reflection and transmission are
also discussed.

3.5.1 Quantum Langevin Equations of an Optical Cavity

A generic optical cavity is shown in Fig. 3.8. The external cavity fields are denoted
with capitalised notation, i.e. A, with units

√
photons/s. The circulating field or

cavity mode is denoted with lower-case notation, i.e. a, with scalar (photon) units.
The three mirrors are labelled as an input-coupling mirror ‘in’ (or input coupler),
an output-coupling mirror ‘out’ (or output coupler), and the third mirror utilised to
separately account for any optical loss l on the circulating field.

The cavity round trip time is defined by:

τ = OPL

c
(3.50)

Fig. 3.8 A generic optical
cavity with the quantum
Langevin formalism,
described in Sect. 3.5.1

τ

a

Al

Ain Atrans

δAl

δAv Aref 
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out κ

lκ
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where OPL denotes the round trip optical path length and c the speed of light.
For each mirror j (= in, out, l), the power reflectivity R j and transmissivity T j are
defined by

R j = r2j , T j = t2j = 1 − R j (3.51)

The finesse of an optical cavity, denoted by F , is a dimensionless quantity that
describes the “narrowness” of the cavity resonance peaks. For an optical cavity with
i mirrors (i ∈ N ≥ 2), the finesse is given by

F = π(R1R2 . . . Ri )
1

i+1

1 − √
R1R2 . . . Ri

(3.52)

where Ri is the power reflectivity of mirror i .
The coupling rate κ j for each mirror is defined from the transmissivity and round
trip time, namely:

κ j = t j

τ
=

√
Tj

τ
(3.53)

The total decay rate κ of the cavity is the sum of the individual decay rates

κ =
∑

κ j (3.54)

Optical fields external to the optical cavity are denoted with upper case letters, while
internal or circulating cavity fields are denoted with lower case letters. Following
on from Sect. 3.1.4, the optical power of an external cavity field AZ with angular
frequency ωZ is given by:

PZ = �ωZ |AZ |2 (3.55)

and the circulating power of generic field az within the cavity is given by:

Pz = �ωz |z|2
τ

(3.56)

with the factor of the cavity round trip time (τ )making Pz unit-consistent (photons/s).
Using the formalism developed by Gardiner and Collett [10], the quantum

Langevin equation of motion for the cavity mode, using the above defined para-
meters, is given by:

ȧ = −(κ + iω0)a + √
2κin Aine−iωAt + √

2κoutδAv + √
2κlδAl (3.57)

with Ain denoting the coherent field at frequency ωA, ω0 the cavity resonant fre-
quency, and the other input fields being vacuum states δAv and δAl . Equation3.57
can be rewritten in the rotating frame of ωA, becoming:
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ȧ = −(κ + iΔ)a + √
2κin Ain + √

2κoutδAv + √
2κlδAl (3.58)

with cavity detuning Δ = ω0 −ωA, the difference between coherent field and cavity
resonant frequency. Setting the cavity detuning to zero (i.e. Δ = 0), which is now
experimentally readily achievable, the Fourier transform of Eq.3.58 gives:

iωã = −κ ã + √
2κin Ãin + √

2κoutδ Ãv + √
2κlδ Ãl (3.59)

⇒ ã =
√
2κin Ãin + √

2κoutδ Ãv + √
2κlδ Ãl

iω + κ
(3.60)

where ω is a frequency shift about the optical carrier frequency. To calculate the
reflected field (Aref ) and transmitted field (Atrans), the input-output relations [10]
are used, given by

Ãre f = √
2κinã − Ãin (3.61)

Ãtrans = √
2κout ã − δ Ãv (3.62)

which via substitution of ã results in:

Ãre f = (2κin − κ − iω) Ãin + √
2κinκoutδ Ãv + √

2κinκlδ Ãl

iω + κ
(3.63)

Ãtrans =
√
2κinκout Ãin + (2κout − κ − iω)δ Ãv + √

2κoutκlδ Ãl

iω + κ
(3.64)

Wecannowconsider the steady-state andfluctuating outputs of the cavity by applying
the linearisation formalism.

3.5.2 Reflected and Transmitted Fields

From Eqs. 3.63 and 3.64, the steady-state transfer functions in reflection and trans-
mission are

R(ω) =
¯̃Are f

¯̃Ain

= (2κin − κ − iω)

iω + κ
(3.65)

T (ω) =
¯̃Atrans

¯̃Ain

=
√
2κinκout

iω + κ
(3.66)

The transfer function magnitude response (|R(ω)|2, |T (ω)|2) and phase response
(∠R(ω), ∠T (ω)) are shown in Fig. 3.9. This shows the response of a cavity to an
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Fig. 3.9 The magnitude and phase transfer functions of an optical cavity in reflection and trans-
mission. Cavity parameters chosen are L = 1 m, λ = 1 µm, Tin = 0.05, Tout = 0.04, Tl = 0

incoming field is strongly dependent on the frequency of the incoming field relative
to the resonant frequency of the cavity.

3.5.3 Noise Variances of the Reflected and Transmitted Fields

Returning to Eqs. 3.63 and 3.64, the fluctuating components in reflection and trans-
mission are

δ Ãre f = (2κin − κ − iω)δ Ãin + √
2κinκoutδ Ãv + √

2κinκlδ Ãl

iω + κ
(3.67)

δ Ãtrans =
√
2κinκoutδ Ãin + (2κout − κ − iω)δ Ãv + √

2κoutκlδ Ãl

iω + κ
(3.68)

Constructing the quadratures (δX1,2), then calculating the variances (V1,2) gives

V ref
1,2 = ((2κin − κ)2 + ω2)V in

1,2 + 4κinκout V v
1,2 + 4κinκl V l

1,2

ω2 + κ2 (3.69)

V trans
1,2 = 4κinκout V in

1,2 + ((2κout − κ)2 + ω2)V v
1,2 + 4κoutκl V l

1,2

ω2 + κ2 (3.70)

The above variances can be simplified by noting that for the transmission and loss
ports, the entering flucutations are vacuum fluctuations, thus V v

1,2 = V l
1,2 = 1. In

Fig. 3.10, the reflection and transmission noise response is plotted for an input ampli-
tude variance of ten times the minimum uncertainty noise level, that is, V in

1 = 10.
This shows that an optical cavity can act as a noise cleaner, a filter for noise. The
noise response is of a low pass filter in transmission and a high pass filter in reflection.
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Fig. 3.10 Example noise response of an optical cavity in reflection and transmission. The cavity
parameters are the same as those used in Fig. 3.9

3.6 Summary

This chapter provides a background to the framework of quantum optics formal-
ism. The basics of quantum states of light and their pictorial representations were
reviewed. The quantum optical descriptions of mirrors, optical cavities and photode-
tection were also covered. These concepts will be utilised throughout the remainder
of this thesis.

References

1. M. Fox. Quantum Optics: An Introduction (Oxford University Press, Oxford, 1996)
2. D.F. Walls, G. Milburn, Quantum Optics, 2nd edn. (Springer, Berlin, 2008)
3. D.J. Griffiths, Introduction to Quantum Mechanics, 1st edn. (Prentice Hall, New Jersey, 1994)
4. S.A. Webster, M. Oxborrow, P. Gill, Subhertz-linewidth Nd:YAG laser. Opt. Lett. 29(13),

1497–1499 (2004)
5. P. Kwee, B. Willke, K. Danzmann, Shot-noise-limited laser power stabilization with a high-

power photodiode array. Opt. Lett. 34(19), 2912–2914 (2009)
6. B.E.A. Saleh, M.C. Teich. Fundamentals of Photonics (Wiley, New York, 1991)
7. J.D. Gibson. Principles of Digital and Analog Communications, 2nd edn. (Prentice Hall, New

Jersey, 1993)
8. S.S.Y. Chua, B.J.J. Slagmolen, D.A. Shaddock, D.E. McClelland, Quantum squeezed light in

gravitationalwave detectors. Class. Quantum Grav. 31, 183001 (2014)
9. B. Yurke, Use of cavities in squeezed state generation. Phys. Rev. A 20, 408 (1984)
10. C.W. Gardiner, M.J. Collett, Input and output in damped quantum systems: quantum stochastic

differential equations and the master equation. Phys. Rev. A 31, 3761–3774 (1985)



Chapter 4
Quantum Noise in Gravitational-Wave
Detectors and Applied Squeezed States

Abstract The development of low-frequency squeezed states is motivated by
gravitational-wave detectors being limited by quantum noise. This chapter presents
a background to the quantum noise limits in these detectors, along with the enhance-
ments possible with squeezed state injection. The calculations presented are heavily
based on the derivations from the works of Kimble et al. (Phys Rev D 65:022002,
2002, [1]) and Buonanno and Chen (Phys Rev D 64:042006, 2001; Phys Rev D
69:102004, 2004, [2, 3]). Cited frequently throughout this chapter, these works
use estimated experiment parameters for LIGO and Advanced LIGO detectors.
Section4.1 provides an introduction of the influence of quantum noise in mea-
surement, followed by a brief discussion in the main source of quantum noise
in gravitational-wave detection (Sect. 4.2). Subsequently, the quantum noise of
three Michelson configurations are explored: a simple Michelson interferometer
(Sect. 4.3), a power-recycled Michelson with Fabry-Perot arm cavities (Sect. 4.4),
and a Dual-recycled Michelson with Fabry-Perot arm cavities (Sect. 4.5). In each of
the configurations, the effect of injected squeezed states is also explored. Section4.6
concludes the chapter, discussing some of the assumptions used in calculations
of quantum noise, as well as implications of injected squeezing towards strain
sensitivity.

4.1 Quantum Noise in Measurement

This section provides an introduction of the influence of quantum noise in measure-
ment, as a result of the amplitude and phase quadrature uncertainties.
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4.1.1 Amplitude Quadrature Uncertainty—Radiation
Pressure Noise

Photons transferring their momentum onto an incident object gives rise to a force act-
ing on the object that causes mechanical motion. Aptly called radiation pressure [4],
the greater the incident optical power, the greater the number of photons present, the
greater the radiation pressure. However, uncertainty in the amplitude quadratureΔX1
translates into uncertainty in the photon number at a particular time/measurement
point. Therefore, the amplitude quadrature uncertainty gives rise to radiation pres-
sure noise. This noise source (after normalisation to the signal) scales proportionally
to the optical power.

σrad ∝ √
Popt (4.1)

In most optical experiments, radiation pressure noise is often masked by other noise
sources, such as thermal noise. However, second generation and future gravitational-
wave detectors are expected to be sensitivity-limited (in part) by radiation pressure
noise.

4.1.2 Phase Quadrature Uncertainty—Photon Shot Noise
(Shot Noise)

Photon shot noise arises from the uncertainty in the arrival time of photons to the
measurement point and is themanifestation of the uncertainty in the phase quadrature
ΔX2 in measurement. This noise source (after normalisation to the signal) scales
inversely proportional to optical power, as the phase quadrature uncertainty increases
with decreasing number of photons present, or decreasing optical power.

σshot ∝ 1/
√

Popt (4.2)

Photon shot noise is often encountered as the limit for many (quantum) optical exper-
iments, and is a broadband sensitivity limitation for gravitational-wave detectors. For
the purpose of this thesis, photon shot noise will be referred to simply as shot noise.

4.1.3 The Standard Quantum Limit (SQL)

Radiation pressure noise and shot noise are both proportionally dependent on opti-
cal power, but in opposite regimes. The combination of these two noises are their
quadrature sum, and is the Quantum Noise curve in Fig. 4.1
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Fig. 4.1 Quantum noise
versus optical power. The
sum of radiation pressure
noise and shot noise
contributions is shown by the
Total Noise curve. The
standard quantum limit is
shown, intersecting with the
Total Noise curve at an
Optical Power level that has
radiation pressure noise and
shot noise contributions
being equal
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shot ∝
√(

1

Popt

)2

+ P2
opt (4.3)

In the low power regime, the shot noise contribution dominates the total quantum
noise, while in the high power regime the radiation pressure noise contribution dom-
inates. The optical power level where the contributions of radiation pressure noise
and shot noise are equal coincides with the point where the quantum noise is at a
minimum. It is this limit that is known as the standard quantum limit or SQL, and
this is also shown in Fig. 4.1. Without applying quantum optical techniques such
as squeezed states, the SQL is the minimum quantum noise that can be achieved.
Therefore, the accuracy of amplitude and phase measurements is limited by the SQL.

4.2 Main Source of Quantum Noise in Gravitational-Wave
Measurement

Gravitational-wave detectors are operated near a dark fringe, that is, the vast amount
of the incident laser power is reflected by the Michelson back towards the laser [5].
As a consequence, the vast amount of classical laser noise and laser quantum noise
is also reflected in this symmetric port. Complimentary to this, in the near-dark anti-
symmetric port of the Michelson, or AS port, the quantum noise is dominated by the
incident vacuum state that is reflected by the interferometer back towards the readout
photodetector. This is illustrated in Fig. 4.2a.

Caves [6] published the first complete argument of quantumnoise in gravitational-
wave detection readout arising from the vacuumfield entering theAS port. This argu-
ment was reaffirmed by Braginsky et al. [7], who showed that the quantum limits in
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L

Fig. 4.2 a A simple Michelson interferometer (Sect. 4.3). Quantum phasor diagrams depict the
propagating direction of the input laser field and input vacuumfield of the twoports of theMichelson.
b Michelson with power-recycling mirror (PRM) and Fabry-Perot arm cavities (Sect. 4.4). Arm
cavities are made up of an input test-mass (ITM) and end test-mass (ETM). The test masses are
separated by length L . The output optical path shows squeezing injection via an optical circulator
that spatially separates input and returning beams. Reprinted with permission from [8], copyright
(2014) by IOP Publishing

gravitational-wave detectors are from only the quantum noise in the electromagnetic
field, and not the (quantum) test mass quantisation. Therefore, the incident vacuum
fluctuations in the AS port is the main source for quantum noise in measurement of
gravitational-wave detectors.

The other sources of quantum noise are due to vacuum fluctuations that enter the
interferometer due to optical losses from non-perfect optics. These sources will be
considered in Sect. 4.4.5.

4.3 Simple Michelson Interferometers

A Michelson interferometer is the basic configuration for gravitational-wave detec-
tors (introduced in Sect. 2.2.1). The simple Michelson configuration has two end
mirrors isolated and suspended on pendula, thus acting as quasi-free test masses
to sense the effect of a passing gravitational wave [5]. This section introduces the
quantum noise for a simple Michelson, and the effect of injected squeezing.

4.3.1 Input-Output Relations for Quantum Noise

For the simple Michelson (shown in Fig. 4.2a), the output amplitude quadrature, b1,
and phase quadrature, b2 is given by [1]

http://dx.doi.org/10.1007/978-3-319-17686-4_2
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b1 = Δb1, Δb1 = a1e2iβ (4.4)

b2 = Δb2 + √
2K

h

hSQL
eiβ, Δb2 = (a2 − K a1)e

2iβ (4.5)

bζ = b1 sin(ζ ) + b2 cos(ζ ) (4.6)

where Δb1 and Δb2 are output quadrature fluctuations due to quantum noise, a1 and
a2 are the amplitude and phase quadratures of the field entering the interferometer’s
AS port, and h is the gravitational wave strain. As illustrated, the field entering the
AS port of an interferometer is the vacuum state. With a detection angle of ζ , the
corresponding output quadrature bζ can be measured. The single-pass phase shift of
the field in the Michelson arm at sideband frequency Ω is

β = arctan (2ΩL/c) (4.7)

where L is the arm length and c is the speed of light. The radiation-pressure back-
action coupling constant K is given by [1]

K = 4I0ω0

mc2Ω2 (4.8)

where I0 is the incident laser power on the interferometer beamsplitter, ω0 is the
optical carrier frequency and m the mass of the arm mirrors. Lastly,

hSQL =
√

4�

mΩ2L2 (4.9)

is the standard quantum limit for the square root of the gravitational-strain single-
sided power spectral density [1]. This is the manifestation of the SQL described in
Sect. 4.1.3 in a simple Michelson interferometer. As in Eq.4.5, of primary impor-
tance is the output phase quadrature b2, as it contains the gravitational wave signal.
The quantum noise contribution (Δb2) consists of a shot noise component, from
input phase quadrature noise a2, and a radiation pressure noise component, from
input amplitude quadrature noise a1 scaled by−K . The single-sided power spectral
density can be described by [1]

Sh = h2
SQL

2

(
1

K
+ K

)
(4.10)

and the strain sensitivity is h = √
Sh . Figure4.3a shows the strain sensitivity of a sim-

ple Michelson interferometer, normalised to the strain-equivalent SQL (hSQL(Ω)),
with traces for radiation pressure and shot noise contributions, the SQL and the total
quantumnoise. Increasing or decreasing the input laser powerwillmap the total quan-
tum noise curve to the SQL at different sideband frequencies. It should be noted that
Fig. 4.3a illustrates strain sensitivity versus sideband frequency, thus it is a spectrum.
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Fig. 4.3 a Quantum noise limited strain sensitivity of a simple Michelson interferometer. b Simple
Michelson interferometer with injected squeezing into the AS port, with different squeezing angles
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This is different to Fig. 4.1 that illustrates total quantum noise versus laser power,
where the SQL represents the lower level limit of quantum noise.

4.3.2 Squeezing in Simple Michelson Interferometers

Quantum noise can be reduced by replacing the AS port input vacuum state with
an injected squeezed state [9]. With an appropriate squeezing angle θ , an injected
squeezed state can reduce the quantum noise below the SQL [10, 11].

The power spectral density of a simple Michelson interferometer with injected
squeezing is given by [1]

Sh−SQZ = h2
SQL

2

(
1

K
+ K

)
[cosh 2R − cos (2(θ + Φ)) sinh 2R] (4.11)

where R is the squeeze factor, andΦ = arccot(K ). Figure4.3b shows the strain sen-
sitivity of a simple Michelson with injected squeezing at various squeezing angles.
An injected phase squeezed state (θ = −π/2) reduces the total quantum in the
shot-noise limited regime, while increasing the noise in the radiation-pressure lim-
ited regime. This scenario is reversed for an amplitude squeezed state (θ = 0). A
squeezing angle of θ = −π/4 allows for increased sensitivity below the SQL, but
decreased sensitivity in both shot and radiation-pressure limited regimes.

To achieve optimal improvement from injected squeezing across all sideband
frequencies, a frequency-dependent squeezed state is needed. This would entail an
amplitude squeezed state (θ = 0) in the radiation-pressure-noise-limited low fre-
quency regime, rotated to θ = −π/4 around the SQL frequency, then rotated further
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to a phase squeezed state θ = −π/2 in the shot-noise-limited high frequency regime.
The optimal squeezing angle is given by [1]

θoptm(Ω) = −arccot(K ) (4.12)

With optimal squeezing angle, Eq.4.11 simplifies to

Sh−SQZoptm = h2
SQL

2

(
1

K
+ K

)
e−2R (4.13)

which is Eq.4.10 multiplied by e−2R . This optimal strain sensitivity
√

Sh−SQZoptm
is shown in Fig. 4.3b. The injection of squeezing can be achieved with an optical
circulator, shown in Fig. 4.2b. The workings of the optical circulator will be explored
in Chap.9.

4.4 Power-Recycled Fabry-Perot Michelson
Gravitational-Wave Detectors

The Michelson interferometer with power-recycling and Fabry-Perot arm cavities
is the configuration used in first generation and Generation 1.5 gravitational-wave
detectors (Sect. 2.2.2). Known as Power-recycled Michelsons for the rest of this
thesis, this configurationwas used in the LIGOSqueezedLight InjectionExperiment.

4.4.1 Additions to the Simple Michelson Configuration

A Power-recycled Michelson is shown in Fig. 4.2b. The additions to the simple
Michelson configuration are the power-recycling mirror (PRM) and optical arm cav-
ities, formed between the input test-masses (ITM) and end test-masses (ETM).

The reflected power in the symmetric port from the Michelson (operating near a
dark fringe) can be utilised by reflecting it back towards the Michelson. To ‘recycle’
the optical power, a power-recycling mirror (PRM) is placed in the symmetric port.
This forms an optical cavity between itself and the reflecting Michelson, resulting in
a resonant enhancement of the optical power incident on the interferometer beam-
splitter.

The addition of optical cavities in the Michelson arms primarily allows an
enhancement of the effect of a gravitational-wave signal [5]. The optical power
is stored within each arm, resonantly building and effectively sampling the position

http://dx.doi.org/10.1007/978-3-319-17686-4_9
http://dx.doi.org/10.1007/978-3-319-17686-4_2
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of the ETM many times. This multiplies up the effect of the change in test mass
position due to passing gravitational waves.

4.4.2 Quantum Noise in a Lossless Power-Recycled Michelson

The input-output relations of the quantum noise in this interferometer configuration
are similar to the simple Michelson relations (Eqs. 4.4 and 4.5), except with β, K
and hSQL being modified. These modified terms are denoted with superscript (I) to
distinguish them from their simple Michelson counterparts. The single-pass phase
shift of the field in the Michelson arm cavity, at sideband frequency Ω , is now

β I = arctan (Ω/γ ) (4.14)

where γ = T c/(4L) is the arm cavity half-width-half-maximum (half of the arm
cavity’s FWHM), and T is the transmission of the input test-mass. The radiation-
pressure back-action coupling constant becomes

K I = 2(I0/ISQL)γ 4

Ω2(γ 2 + Ω2)
(4.15)

where ISQL is the beamsplitter incident power needed to reach the SQL, given by

ISQL = mL2γ 4

4ω0
(4.16)

The strain at the standard quantum limit is now given by

hI
SQL =

√
8�

mΩ2L2 (4.17)

The strain sensitivity is thus given by

hI =
√

SI
h =

√
(hI

SQL)2

2

(
1

K I + K I

)
(4.18)

which is square-root of the power spectral density, Eq. 4.10, with K → K I,

hSQL → hI
SQL . Figure4.4a shows the total quantum noise, SQL and contributions

from radiation pressure and shot noise for a Power-recycled Michelson.
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Fig. 4.4 a Strain sensitivity of a Power-recycled Michelson, calculated using parameters found in
Table4.1 and b Strain sensitivity of a Power-recycled Michelson with injected squeezing at various
squeezing angles

Table 4.1 Parameters and values used in quantum noise calculations for the Power-recycled
Michelson

Parameter Symbol Value Units

Laser Frequency ω0 1.77 × 1015 rad/s

Detection Fourier
frequency

Ω 10–10,000 Hz

Detection phase ζ π/2 rad

Photodetection loss λP D 0.1 –

Laser power at
beamsplitter

I0 1200 W

Mirror mass m 10.7 kg

ITM transmission T 0.028 –

Arm length L 3995 m

Arm cavity
half-bandwidth

γ T c/(4L) ≈
2π × 84 Hz

rad

Arm cavity round trip
loss (per cavity)

λAC 150 × 10−6 –

Arm cavity loss
coefficient

ε 2λAC/T –

Fractional photon loss
in arm cavities

E 2ε/(1 + (Ω/γ )2) –

Fractional photon loss
in output train

EOT 0.005 –

Apart from the fractional photon loss in output train EOT , these are the Enhanced LIGO interfer-
ometer parameters
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4.4.3 Arm Cavities and Power-Recycling Effect on
Quantum Noise

The presence of arm cavities effects the quantum noise limited sensitivity in two
ways. Shown in Fig. 4.4a the first effect is the shot noise limited sensitivity is now
shaped. This is from the arm cavity half-linewidth γ , entering the equation via the
K I term. This shaping will be expanded on in Sect. 4.6.1. The second effect is that
the standard quantum limit is now

√
2 times larger than the simple Michelson case.

This arises from each arm cavity (with two test masses) acting as an equivalent single
test mass with reduced mass m → m/2 (see footnote 3 of Ref. [1]).

Power-recycling resonantly enhances the optical power incident on the interfer-
ometer beamsplitter. This resonant enhancement acts on the quantum noise limit of
the interferometer via increasing the power incident on the interferometer beamsplit-
ter, I0.

4.4.4 Squeezing Enhancement of a Lossless Power-Recycled
Michelson

Figure4.4b shows the enhancements possible with the injection of squeezing. These
traces are calculated identically to the simple Michelson case (Sect. 4.3.2), except
with the optimal squeezing angle nowcalculatedwith themodified radiation-pressure
back-action coupling constant (Eq.4.12 with K I). Depending on the squeezing
ellipse angle, the improvement will effect different quantum noise regimes.

4.4.5 Power-Recycled Michelson with Optical Losses

So far, the analysis of quantum noise has proceeded under lossless conditions. The
presence of loss couples vacuum fluctuations into a system. With losses, the input-
output relations are further modified, with terms denoted with subscript (∗). The
input-output relations are now [1]

b1 = Δb1, b2 = Δb2 + √
2K(∗)

h

hI
SQL

eiβ∗ (4.19)

The single-pass phase shift of the field in the Michelson arm cavity is now

β(∗) = tan−1
(

Ω/γ

1 + ε/2

)
(4.20)
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where ε is the armcavity loss coefficient. The radiation-pressure back-action coupling
constant is modified to

K(∗) = K I
(
1 − 1

2
E

)
(4.21)

with the fractional power loss in the arm cavities E given by

E = 2ε

1 + (Ω/γ )2
(4.22)

The power spectral density of the Power-recycled Michelson with optical losses can
be written as [1]

SI
hL = (hI

SQL)2

2

⎡

⎢⎢⎢⎣
E + EOT

K I︸ ︷︷ ︸
i

+ ε

2
K I

︸ ︷︷ ︸
ii

+
(
1 − 1

2
E

)(
1

K I + K I
)

︸ ︷︷ ︸
iii

⎤

⎥⎥⎥⎦ (4.23)

where EOT is the sum of the fractional photon losses in the interferometer output
in the measurement. EOT includes fractional loss from the circulator and readout
photodetector.

The three components of SI
hL are:

i. The coupling of vacuum fluctuations due to optical loss in the arm cavities and
the interferometer optical output train. The entrance of these vacuumfluctuations
affect the shot noise contribution to quantum noise.

ii. The backaction coupling of vacuum fluctuations due to optical loss in the arm
cavities. This results in amplitude quadrature noise contributing to the measure-
ment. The entrance of these vacuum fluctuations affect the radiation pressure
contribution to quantum noise.

iii. Vacuum fluctuations entering the AS port of the interferometer, decreased by
the optical losses in the reflecting Michelson.

As expected, if the loss terms in Eq.4.23 were zero, we return to the lossless power
spectral density (Eq.4.18). Thus with small fractional losses (ε � 1), calculations
of the strain sensitivity and power spectral density can be well approximated by the
Power-recycled Michelson lossless equations.

4.4.6 Squeezing in a Power-Recycled Michelson
with Optical Losses

For completeness, the strain power spectral density for a Power-recycled Michelson
with losses is stated below [1]
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SI
hL−SQZ = (hI

SQL)2

2

[
E + EOT

K I + ε

2
K I +

(
1 − 1

2
E

) (
1

K I + K I
)

× {cosh 2R − cos (2(θ + Φ)) sinh 2R}
]

(4.24)

With optimal squeezing angle, the power spectral density becomes [1]
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(4.25)
The effect of squeezing is very similar to the lossless case, but highlights the important
distinction about the different vacuum noise components entering the system. The
injection of squeezing only aids in changing the quantum noise due to the vacuum
fluctuations entering the AS port, and not other vacuum fluctuation sources.

4.5 Dual-Recycled Fabry-Perot Michelson
Gravitational-Wave Detectors

The ‘Dual-recycled Michelson’ interferometer extends the Power-recycled Michel-
son configuration with the addition of a mirror in the AS port. This mirror, called the
signal recycling mirror (SRM), now forms an optical cavity between itself and the
Michelson, resulting in a resonant enhancement of gravitational-wave signals. This
is the technique of signal recycling [12]. The Dual-recycledMichelson configuration
will be used in second generation gravitational-wave detectors (Sect. 2.2.3).

The Dual-recycled Michelson configuration is beyond the experiments contained
within this thesis, however, the strain sensitivity curves are presented here for com-
pleteness. The quantum noise of a Dual-recycled Michelson with optical losses is
shown in Fig. 4.5a, corresponding to quantum noise curve as plotted by the GWINC
software of Fig. 4.6. The effect of injected squeezing at various squeezing angles is
shown in Fig. 4.5b. The full quantum-noise equations for Dual-recycled Michelsons
can be found in Appendix A.

4.6 Implications and Assumptions

This section discusses some of the assumptions used in the above calculations. The
implications and limitations of injecting squeezed states are also discussed.

http://dx.doi.org/10.1007/978-3-319-17686-4_2
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Fig. 4.5 a Strain sensitivity of a Dual-recycled Michelson with optical losses. The contribution
of the AS port vacuum fluctuations are denoted by the C—coefficient curves. Full equations are
contained in Appendix A. The total quantum noise is the form plotted for the quantum noise
contribution in GWINC v3 [13] (see Fig. 4.6 for comparison). b Strain sensitivity with injected
squeezing at various squeezing angles
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4.6.1 Signal-to-Noise Ratio

The shot noise is spectrally flat, as introduced in the shot noise section of Chap.3.
In a simple Michelson, the shot noise limited contribution is also spectrally flat.
One might ask why the shot noise contribution is shaped for the Power-recycled
and Dual-recycled Michelson configurations. This is resolved by a signal-to-noise
argument.

The shaping is due to the presence of the arm cavities in the Michelson. The
gravitational-wave signal is shaped by the arm cavity resonance profile, viaK I (see
Eqs. 4.5 and 4.15). This attenuates the gravitational-wave signal at detection Fourier
frequencies Ω away from resonance. With shot noise contribution at a constant
level, but with reducing gravitational-wave signal as a function of frequency, the

http://dx.doi.org/10.1007/978-3-319-17686-4_2
http://dx.doi.org/10.1007/978-3-319-17686-4_3


60 4 Quantum Noise in Gravitational-Wave Detectors …

10
1

10
2

10
3

10
−24

10
−23

10
−22

Frequency (Ω)

S
tr

ai
n 

S
en

si
tiv

ity
 [H

z-1
/2
] Quantum Noise

Quantum + 
Coating Noise

Squeezed Quantum + 
Coating Noise

Mirror Coating 
Brownian Noise

Optimal Squeezed
Quantum Noise

Fig. 4.7 Strain sensitivity of a dual-recycled Michelson with applied squeezing, accounting for
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gravitational-wave signal-to-noise ratio (hence the strain sensitivity) is reduced as a
function of frequency.

4.6.2 Contributing Noise Sources Other Than Quantum Noise

The chapter has focussed only on the impact of quantum noise in the interferometer
readout. Figure4.6 shows that quantum noise broadly limits the predicted strain sen-
sitivity of second-generation detector Advanced LIGO. However, other noise from
hardware and environment sources (Sect. 2.3) contribute in limiting the sensitivity.

Squeezing injection only affects the quantum noise contribution and does not
reduce other noise contributions should they begin to dominate the quantum noise.
For example, thermal Brownian noise ofmirror coatings is a noise source comparable
in contribution as the quantum noise around 100Hz.1 Figure4.7 shows the result of
coating thermal noise masking the sensitivity-improvement possible with optimal
squeezing injection. Therefore, the full benefit of injected squeezing is only gained
in regions where quantum noise is dominant.

1Coating thermal noise is an active area of research [14].

http://dx.doi.org/10.1007/978-3-319-17686-4_2
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4.6.3 Squeezing Injection Optical Losses

The calculations for the quantum noise have also assumed perfect squeezing injec-
tion. However, optical losses degrade squeezing magnitude, returning the state back
to the vacuum state. To factor in squeezing injection with optical loss, the effec-
tive squeezing magnitude should be reduced in a similar fashion. Optical loss in
squeezing measurement will be discussed in Sect. 6.4.1.

4.6.4 Frequency Dependent Squeezing and the Heisenberg
Uncertainty Principle

With the optimised squeezing angle cases, one might enquire whether if the Heisen-
berg Uncertainty Principle is being violated as there appears to be simultaneous
improvement in shot noise and radiation-pressure noise limited regimes. TheHeisen-
berg Uncertainty Principle is not violated by frequency dependent squeezed states,
as such states satisfy the Uncertainty Principle at each sideband frequency. Should
one measure the complimentary quadrature, the total noise curve would be increased
(the strain sensitivity reduced) across all sideband frequencies.

4.6.5 Squeezing and Optical Filter Cavities

Frequency-dependent squeezing is needed in order to access the full benefit of
squeezed-state injection. Observation of frequency-dependent squeezing has been
experimentally realised at MHz frequencies [15], and suggestions for methods to
obtain such squeezed states in the gravitational-wave detection band have been pro-
posed.

Kimble et al. [1] first proposed to use optical cavities, named filter cavities, in
the squeezing injection path in order to frequency-dependently rotate the squeezing
ellipse. Theoretically, filter cavities provide an excellent method for squeezing rota-
tion. Physically, however, filter cavities need to be lossless, so as to not degrade the
incident squeezing, as well as be able to rotate the squeezing around the appropri-
ate detection frequency where the radiation-pressure-noise limited and shot-noise
limited regimes crossover (i.e. around the SQL intersection point). These require-
ments place stringent tolerances on the optical cavity, and are currently-active areas
of investigation [16–18].

Another proposal is to use cavities as Amplitude filter cavities [19, 20]. This
method does not give optimised frequency-dependent squeezing. Instead, the opti-
cal cavities are used to filter away the anti-squeezing component of the state. For
phase squeezing that improves the shot noise regime, the amplitude anti-squeezing
is filtered away. The radiation-pressure noise regime thus remains unaltered, at the

http://dx.doi.org/10.1007/978-3-319-17686-4_6
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vacuum fluctuation level. The advantage of using Amplitude filter cavities is that the
requirements for these filter cavities are relaxed considerably, both in terms of cavity
loss tolerances and cavity length.

4.7 Summary

This chapter introduces the calculations for obtaining the strain-sensitivity limited
quantum noise traces for interferometers and gravitational-wave detectors. The cases
of a simple Michelson, power-recycled Michelson with arm cavities, and the dual-
recycled Michelson with arm cavities were explored. The effect of squeezing was
covered for each of the cases. Lastly, the assumptions for the calculations and implica-
tions for squeezing injection into future gravitational-wave detectors were discussed.
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Chapter 5
Squeezed State Generation
for Gravitational-Wave Detection

Abstract The Heisenberg Uncertainty Principle manifests itself in many different
parameter-pairs. Squeezed states of those parameter-pairs and their diverse gen-
erating apparatus have been and are being developed. Examples include number
squeezing with atoms (Gross et al., Nature 464:1165–1169, 2010, [1]), atomic
spin squeezing (Hamley et al., Nature Phys. 8:305–308, 2012, [2]), optical polar-
isation squeezing (Korolkova et al., Phys Rev A 65:052306, 2002; Corney et
al., Simulations and experiments on polarisation squeezing in optical fibre, 2008,
[3, 4]), and ponderomotive squeezing (Corbitt et al., Phys Rev A 73:023801, 2006;
Marino et al., Phys Rev Lett, 2010; Brooks et al., Nature 488:476–480, 2012,
[5–7]). This chapter reviews the type of squeezed vacuum generator that is currently
applicable for gravitational-wave detector enhancement. A simplified overview of a
squeezed state generator is covered, with key components and physicals processes
treated in detail. The recommended sources for further detail are theworks of Buchler
(Electro-optic control of quantum measurements, 2008, [8]), McKenzie (Squeezing
in the audio gravitational wave detection band, 2008, [9]) and Vahlbruch (Squeezed
light for gravitational wave astronomy, 2004, [10]).

5.1 Squeezed Light Source Overview

The type of squeezed state generator, or squeezer, currently applicable to gravitati-
onal-wave detectors uses nonlinear optical materials to manipulate the vacuum
quadrature noise properties. These ‘crystal squeezers’ are also used for other quantum
optical experiments, such as entanglement [11] and teleportation [12].

Figure5.1 shows a simplified schematic of a squeezer. The main aspects of a
squeezer, described in detail in the subsequent sections, are:

1. Laser input stages: The two source lasers (Red sections)
2. Nonlinear optical stages: TheSecondHarmonicGenerator andOptical Parametric

Oscillator (Green sections)
3. Detection stage: The Balanced Homodyne Detector (Purple section)

© Springer International Publishing Switzerland 2015
S.S.Y. Chua, Quantum Enhancement of a 4km Laser Interferometer
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Fig. 5.1 A simplified schematic of a squeezed light source. The dashed optical beam ‘SQZ’ rep-
resents the generated squeezed vacuum. MAIN and AUX the “Main” and “Auxiliary” source lasers;
SHG Second harmonic generator; OPO Optical parametric oscillator; HD Homodyne detector; MC
Mode cleaner; MZ Mach-Zehnder interferometer. The control loops are (1) DC voltage subtraction
locking, (2)Offset phase locking, (3) Pound-Drever-Hall locking and (4)Coherent sideband locking

4. Filtering and stabilisation stages: The Mode Cleaner and Mach-Zehnder Interfer-
ometer (Blue sections)

5. Control loop stages: DC voltage subtraction locking, offset frequency locking,
Pound-Drever-Hall locking and Coherent Sideband locking (Feedback arrows)

As a walkthrough, we begin at the main laser (MAIN—Sect. 5.2), the main source
of laser light for the experiment. Most of the main laser light is sent to the Second
Harmonic Generator (SHG—Sect. 5.3.3), while a small tapoff beam, after spatial
mode filtering by the mode cleaner (MC—Sect. 5.5.1) is used as part of the Balanced
Homodyne Detector (HD—Sect. 5.4.2). At the Second Harmonic Generator, the
main laser light is frequency doubled using a second order nonlinear interaction
process to produce second harmonic light. This second harmonic light is then sent,
via a Mach-Zehnder interferometer to stabilise the second harmonic optical power
(MZ—Sect. 5.5.2), to the Optical Parametric Oscillator (OPO—Sect. 5.3.4). At the
Optical Parametric Oscillator, another second order nonlinear interaction process,
driven by the second harmonic light, generates the squeezed vacuum state. The
squeezed vacuum is then sent to the Homodyne Detector to be measured.

The DC voltage subtraction technique [Loop (1)—Sect. 5.6.1] is used to con-
trol the Mach-Zehnder arm length. The offset frequency locking loop [Loop (2)—
Sect. 5.6.2] controls the relative frequency offset between the main and auxiliary
(AUX) lasers. The Pound-Drever-Hall locking technique [Loops (3)—Sect. 5.6.3]
is used to maintain optical cavities on resonance. The auxiliary laser is sent to the
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Optical Parametric Oscillator so that it forms the Coherent Sideband locking field
[Loops (4a) and (4b)] to control the relative phase of the squeezed state to the Homo-
dyneDetector Local Oscillator phase. The Coherent Sideband locking technique will
be explored in Chap.6.

5.2 Laser Input Stages

The fields from the two lasers are the main inputs that are used to drive the entire
squeezed light apparatus. The light from the main laser (MAIN) is predominantly
used as the input for the Second Harmonic Generator, with the remainder providing
the Local Oscillator field for the Homodyne Detector, and a low-power field for
optimising the Optical Parametric Oscillator. The optical frequency of the main laser
field sets the optical frequency of the produced squeezed field, and is named the
fundamental field of the squeezer. The auxiliary laser (AUX) is a second laser that is
frequency shifted from the fundamental field, and is the field used in the Coherent
Sideband locking technique for the readout and control of the output phase of the
squeezed state.

5.3 Nonlinear Optical Stages

The nonlinear optical stages are the key components that define a squeezed-light
generator. This section introduces nonlinear optical interactions, focussing on the
second order (χ2) nonlinear process. The Second Harmonic Generator and Optical
Parametric Oscillator stages of a squeezer are described in detail.

5.3.1 Nonlinear Optical Interactions

Nonlinear optical interactions are identifiable by the response of a material (system)
to an applied optical field that depends in a nonlinear manner upon the amplitude of
the applied field [13]. In dielectric media, the response of the material to an incident
optical field E is an induced polarisation P that can be written as

P = ε0(χ1E + χ2E2 + χ3E3 + · · · ) (5.1)

where the χn represent the nth order nonlinear coefficient, and ε0 is the permittivity
of free space. We focus on the second order nonlinear process, namely the dominant
coefficient is the χ2 term.

http://dx.doi.org/10.1007/978-3-319-17686-4_6
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Fig. 5.2 Illustration of the two degenerate χ2 nonlinear optical processes

5.3.1.1 Second Order Nonlinear Optical Interactions

Second-order (or χ2) nonlinear optical interactions form part of the family of three-
wave mixing processes [14]. Two such χ2 processes are:

• Sum frequency generation: two low energy photons (ω1, ω2) are converted into a
high energy photon (ω3) that satisfy the condition ω1+ ω2 = ω3. When ω1 = ω2,
the process is called second harmonic generation

• Optical parametric oscillation: A high energy photon (ω1) is converted into two
low energy photons (ω2, ω3) that satisfy the condition ω1 = ω2 + ω3. When
ω2 = ω3, the process is called degenerate optical parametric oscillation

We only explore the degenerate cases of each of the above processes (second har-
monic generation and degenerate optical parametric oscillation), as they are the key
processes for squeezed light generation in the squeezer. These specific nonlinear
processes are illustrated by Fig. 5.2.

5.3.1.2 Phase Matching

The relationship between the high and lowenergy photons partaking in the interaction
process must satisfy the Law of Conservation of Energy, that is

∑

in

Ei =
∑

out

E j ⇒
∑

in

�ωi =
∑

out

�ω j

⇒
∑

in

ωi =
∑

out

ω j (5.2)

Each field of frequency ωi, j also has a corresponding wave vector ki,j, thus the Law
of Conservation of Momentum also must be satisfied.

�

∑

in

ki = �

∑

out

kj (5.3)

Assuming that input and output fields of the interaction process are propagating
collinearly with each other, the two conservation principles imply that the input and
output fields must propagate at the same speed through the nonlinear media. This
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Fig. 5.3 Change in
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gives rise to the ‘phase matching’ parameter that needs to be satisfied for efficient
nonlinear conversion to occur. To illustrate, we define the phase mismatch term Δk
as the difference between input and generated field wave-vector magnitudes

Δk =
∑

in

ki −
∑

out

k j (5.4)

The expression for the generated field power versus phase mismatch for the sum-
frequency generation case is given by [13]

Psum−freq = Pmax
sum−freq × sinc2(Δkz/2) (5.5)

Figure5.3 shows Eq.5.5 as a function of phase mismatch. Moving away from perfect
phase matching (Δk = 0) results in a large decrease in the efficiency of the nonlinear
process. Perfect phase-matching is often difficult to naturally achieve in materials.
This is due to, for example,material dispersion—amaterial’s refractive index varying
as a function of optical frequency. However, there are two main techniques used to
achieve good phase matching:

• Birefringent Phase Matching—Birefringence is the phenomenon where the
refractive index of a material is dependent on the polarisation direction of the
incoming field. There are two categories of Birefringent Phase Matching, Type I
and Type II. These types are differentiated by the low energy photons being both
polarised to the material ordinary axis (denoted by “→”), or one in each of the
extraordinary (denoted by “↑”) and ordinary axes, that is

Type I : ↑ω3 = →ω1 + →ω2 (5.6)

Type II : ↑ω3 = ↑ω1 + →ω2 (5.7)
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Examplematerials include Type Imagnesium-oxide-doped lithium niobate (MgO:
LiNbO3) and Type II potassium titanyl phosphate (KTiOPO4, known commonly
as KTP).

• Quasi-phase matching—Quasi-phase matching [15] is a technique where the
nonlinear coefficient is inverted periodically by modulating the material crystal
domain structures. This is referred to as periodic poling and this technique counters
the effect ofmaterial dispersion. Therefore it allows for the phase of the newly gen-
erated field to be quasi-phase matched with existing generated field. Although not
as conversion-process efficient as the non-poled materials, quasi-phase-matched
materials have an advantage that input/output fields are in the same polarisation,
that is

↑ω3=↑ω1 + ↑ω2 (5.8)

This allows access to larger nonlinear coefficients inaccessible to birefringent
phase-matched materials. Examples of quasi-phase-matched materials include
periodically-poled KTP (PPKTP) and periodically-poled lithium niobate (PPLN)
[16].

5.3.2 χ2 Nonlinear Cavity Quantum Langevin Equations

The χ2 nonlinear process can be enhanced by placing the nonlinear media into an
optical cavity. To describe this system, the cavity Quantum Langevin equations from
Sect. 3.6 are now modified. Figure5.4 shows a generic cavity containing within it
a nonlinear medium. We define similar quantities for the inputs and outputs fields,
with the specific addition of the harmonic (B, b) fields, while maintaining the (A, a)
notation for the fundamental frequency fields.

For the remainder of this thesis, the harmonic field will be referred to as the
pump field. We also make a distinction that if there is a bright coherent field at the
fundamental frequency incident on the OPO, it will be referred to as the seed field.

Fig. 5.4 Optical cavity with
nonlinear medium. This
allows for enhancement of
nonlinear processes via the
interaction of
resonantly-enhanced optical
fields. ε is the nonlinear
coupling coefficient

τ
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Ain,Bin Atrans,Btrans
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Aref ,Bref δAv,δBv

ε

,in κ a
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,l κ a
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http://dx.doi.org/10.1007/978-3-319-17686-4_3
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The nonlinear quantum Langevin equations of motion for the fundamental and
pump fields are defined as [13]

ȧ = −(κa + iΔa)a + εa†b +
√
2κa

in Ain + √
2κa

outδAv +
√
2κa

l δAl (5.9)

ḃ = −(κb + iΔb)b − ε

2
a2 +

√
2κb

in Bin +
√
2κb

outδBv +
√
2κb

l δBl (5.10)

The key characteristic is the interdependence between the fundamental and pump
fields. The terms containing ε, the nonlinear coupling coefficient, encapsulate the
interdependence, accounting for the flow of photons between one field to the other.
As in Sect. 3.6, these equations can be similarly simplified by assuming that the
cavity is held on resonance (Δa = Δb = 0).

5.3.3 Second Harmonic Generator (SHG)

The Second Harmonic Generator or SHG is a device that resonantly converts pho-
tons from the fundamental frequency into photons at the pump frequency, via the
degenerate sum frequency generation process.

In the classical regime, the Langevin equations simplify as fluctuation terms
are not considered and quantum operators become their expectation values (a →
〈a〉, b → 〈b〉). The classical cavity equations are

˙〈a〉 = −κa〈a〉 + ε〈a〉〈b〉 +
√
2κa

in Ain

˙〈b〉 = −κb〈b〉 − ε

2
〈a〉2 (5.11)

Using the cavity output relation (Eq. 3.63), the steady state solution for the output
harmonic field is given by

Bout =
√
2κb

outε〈a〉2
2κb

(5.12)

This shows that the output harmonic field is a function of the nonlinear coupling
coefficient and the intensity of the circulating fundamental field. The generated sec-
ond harmonic field is used to drive the Optical Parametric Oscillator, thus the name
of ‘pump’ field.

5.3.4 Optical Parametric Oscillator (OPO)

The Optical Parametric Oscillator or OPO, is the χ2 nonlinear optical device that
generates the squeezed vacuum states.

http://dx.doi.org/10.1007/978-3-319-17686-4_3
http://dx.doi.org/10.1007/978-3-319-17686-4_3
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The Langevin equations for an OPO are given by

ȧ = −κaa + εa†b +
√
2κa

in Ain + √
2κa

outδAv +
√
2κa

l δAl (5.13)

ḃ = −κbb +
√
2κb

in Bin +
√
2κb

outδBv +
√
2κb

l δBl (5.14)

Compared to Eqs. 5.9 and 5.10, the above Equations have a further simplification
employed, that is, the term ε

2a2 in the pump field cavity equation is now zero. This
is the assumption that the power in the pump field is not depleted by the parametric
process [17],whichnullifies thepumpfielddependenceon the fundamental field.This
assumption is valid for Optical Parametric Oscillators that operate below threshold
(εb < κa), which is the true for the case of OPOs producing squeezed vacuum states.

We explore the classical and semiclassical models, whereby the pump field b is
treated as a classical field, and combined with the nonlinearity term ε to create a new
term for the total nonlinear gain g = εb. The classical model will provide a method
to obtain measurement of the pump power required to reach threshold, an important
experimental parameter. The semiclassical model demonstrates the squeezed state
generation behaviour from the OPO.

5.3.5 Classical Behaviour of the OPO

Considering the classical behaviour of the OPO, the equations for the fundamental
field are

ȧ = −κaa + ga† +
√
2κa

in Ain (5.15)

ȧ† = −κaa + g∗a +
√
2κa

in A†
in (5.16)

Using the cavity input-output relations, and assuming (without loss of generality) that
the amplitude of the input field Ain is real, the ratio of the steady-state transmitted
output seed power (Pout) to the transmitted stready-state output seed power with no
total nonlinear gain (P0

out where g = 0) can be expressed as

Pout

P0
out

= (1 + g/κa)2

(1 − |g|2/κ2
a )2

(5.17)

The term g/κa , also known as the normalised pump parameter x [18], is equivalent
to the ratio of the pump field amplitude B to the pump field amplitude at threshold
Bthr [8]

x = g

κa
= B

Bthr
(5.18)



5.3 Nonlinear Optical Stages 73

thus Eq.5.17 can be re-written as

Pout

P0
out

= (1 + B/|Bthr|)2
(1 − |B/Bthr|2)2 (5.19)

There exist distinct cases for amplication and de-amplification of the output beam,
arising from the sign change due to the phase of the pump field. In the case of
amplification, the pump field amplitude value is positive (B > 0), while for de-
amplification the value is negative (B < 0). Denoting (for clarity) the output seed
power in the amplification case by P+

out, in the de-amplification case by P−
out, we can

equate

B

Bthr
= Υ1

Υ2
(5.20)

where

Υ1 =
√

P+
out

P−
out

− 1, Υ2 =
√

P+
out

P−
out

+ 1 (5.21)

thus Eq.5.19 can be re-written as

P±
out

P0
out

= [1 + Υ1/Υ2]2
[1 ∓ (Υ1/Υ2)2]2 (5.22)

Figure5.5 shows a plot of the gain expressions versus input pump power (nor-
malised to threshold power Pth = |Bthr|2). As the input pump power approaches
threshold, the amplification curve asymptotes to +∞. This is a result of the

Fig. 5.5 OPO nonlinear
gain curves, showing the
behaviour in both
amplification and
deamplification regimes. As
the input pump power
approaches threshold, the
amplification curve
asymptotes to +∞. This is a
result of the assumption of
no pump depletion breaking
down at (and above)
threshold powers
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assumption of no pump depletion breaking down at (and above) threshold. By inject-
ing a seed field1 and making measurements of output seed power over several input
pump powers lower than threshold, the OPO pump threshold power can be inferred.

5.3.6 Semiclassical Behaviour of the OPO

Focussing on squeezing generation, we return to Eq.5.13, with semiclassical pump
(εb = g). Consider the fluctuating components, given by

δȧ = (−κa + g)δa +
√
2κa

inδAin + √
2κa

outδAv +
√
2κa

l δAl (5.23)

δȧ† = −(κa + g)δa† +
√
2κa

inδA†
in + √

2κa
outδA†

v +
√
2κa

l δA†
l (5.24)

Calculating the quadratures gives

δ Ẋa
1 = (−κa + g)δXa

1 +
√
2κa

inδX A−in
1 +

√
2κa

out δX A−v
1 +

√
2κa

l δX A−l
1 (5.25)

δ Ẋa
2 = (−κa − g)δXa

2 +
√
2κa

inδX A−in
2 +

√
2κa

out δX A−v
2 +

√
2κa

l δX A−l
2 (5.26)

Solving in the Fourier domain thus results in

δ X̃a
1,2 =

√
2κa

inδ X̃ A−in
1,2 + √

2κa
outδ X̃ A−v

1,2 + √
2κa

l δ X̃ A−l
1,2

iω + κa ∓ g
(5.27)

Applying the transmission input-output relation (Eq.3.63), we find the transmitted
noise quadratures

δ X̃out
1 = (2κa

out − iω − κa + g)δ X̃ A−v
1 + √

4κa
inκa

out δ X̃ A−in
1 + √

4κa
l κa

out δ X̃ A−l
1

iω + κa − g
(5.28)

δ X̃out
2 = (2κa

out − iω − κa − g)δ X̃ A−v
2 + √

4κa
inκa

out δ X̃ A−in
2 + √

4κa
l κa

out δ X̃ A−l
2

iω + κa + g
(5.29)

which, assuming all input noise variances are vacuum states (V = 1), results in
noise variances of

V out
1 = 1 + κa

out

κa

4(g/κa)

ω2/κ2
a + (1 − g/κa)2

(5.30)

V out
2 = 1 − κa

out

κa

4(g/κa)

ω2/κ2
a + (1 + g/κa)2

(5.31)

1This is the low-power field from Sect. 5.2.

http://dx.doi.org/10.1007/978-3-319-17686-4_3
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Fig. 5.6 Output noise
variances of an OPO cavity,
showing the generation of
squeezing and
anti-squeezing. Cavity
parameters L = 1; λ = 1 µm;
Tout = 0.1;
x = g/κa = 0.45. For the
lossless case Tin = Tl = 0,
for the case with non-zero
losses Tin = 0.01,
Tl = 0.001
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Figure5.6 shows the noise variances as a function of frequency (from cavity reso-
nance). The generated squeezing/anti-squeezing is filtered by the cavity linewidth,
thus returning the squeezed state to the vacuum state at higher frequencies. In the
lossless case, the magnitude of squeezing and anti-squeezing are equal. With intra-
cavity loss, the magnitude of the squeezing/anti-squeezing is lessened, with more
pronounced effect in the squeezing quadrature.

5.3.6.1 Escape Efficiency of the OPO

The escape efficiency, given by

ηesc = κa
out/κa (5.32)

is the measure of the efficiency that squeezing may exit the OPO cavity. Rewriting
Eqs. 5.30 and 5.31 with the escape efficiency and normalised nonlinear gain parame-
ter x , gives

V out
1 = 1 + ηesc

4x

ω2/κ2
a + (1 − x)2

(5.33)

V out
2 = 1 − ηesc

4x

ω2/κ2
a + (1 + x)2

(5.34)

To increase the escape efficiency, one can either:

• Increase the output coupler decay rate κa
out to dominate the total decay rate κa , i.e.

κa
out 
 κa

in, κa
l → κa ≈ κa

out , or
• Decrease the other contributions to the total decay rate so that the (fixed) output
coupler decay rate dominates, i.e. κa

in, κa
l ≈ 0 → κa ≈ κa

out .
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The usualmethod to increase escape efficiency is to increase the output coupler decay
rate (by lowering the output coupling mirror reflectivity). By increasing the output
coupler decay rate, the total decay rate becomes larger. However, from Eq.5.18, an
increased total decay rate κa , means that a higher proportion of pump power relative
to the threshold pump power is needed to obtain adequate levels of nonlinear gain.
Further increasing the escape efficiency is limited by having the necessary pump
power available. This is the reason why knowledge of the threshold pump power Pth
is needed.

5.3.7 The OPO and the Auxiliary Field

The above discussion of the OPO focusses on the second harmonic field and the
squeezing fundamental field. The third incident field on the OPO, the Auxiliary
Laser field was not discussed. In the OPO quantum Langevin equation above, no
terms for the Auxiliary field were included. This is because the presence of the Aux-
iliary laser field does not impact on the squeezing generation process. The Auxiliary
and squeezing fundamental fields are mutually exclusive, hence can be treated sep-
arately. The Auxiliary field and the Coherent Sideband technique will be discussed
in Sect. 6.3.

5.4 Detection Stage (Purple Section)

Direct detection of squeezed vacuum states is not possible due to their low optical
power signals being masked by technical noise sources, such as thermal noise of
electronics. Balanced detection schemes “amplify” up low-power signals to levels
above technical noise sources. To measure squeezed vacuum states, and their noise
quadratures, balanced detection methods are used.

5.4.1 Balanced Detection Schemes

The general schematic for a balanced detection setup is shown in Fig. 5.7. Two
fields, the signal field (A), and Local Oscillator (LO) field (B), are mixed on a
50:50 (“balanced”) beamsplitter. The relative phase between the two input fields is
denoted by the term φ = φB − φA. The resulting fields, C and D, are detected by
photodetectors at the two output ports of the beamsplitter. Measurements about the
properties of the input fields can be made via the electronic subtracting (i−) and
addition (i+) of the two photocurrents.

http://dx.doi.org/10.1007/978-3-319-17686-4_6
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Fig. 5.7 Schematic of a
balanced detection scheme,
showing signal (A) and LO
(B) fields, with relative
phase φ, and output fields
C, D. The quantities of
interest are contained in the
difference and sum
photocurrents i−, i+.
Reprinted with permission
from [19], copyright (2014)
by IOP Publishing
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Different detection schemes arise from this general setup through the different
choices of local oscillator field:

• If the Local Oscillator is a bright coherent field, but not at the same wavelength as
the signal field, then the detection scheme is known as balanced heterodyne detec-
tion. This form of detection scheme is used in telecommunications, spectroscopy
and astronomy [20–22].

• If the Local Oscillator is a bright coherent field at same wavelength as the signal
field, then the detection system is called a balanced homodyne detector. Applica-
tions for balanced homodyne detectors include measurements in Quantum Cryp-
tography and Magnetic Resonant Imaging [23, 24].

The choice of detection scheme depends on the characteristics of the signal field
of interest.We focus on the balanced homodyne detector, known for remainder of this
thesis as the homodyne detector. This method is routinely used in detecting quadra-
ture noise properties of signal fields, thus making it ideal for detecting quadrature
squeezed states.

5.4.2 Balanced Homodyne Detection (HD)

Utilising the beamsplitter convention (Sect. 3.4.2) and linearisation formalism
(Sect. 3.4.1), the output fields of the homodyne detector (C, D) are:

C = 1√
2

(
( Ā + δA) + (B̄ + δB)eiφ

)
(5.35)

D = 1√
2

(
( Ā + δA) − (B̄ + δB)eiφ

)
(5.36)

http://dx.doi.org/10.1007/978-3-319-17686-4_3
http://dx.doi.org/10.1007/978-3-319-17686-4_3
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The difference photocurrent between the two detectors is therefore given by

i− = D†D − C†C

= ( Ā + δA)†(B̄ + δB)eiφ + (B̄ + δB)†e−iφ( Ā + δA) (5.37)

To simplify, we note that:

• Cross-fluctuation terms, e.g. δAδB, are negligible
• Mean field amplitudes are assumed to be real, i.e. Ā = Ā∗, B̄ = B̄∗
• The signal mean amplitude is much less than the LOmean amplitude, i.e. Ā 
 B̄.
This is known as the LO condition, resulting in terms not containing B̄ to be
neglected. This assumption holds for squeezed vacuum signals.

Using the quadrature definitions, the difference photocurrent is now

i− = 2 Ā B̄ cosφ + B̄(δX A
1 cosφ + δX A

2 sin φ) (5.38)

The difference current contains information about the signal field amplitude (δX A
1 )

and phase (δX A
2 ) quadratures, “amplified” by the LO mean field amplitude (B).

The LO amplification raises the quadrature effects of the signal over the technical
noise levels in the photodetectors. Therefore, the difference photocurrent of balanced
homodyne detection can facilitate themeasurement of squeezed vacuumquadratures.
The choice of quadrature (or combination of quadratures) observed is determined by
the choice of the relative phase φ.

The sum photocurrent is given by

i+ = Ā2 + ĀδX A
1 + B̄2 + B̄δX B

1 (5.39)

≈ B̄2 + B̄δX B
1 (5.40)

This is equivalent to a direct measurement of the LO field.

5.5 Filtering and Stabilisation Stages

This section describes the two subsystems that are use for spatial mode filtering and
pump power stabilisation.

5.5.1 Mode Cleaner (MC)

The mode cleaner is an optical device used to prepare the Local Oscillator beam
for the homodyne detector, so that it is spatially filtered to a known transverse pro-
file, and provide a reference origin-point for the beam. This omponent is necessary
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for low-frequency detection of squeezed states. The role of the mode cleaner
for low-frequency detection of squeezed states is expanded further in Chap.7—
Properties affecting Squeezing Magnitude and Audio-frequency Measurement. Opti-
cal cavities and single-mode optical fibres can be used as mode cleaners.

5.5.2 Mach-Zehnder Interferometer (MZ)

The Mach-Zehnder interferometer is used for pump power stabilisation in the
squeezer via the stabilisation of transmitted pump power by controlling the relative
interferometer arm lengths. TheMach-Zehnder was first utilised for pump power sta-
bilisation in a squeezer by Khalaidovski et al. [25], while other interferometer types
had been used in other experiments for power stabilisation (for example in [26]).

5.6 Control Stages

Driving an experiment parameter to a reference value, andmaintaining that parameter
at that reference value (within a specified accuracy) is often needed in experiments.
An active feedback control systemmeasures its own output (of a particular parameter,
such as transmitted optical power) and uses that measurement to feed back and drive
the system to the desired state.

Figure5.8 shows a generic control loop diagram of an active feedback control sys-
tem. The system component whose output that we wish to control is called the Plant,
and the Sensor measures the output of the Plant. The Sensor’s output is compared to
the reference value with the Comparator. The difference between the Sensor output
and the reference is called the error signal. The error signal is sent to the Controller,
which changes the Plant output via the Actuator. If the Sensor measurement and
reference value are approximately equal, the error signal value is small and thus the
Plant output is as required [27].

Controller

Comparator
Sensor

Reference
Value

Disturbance
Actuator

Plant
Error Signal

Output

Fig. 5.8 Block diagram of a generic active feedback control loop

http://dx.doi.org/10.1007/978-3-319-17686-4_7
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Error Signal

V

V
0

V

Fig. 5.9 An example loop diagram and error signal for the DC voltage subtraction locking tech-
nique. The loop actuates on theMach-Zehnder such that photodetector output voltage (from incident
optical power) matches the reference voltage

The squeezer uses four feedback control loop scheme-types. Three feedback
control loop types [Loops (1), (2) and (3) of Fig. 5.1] are now briefly introduced.
The fourth, the Coherent Sideband locking technique will be explored in Chap. 6
(Sect. 6.3).

5.6.1 DC Voltage Subtraction Locking

Figure5.9 shows an example loop diagram and error signal for the DC voltage sub-
traction locking technique. This techique is used for controlling the Mach-Zehnder
output, hence the Plant is a Mach-Zehnder in Fig. 5.9. The error signal is derived
by taking the difference (δV ) between the sensor (photodiode) output voltage and a
desired reference voltage. The control loop then drives the Mach-Zehnder until the
sensor output voltage matches the desired reference voltage (δV = 0). This tech-
nique has the advantage of being relatively simple to implement. However, the lock
stability of the control loop depends on the stability of the reference voltage.

5.6.2 Offset Frequency Locking

Offset frequency locking is used to set a fixed frequency relationship between two
lasers. This technique is used to maintain the offset between the Main and Auxiliary
lasers’ optical frequency. Shown in Fig. 5.10, the readout is the optical beat note
between the two laser fields, whose beat note frequency is the difference in optical
frequency between the two laser sources ( f ). By comparing the beatnote to a ref-
erence sinusoid with the desired frequency offset ( f0), this forms the error signal.
When the error signal is zero, the beatnote frequency and desired frequency must be
equal. When the error signal is not zero, the frequency of one of the lasers needs to
be tuned in order to return to the desired offset. This is enabled by actuating on the
laser’s PZT or temperature.

http://dx.doi.org/10.1007/978-3-319-17686-4_6
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Error Signal

V

δf
0

Laser 1

Laser 2

WFG

Mixer LPF

f

f0

Fig. 5.10 Example schematic and error signal for the offset frequency locking technique. The
optical beat note between two lasers is compared to the reference sinusoid at the desired offset
frequency f0 from the waveform generation (WFG), thus forming a sinusoidal error signal [with
locking points mod(2π )]. After low-pass filtering, the frequency of one of the lasers is actuated to
maintain the optical beat note at the desired frequency, hence controlling a fixed-frequency offset
between the two lasers

5.6.3 Pound-Drever-Hall Locking

Pound-Drever-Hall locking, or PDH locking, is a commonly used technique in
optical experiments that require stabilisation of (I) the path length of optical cav-
ities to maintain resonance with an incident laser field [28], or (II) the optical fre-
quency of an incident laser field to the resonance of a stable optical reference cavity
[29, 30]. Case (I) is presented here, used to control the optical path length of the
Mode Cleaner, SHG and OPO cavities. For a more detailed treatment of the PDH
locking technique, [30] is a recommended source.

Shown in Fig. 5.11, phase modulation sidebands are placed on the incident car-
rier field with a phase modulator (PM), and the path length change of the cavity
is encoded with the relative phase shift between the sidebands and carrier field.

Error Signal

V

Δ
0

Laser PM

WFG Mixer LPF

Fig. 5.11 Example schematic and error signal for the Pound-Drever-Hall locking technique. The
schematic is detailed in Sect. 5.6.3. The cavity resonance point is located at the origin. The cen-
tral locking point in distinguished from the other zero-crossings by their opposite-signed (nega-
tive/positive) slopes
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After signal processing, an error signal is produced that is zero on resonance and
approximately linear around the resonance point. Therefore the error signal is pro-
portional to displacement of the cavity path length from resonance, or the cavity
detuning Δ. This is then fed back to the cavity length actuator to correct the dis-
placement, returning the cavity to resonance. On cavity resonance, the detuning is
zero (Δ = 0). This validates the simplifying assumption of Δ = 0 used in the
quantum Langevin equations.

5.7 Summary

An overview of a squeezed state generator or squeezer was presented, canvassing
the:

• Laser input stages—The sources of laser light for the apparatus.
• Nonlinear optical stages—TheSecondHarmonicGenerator (SHG), and the crucial
Optical Parametric Oscillator that generates the squeezed states.

• Detection stage—Balanced homodyne detection that enables measurement of
noise quadratures.

• Filtering and stabilisation stages—Mach-Zehnder and Mode Cleaner devices
• Control loops—DC voltage subtraction locking, Offset frequency locking and
Pound-Drever-Hall locking techniques.
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Chapter 6
The Doubly Resonant, Travelling-Wave
Squeezed Light Source

Abstract Squeezed states applicable for enhancing gravitational-wave detectors is
the driver behind the development of large squeezing magnitudes at audio-detection
band frequencies. This chapter describes the squeezed light source that achieved
a greater than 10dB squeezing measurement across the audio gravitational-wave
detection band (10Hz–10kHz). This squeezing level was generated using a doubly
resonant, travelling-wave optical parametric oscillator (OPO) with a wedged non-
linear crystal, and controlled using a modified coherent sideband locking technique.
This chapter presents the development and results of the doubly resonant, travelling-
wave squeezed light source, grouped into four topics:

1. The features of the squeezed light source OPO and modified coherent sideband
locking scheme are first presented. Sections6.1 and 6.2 present the design choices
and parameters of the OPO. Section6.3 introduces the coherent sideband lock-
ing technique, followed by the changes implemented for the modified coherent
sideband locking technique.

2. Various experiment parameters and properties that impact on the squeezing mea-
surement are then presented. These are categorised into properties affecting
squeezing magnitude measurement (Sect. 6.4), and properties affecting low fre-
quency squeezing measurement (Sect. 6.5).

3. Upgrades of the squeezed light source resulting from the understanding of the
above properties are then detailed in Sect. 6.6. The upgraded squeezed light source
configuration is presented in Sect. 6.7.

4. Lastly, the results of measurements from the squeezer are presented and char-
acterised in Sect. 6.8. This includes the first measurement of greater than 10dB
squeezing across the audio gravitational-wavedetection band (11.6±0.4dBabove
200Hz), and 5900s of continuously controlled squeezing.
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6.1 Design Properties of the Optical Parametric Oscillator

Squeezed states have been generated from optical parametric oscillators with differ-
ing cavity configurations and optical properties [1–3]. The reasoning for the design
choices of the doubly resonant, travelling-wave OPO are presented in this section.
This configuration was also used for the LIGO Squeezed Light Injection Experiment
(Part 3 of the thesis).

6.1.1 Bow-Tie Travelling-Wave Cavity

Optical cavities can be broadly divided into two categories: travelling-wave and
standing-wave configurations [4]. If the round-trip intra-cavity beam passes any
given point only in one propagation direction, the configuration is a travelling-wave
cavity. Complement to this, if the round-trip intra-cavity beam passes a given point
in two propagation directions, the configuration is a standing-wave. Figure6.1 shows
example cavities of these two configuration categories.

The travelling-wave configuration was chosen as the geometry for the OPO. The
first reason is that a travelling-wave configuration is first-order immune to backscat-
tered light, due to the fact that backscattered light propagating in the reverse direction
will couple into the reverse intra-cavity mode. The removal of backscattered light
is a particularly important factor for low frequency squeezing. Backscattered light
and the travelling-wave configuration is explored in depth in Chap. 7. The second
reason is the availability of multiple spatially-separated input/output ports for optical
beams, used for OPO operation and characterisation, to access the cavity.

There are drawbacks with using a travelling-wave configuration. Compared with
a standing-wave cavity, there are an increased number of optical components. This
reduces total mechanical stability, as well as increase optical losses due to the
increased number of surfaces. Beam astigmatism is also an issue, as intra-cavity
fields are no longer incident on optics at normal-incidence [4]. The ‘bow-tie’ config-
uration has minimal beam astigmatism for a travelling-wave geometry, as all beam
incident angles within the cavity are small, typically around 6◦–8◦ from normal
incidence.

Fig. 6.1 Optical cavity configurations. Left Travelling-wave ‘bow-tie’ cavity. Right Standing-wave
‘Fabry-Perot’ cavity

http://dx.doi.org/10.1007/978-3-319-17686-4_7
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6.1.2 Doubly Resonant Cavity

In the context of this thesis, a doubly resonant OPO cavity represents a cavity that is
simultaneously resonant at pump and fundamental frequencies. This is opposed to
a singly resonant OPO system that is only resonant at the fundamental (squeezing)
frequency. The design of the OPO is a doubly resonant cavity.
The advantages of a doubly resonant OPO are:

• The ease of obtaining a cavity-length control signal, via the use of the pump field
as the readout field.

• The assurance of perfect mode matching of the interacting fields for the nonlinear
process. Since the pump and fundamental fields share the same optical cavity, the
ratio of the beam waist sizes is

√
2, which is the ratio that satisfies the Boyd-

Kleinman condition for optimal second-order nonlinear interaction [5].
• Photothermal effects induced by higher-order spatial modes of the pump beam are
minimised, as those spatial modes not matched to the cavity mode will be filtered
when the cavity is on resonance.

• The pump field amplitude is resonantly enhanced, thus for a given input pump
power a higher nonlinear gain can be reached. This allows the possibility of
increasing the transmission of the output coupler at the fundamental frequency
to increase the escape efficiency (ηesc).

There are also disadvantages associated with a doubly resonant OPO that require
management. These are:

• The photothermal effect associated with absorption of the pump field (in the non-
linear crystal) is greater due to the resonantly-enhanced pump field. This can cause
length instabilities, such as optical bi-stability [6]. Management of the crystal tem-
perature can minimise such effects.

• The intra-cavity dispersion of the fundamental and harmonic fields causes the
resonance frequencies of the two fields to be offset with each other. When co-
resonance of both fields does not occur, the nonlinear interaction is suppressed
[7]. To compensate for the wavelength dispersion, a wedged nonlinear crystal is
used.

6.1.3 Wedged Nonlinear Media

Dispersion compensation in doubly resonant nonlinear systems has been previously
achieve by the insertion of a pellicle plate [8, 9]. However, the presence of a com-
pensation plate introduces two additional optical surfaces within the optical cavity,
increasing optical losses. In lieu, dispersion compensation can be achieved by mod-
ifying the nonlinear crystal geometry such that an angled-wedge is polished for one
of the surfaces [10, 11].
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Fig. 6.2 Illustration of the OPO nonlinear crystal of PPKTP, with angle-polished wedge in non-
poled KTP material. Poling domains are not scale

Figure6.2 illustrates such a wedged crystal. By lateral translation of the crystal
position perpendicular to the optical beam propagation direction, the effective path
length is changed, due to the refractive index of the additional optical material. Thus,
a crystal position can be foundwhere dispersion compensation can be achieved. Dual
resonance for the nonlinear process, along with no introduction of additional optical
surfaces, is realised simultaneously.

6.2 The Doubly Resonant, Travelling-Wave OPO Cavity

The layout of the doubly resonant, travelling-wave OPO cavity is shown in Fig. 6.3.
The cavity design is based on theOPO cavity used inwork completed byGrosse [12],
with modifications to improve cavity portability and ease of cavity construction. The
OPO cavity parameters are summarised in Table6.1.

The OPO cavity consists of four half-inch mirrors with reflective coatings at
532 and 1064nm to form a doubly resonant cavity in travelling-wave, bow-tie

Copper Crystal 
Holder and Oven

Brass Reaction
Mass

Input / Output
Coupler

Base Plate

PZT

Fig. 6.3 Schematic and photo of the doubly resonant, travelling-wave OPO Cavity. The bow-tie
optical path has been highlighted in the photo
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Table 6.1 Optical and cavity parameters of the DB optical parametric oscillator

Cavity parameter Symbol Value Units

Fundamental
(squeezing)
wavelength

λa 1064 nm

Second harmonic
(pump) wavelength

λb 532 nm

Round-trip optical
path length

L 0.279 m

Curved mirrors’ radius
of curvature

RoC −38 mm

Input/output coupler
reflectivity
(fundamental)

Ra
in/out 0.839 –

Input/output coupler
reflectivity (pump)

Rb
in/out 0.722 –

PZT mirror reflectivity Ra
2 0.9982 –

Total intra-cavity loss
at fundamental

T a
l 0.0026 –

Total intra-cavity loss
at pump

T b
l 0.046 –

Finesse (fundamental) Fa 35.3 –

Finesse (pump) Fb 16.8 –

Full-width-half-
maximum
(fundamental)

Δνa 31.2 MHz

Full-width-half-
maximum
(pump)

Δνb 65.3 MHz

Escape efficiency ηesc 98.5 ± 0.3 –

Threshold power Pthr 108 ± 5 mW

configuration. The reflective coatings of the mirrors were manufactured for an angle
of incidence of 6◦, resulting in 12◦ cavity-vertex angles. The cavity-vertex angles
provided the smallest angle of incidence possible for minimising astigmatism with-
out intra-cavity beam clipping from cavity mirror mounts. The round-trip optical
path length was approximately 28cm, so that the cavity benchtop footprint was min-
imised given the cavity-angle constraints. The input/output coupler reflectivities for
the two wavelengths were chosen to optimise squeezing escape efficiency given the
available pump power (see Sect. 5.3.6). The second flat mirror is mounted to a ring
piezo-electric transducer (PZT) on a brass reaction-mass block. The brass block had
recessed hollows to allow access for optical beams to the second flat mirror.

The nonlinear medium of the OPO used is a quasi-phase-matched (Sect. 5.3.1)
PPKTP crystal, anti-reflection coated at both wavelengths, with a wedge of

http://dx.doi.org/10.1007/978-3-319-17686-4_5
http://dx.doi.org/10.1007/978-3-319-17686-4_5
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Fig. 6.4 The DB-OPO
cavity—nonlinear gain as a
function of input pump
power. The fitted threshold
pump power is 108 ± 5mW
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angle-polished non-poled material (Sect. 6.1.3). PPKTP was chosen for its high non-
linear gain coefficient and lowphasematching temperature [13]. The crystal is housed
in a temperature-controlled peltier oven, mounted on a five-axis alignment stage to
allow crystal position translation. This translation, in combination with the crystal
wedge, enables the compensation of dispersion. The entire cavity is housed on a
single aluminium block, allowing for easy construction and mobility of the OPO
cavity as a complete unit.

A measurement of the OPO nonlinear gain as a function of input pump power
was made, with the data shown in Fig. 6.4. The pump threshold power (Sect. 5.3.5),
was thus fitted to be 108 ± 5 mW. For the remainder of this thesis, the OPO will be
referred to as the doubly-resonant bow-tie OPO or DB-OPO at ANU.

6.3 Modified Coherent Sideband Locking

Squeezed state generation presents only part of the challenge for applying squeezed
states for gravitational-wave detector enhancement. In addition to the control loops
of Sect. 5.6, the squeezing ellipse phase needs to be controlled relative to the mea-
surement quadrature. Various techniques for controlling the squeezing ellipse phase
have been developed [1, 14], with the technique currently used for squeezed-vacuum
phase control called Coherent Sideband Locking. This technique is used for the GEO
squeezed-light source [15], as well as the LIGOH1 Squeezed Light Injection Exper-
iment.

This section first introduces the Coherent Sideband locking technique. This is
followed by details of a modified technique based on Coherent Sideband locking to
control the squeezing ellipse phase.

http://dx.doi.org/10.1007/978-3-319-17686-4_5
http://dx.doi.org/10.1007/978-3-319-17686-4_5
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6.3.1 Coherent Sideband Locking

The Coherent Sideband locking technique was proposed by Chelkowski et. al [16]
and experimentally demonstrated by Vahlbruch et al. [17]. The simplified schematic
and phasor diagrams are shown in Fig. 6.5. For this technique, a second bright optical
field of amplitude αΩ at an offset frequency (Ω) from the fundamental frequency
(ωc), is injected into the OPO [Point (a)]. This coherent sideband field undergoes
the same nonlinear interaction as the squeezed state generation process, being ampli-
fied or deamplified as per the pump phase at the crystal. This nonlinear process can be
viewed as the creation of a second sideband of the offset bright field, and described
as (Eq.9 of [16])

EC L ∝ 1 + g√
2g

αΩ cos(ω0t + Ωt) − 1 − g√
2g

αΩ cos(ωct − Ωt − 2φ)

∝ cos(ωct + Ωt) − A cos(ωct − Ωt − 2φ) (6.1)

where
√

g = exp(R) with R the squeezed factor (Sect. 3.2.3), A is the relative
amplitude of the two coherent locking sidebands,1 and φ is the relative phase of the
pump and coherent sideband fields.

The leakage and reflected fields are then measured [Point (b) − Loop 4a], to be
demodulated at 2Ω to obtain an error signal (Eq.12 of [16])

SC L ∝ (−1 + g2)α2
Ω

4g
sin(2φ) (6.2)

which can be used to lock the relative phase pump field and coherent sideband field
(φ → 0). The sideband field also co-propagates with the squeezed state towards the
homodyne detector [Point (c)]. The detected field on the homodyne detector [Point
(d)−Loop 4b] is used to generate an error signal with the LO field, via demodulation
at frequency Ω (Eq. 17 of [16])

SL O ∝
√
2αL Oα2

Ω(−1 + g)√
g

sin(2φ + Φ) (6.3)

which in combination with the first coherent sideband locking loop, can then control
the relative phaseΦ of the coherent sideband field and the LO field. The two demod-
ulating signal generators are electronically phase locked together, thus the squeezing
ellipse is controlled.

The implementation of the coherent sideband locking scheme involves firstly
generating the offset sideband field. Initial demonstration of the technique [17] saw
the use of an acousto-optic modulator (AOM) to create the field, via upshifting of a
bright seed field. However, due to residual seed field being present from imperfect

1From Eq.9 of [16], A is calculated as A = 1−g
1+g .

http://dx.doi.org/10.1007/978-3-319-17686-4_3
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Fig. 6.5 Coherent sideband locking schematic, and phasor diagrams corresponding to specific opti-
cal field points within the schematic. Mach-Zehnder interferometer and mode cleaner are removed
from the schematic for clarity. Details discussed in Sect. 6.3.1. Loop numbering (2, 4a and 4b)
reflect the same numbering as Fig. 5.1 of Chap.5

AOM modulation, current implementations of the technique use a second phase-
locked laser—the Auxiliary laser (AUX). The second implementation step involves
the addition and modification of photodetectors. The photodetector at the reflected
coherent port [Loop 4a in Fig. 6.5] needs to be AC coupled and have a detection
response resonance at the needed 2Ω frequency. This is to ensure a decent signal-
to-noise ratio. The homodyne detector response also needs to be modified in order
for a measurement at the offset frequency Ω for the second lock [Loop 4b].

Compared to other squeezing ellipse phase control methods, the first advantage
of this technique is the removal of bright fields at the fundamental (squeezing) fre-
quency, a concern with squeezed vacuum state detection. The second advantage is
this technique allows the tuning of the squeezing ellipse phase to any angle as needed,
via the choice of relative phase between the two demodulating signal generators.

6.3.2 Modified Coherent Sideband Locking

A modified coherent sideband locking scheme was developed and implemented for
the DB-OPO squeezed light source. The modified coherent sideband locking setup
and phasor diagram is shown in Fig. 6.6.

• The modified scheme firstly involves the single-pass frequency-doubling of the
Auxiliary laser beam to form a co-propagating auxiliary second harmonic with
auxiliary field [Point (A) in Fig. 6.6]. This was done using a standalone SHG
(SHG2).After attenuation of the auxiliary field, these twobeams are now interfered
with the pump beam on a dichroic beamsplitter (High reflection HR at 1064nm,
anti-reflection AR at 532nm) (DBS) in the pump field path.

http://dx.doi.org/10.1007/978-3-319-17686-4_5


6.3 Modified Coherent Sideband Locking 95

A

B

D

E

C

SHG
HD

OPOAUX SHG2

A

B
D

E

C

ωωc 2ωc

+2Ω+Ω
Re

ωωc 2ωc

+2Ω
Re

ωωc 2ωc

+Ω
Re

ωc 2ωc

Re

ωc 2ωc

Re

+Ω

−Ω

+Ω

−Ω

MAIN ω

ω

DBS

Ω
2Ω

Phaselock

Fig. 6.6 Modified coherent sideband locking schematic, and phasor diagrams corresponding to
specific optical field points within the schematic. Details discussed within Sect. 6.3.2. Reprinted
with permission from [18], copyright (2011) by the Optical Society of America

• The interference and beat note of the two green fields at 2Ω is now detected [Point
(B)], which is then fed back to the auxiliary laser to maintain the Main-Auxiliary
laser frequency offset at Ω . This also sets the phase relationship between the
reflected auxiliary field and pump field inherently, from the dichroic beamsplitter
point, as the optical paths are now common for the two beams from that point.

• The auxiliary field reflected off the DBS now enters the OPO cavity via the input
coupler [Point (C)], not a high-reflectivity mirror, allowing more auxiliary field
to sample the nonlinear interaction within the OPO. The auxiliary field (with the
second sideband) then co-propagates with the squeezed field [Point (D)] to the
homodyne detector, where the second lock is the same as with the unmodified
coherent sideband locking scheme [Point (E)].

A comparison between original and modified coherent sideband locking techniques
is summarised in Table6.2. The advantages of the modified method are the inherent
setting of the phase relationship between auxiliary field and pump field that removes
an entire control loop, and the increased loop control bandwidths. A comparison of
loop bandwidths is shown in Fig. 6.7. The auxiliary-pump phase reference is now
incorporated with the Main-Auxiliary laser offset frequency loop, leveraging the
Auxiliary Laser PZT actuation range. An increase of unity-gain bandwidth from
200Hz (trace b) to ∼40kHz (trace d) was obtained.

The auxiliary field now couples in via the input coupler, instead of a high-
reflectivity mirror. Having a greater coupling to the nonlinear interaction enables
a larger second sideband amplitude to be generated. Also, the promptly reflected
field increases the coherent signal beat note detected by the homodyne detector.
Thus, the larger signal increases the optical gain of the second coherent lock-
ing loop, resulting in a the unity-gain bandwidth increase from 45Hz to ∼25kHz
(trace e). Larger magnitude and higher frequency disturbances can now be tracked,
making a more robust loop with higher dynamic range. The modified coherent side-
band scheme improves squeezingmeasurement as the squeezing ellipse angle is better
controlled. The impact of squeezing ellipse angle is discussed further in Sect. 6.4.4.

The disadvantages are the requirement of a second SHG, and the extra care needed
with the promptly reflected auxiliary laser field. The promptly reflected field can
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Table 6.2 Comparison between original and modified coherent sideband locking schemes

Original scheme Modified scheme

Three control loops (A) Two control loops

(D) Additional passive SHG required

(A) Spatial filtering of the auxiliary field with
the OPO

(D) Auxiliary field prompt-reflection
co-propagating with the squeezed field

(D) Less auxiliary field interacting with
nonlinear process

(A) More field interacting with nonlinear
process—increased signal strength

(D) Smaller control loop bandwidths (A) Larger loop control bandwidths

(D) More auxiliary power incident on the OPO
required

(A) Less required auxiliary power incident on
the OPO

Advantages and disadvantages are denoted with (A) and (D) respectively
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Fig. 6.7 Coherent sideband locking control loop bandwidths. LeftOriginal schemewith 140µWof
coherent beam power incident on the OPO, with traces a main and auxiliary laser loop, b sideband-
pump phase loop [4a] and c sideband-LO phase loop [4b]. Right Modified scheme with <10µW
of coherent beam power incident on the OPO, with traces d main and auxiliary laser + pump phase
reference loop and e sideband-LO phase loop

potentially impact on the squeezing measurement, for example, by introducing addi-
tional noise that can overlap and pollute the squeezing measurement frequencies.
Choosing the auxiliary laser frequency offset so that a shot-noise limited operating
regime overlaps with the squeezing measurement frequencies, and using low aux-
iliary laser optical power (yet keeping a reasonable loop bandwidth) minimises the
potential impact.

6.4 Properties Affecting Squeezing Magnitude Measurement

Observation of squeezingmagnitude provides certainty in the squeezing being gener-
ated and available for quantum-noise enhancement. Various properties can adversely
affect the measurement of squeezing magnitude. These are optical loss, homodyne
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spatial mode mismatch and squeezing ellipse phase noise. These properties are pre-
sented in this section, as an understanding of their impact was crucial to measuring
greater than 10dB squeezing.

6.4.1 Optical Losses

Similarly to the photodetector with losses (Sect. 3.4.3), the presence of loss on an
optical field (A) can be interpreted as the introduction of a partially transmissive
mirror, with power transmission ηl . Of particular importance to squeezing measure-
ment, this “loss mirror” also couples in vacuum fluctuations (δv). The field and
photon number of a beam with optical loss (A′) is given by

A′ = √
ηl A + √

1 − ηlδv (6.4)

A′†A′ =
(
ηl(|A|2 + AδXa

1 ) + √
ηl(1 − ηl)AδXv

1

)
(6.5)

The variance of the photon number relative to quantum noise limit can be calcu-
lated as

V out
A′ = ηl |A|2(ηl V in

A + (1 − η)V v
A)

ηl |A|2
= ηl V

in
A + (1 − η)V v

A

= ηl V
in
A + (1 − ηl) (6.6)

with the variance of the vacuum field being unity. This illustrates that presence of
optical loss returns the noise variance of the optical field back towards the quantum
noise limit.

It follows that the impact of optical losses can greatly hinder the amount of
squeezing measurable. Figure6.8 illustrates the effect of optical loss on squeezing
magnitude measurement for different loss percentages. It also illustrates the larger
attenuation impact with greater input squeezing. For example, with 50% optical
loss, 5dB generated squeezing becomes 1.8dB measured squeezing, a reduction of
3.2dB squeezing. This is compared with 40dB generated squeezing becoming 3dB
measured squeezing, an attenuation of 37dB.

Optical loss enters the measurement through imperfect optical components in the
squeezing propagation path between the OPO and the balanced homodyne, as well
as the imperfect detection efficiency of the measurement photodiodes. These are
represented as efficiencies ηprop and ηpd respectively.

http://dx.doi.org/10.1007/978-3-319-17686-4_3
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Fig. 6.8 Optical loss impact on measured squeezing magnitude, as a function of input squeezing
magnitude. Optical loss curves of 5, 15, 30 and 50% are shown. Reprinted with permission from
[19], copyright (2014) by IOP Publishing

6.4.2 Spatial Mode Mismatch

Spatial mode mismatch between the squeezed field and the homodyne Local Oscilla-
tor field also degrades squeezing measurement. This is viewed as the introduction of
higher-order modes into the system, which are occupied by the unsqueezed vacuum
state. Consider the homodyne setup in Fig. 6.9a. The signal and local oscillator fields
are spatially matched with efficiency ηh , with the remaining Local Oscillator field
interacting with an orthogonal higher-order spatial mode occupied by the vacuum
field δvH .
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Fig. 6.9 Non-perfect balanced homodyne detection. a Homodyne with spatial mode mismatch,
showing the mixing in of the (higher-order mode) vacuum state δvh (Sect. 6.4.2). b Homodyne with
unbalanced arm powers, represented by splitting ratio εBS �= 1/2 (Sect. 6.5.2)
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Similar to the calculation presented for the perfect homodyne detector in
Sect. 5.4.2, we canwrite the difference photocurrents for each of the signals (A, δvH ).
This gives

i−A = 2 Ā
√

ηh B̄ cosφ + √
ηh B̄(δX A

1 cosφ + δX A
2 sin φ) (6.7)

i−v = √
1 − ηh B̄(δXvH

1 cosφ + δXvH
2 sin φ) (6.8)

The total difference photocurrent of the system is then the sum of Eqs. 6.7 and 6.8

i− = 2(
√

ηh Ā)B̄ cosφ

+B̄
(
(
√

ηhδX A
1 + √

1 − ηhδXvH
1 ) cosφ

+(
√

ηhδX A
2 + √

1 − ηhδXvH
1 ) sin φ

)
(6.9)

Comparing Eq.6.9 to Eq.5.38 for the perfect balanced homodyne, the consequence
of spatial mode mismatch is that it is equivalent to introducing another optical loss
term on to the signal field, with efficiency ηh . Therefore the spatial mode matching
of the squeezing and Local Oscillator fields is important for effective squeezing
measurement.

To assess the spatial mode matching, the fringe visibility V is measured, given by

V = Pmax − Pmin

Pmax + Pmin
(6.10)

with Pmax, Pmin the maximum and minimum power of interference fringes incident
on one of the homodyne photodetectors. Explicitly, these maximum and minimum
powers are

Pmax = 1

2
(|A|2 + ηh |B|2 + 2

√
ηh |AB| + (1 − ηh)|B|2) (6.11)

Pmin = 1

2
(|A|2 + ηh |B|2 − 2

√
ηh |AB| + (1 − ηh)|B|2) (6.12)

Using Eqs. 6.11 and 6.12, calculating the fringe visibility with equal beam optical
powers (i.e. |A|2 = |B|2 = |AB|), results in

V = 2
√

ηh |AB|
|A|2 + ηh |B|2 + (1 − ηh)|B|2

= √
ηh (6.13)

Thus the homodyne efficiency can be measured with the fringe visibility, ηh = V 2.

http://dx.doi.org/10.1007/978-3-319-17686-4_5
http://dx.doi.org/10.1007/978-3-319-17686-4_5
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6.4.3 Squeezing Measurement Efficiency

To characterise the overall impact of optical loss on squeezing magnitude measure-
ment, the optical loss of the device is the combination of the optical-loss sources
introduced above. The detection efficiency is the multiplicative combination of the
propagation, homodyne and photodetection efficiencies, or

ηdet = ηprop × ηh × ηpd (6.14)

The total measurement efficiency is the product of the detection efficiency with the
OPO escape efficiency.

ηtot = ηesc × ηdet (6.15)

This leads to the updating of Eqs. 5.33 and 5.34 for the quadrature variances of the
OPO output with optical loss present, given by

V out
1,2 = 1 ± ηtot

4(x)

ω2/κ2
a + (1 ∓ x)2

(6.16)

6.4.4 Squeezing Ellipse Phase Noise

Squeezing ellipse phase noise refers to the residual fluctuations of the squeezing
ellipse when being controlled to the measurement quadrature of interest. This effect
on squeezing measurement has been studied extensively [1, 20–22]. As shown in
Fig. 6.10, fluctuations of the squeezing ellipse couple noise from the anti-squeezed
quadrature into the squeezing measurement, thus a lower squeezing magnitude is

(a) (b)

Fig. 6.10 The effect of squeezing ellipse phase noise on the vacuum squeezing measurement. a No
ellipse phase noise, thus the measurement quadrature (X) measures the true squeezing magnitude
(VX = 〈δX〉2). b Ellipse phase noise present, thus the squeezing ellipse is pivoting. This couples
in the antisqueezed noise quadrature. The result is the measurement quadrature no longer reflects,
and is diminished compared to, the true squeezing magnitude

http://dx.doi.org/10.1007/978-3-319-17686-4_5
http://dx.doi.org/10.1007/978-3-319-17686-4_5
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measured than the true squeezed quadrature. For root-mean-square (rms) phase fluc-
tuations θ̃ , the change in the measured quadrature variance is given by [1]

V out
1,2 ≈ V1,2 cos

2 θ̃ + V2,1 sin
2 θ̃ (6.17)

6.4.5 Squeezing/Antisqueezing as a Function of OPO
Nonlinear Parametric Gain

Equations6.16 and 6.17 describe the impact of squeezing measurement efficiency
and squeezing phase noise on squeezed state measurement. Measured values of
these parameters are important for characterising the performance of a squeezed-
light source. In experiment, these parameters can be obtained or verified with a mea-
surement of the squeezing and antisqueezing levels as a function of OPO nonlinear
parametric gain.

The output of such a measurement for three different rms phase noise values
(θ̃ = 0, 20 and 40mrad) is illustrated in Fig. 6.11. The antisqueezing quadrature is
very weakly affected by squeezing ellipse phase noise, thus the antisqueezing data
can be used to infer the total measurement efficiency. With the total measurement
efficiency inferred, the squeezing data can be used to determine the squeezing ellipse
phase noise. Figure6.11 shows the distinct variations between the curves of different
squeezing ellipse phase noise levels.

To obtain such a measurement, multiple squeezing and anti-squeezing traces are
taken as the OPO operating gain point is varied via the increase or decrease of inci-
dent pump power. Once squeezing ellipse phase noise and measurement efficiency
are determined, the detection efficiency can also be obtained using knowledge of

Fig. 6.11 Squeezing and
antisqueezing magnitude, as
a function OPO nonlinear
parametric gain with
different squeezing rms
phase fluctuations, θ̃ = 0, 20
and 40mrad. This illustration
is generated using a total
efficiency of ηtot = 0.89.
The antisqueezed data can be
used to constrain the total
measurement efficiency,
while the squeezing data can
constrain the squeezing
ellipse phase noise
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the OPO escape efficiency (Eq.5.32 with measurements of the OPO cavity mirror
reflectivities). Results of such squeezing/antisqueezing quadraturemeasurement runs
will be used to characterise the DB-OPO and results of the LIGO Squeezed Light
Injection Experiment.

6.5 Properties Affecting Squeezed State Detection
at Low Frequencies

The first measurements of squeezing and shot noise in the audio frequency bandwere
limited by a ‘roll-up’ in noise at low frequencies [23]. From these observations, an
open question arose—was the roll-up in noise caused by degradation in squeezed
state generation or in squeezingmeasurement. In subsequent work, it was determined
that the degradation was from issues with squeezing measurement [24]. Published
work brought together the many issues faced with low frequency measurement [25],
and steps to their mitigation. This section describes the properties that affect the
measurement of squeezed light at low frequencies.

6.5.1 Detection Electronics

The electronic components used in photodetectors impact the measurement per-
formance at low frequencies. Flicker noise is an electronic noise source found in
resistors [26]. The level of flicker noise is proportional to the amount of electric
current passing through the resistor, and results in a 1/f spectrum roll-up towards low
frequencies. Flicker noise was determined to be the main cause of the ‘roll up’ in the
first squeezing measurements.

The source of flicker noise is not well known, but can be reduced using wire-
wound or metal-film-type resistors [27]. By replacing the resistor components with
low flicker noise metal-electrode-leadless-face (or MELF) type resistors, flat shot-
noise homodyne measurements down to 5Hz were achieved.

Dark noise is the electronic noise of the detection systemwhen no light is incident
on the photodiodes. Particularly at lower frequencies, the dark noise level may dom-
inate the shot noise and squeezing noise levels, limiting their measurement. Careful
selection of electronic components ensures that the dark noise level is well below the
shot noise and squeezing levels. The dark noise clearance level (that the shot noise
level is above the dark noise level) of off-the-shelf photodetectors are approximately
10dB, and custom-designed photodetectors, such as the homodyne detectors used
in experiments within this thesis, can have a dark-noise clearance of at least 20dB.

http://dx.doi.org/10.1007/978-3-319-17686-4_5
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6.5.2 Homodyne Detection Balancing

Perfect balanced homodyne detection has been previously described in Sect. 5.4.2.
However, the degree of balancing, or the signal ratio between the two arms of the
homodyne detector, is crucial to the performance of the homodyne detector. This is
illustrated by considering the homodyne detector setup shown in Fig. 6.9b, where
the reflectivity of the homodyne beamsplitter is now εBS. Similar to the derivation
found in Sect. 5.4.2, the fields of the two arms C, D are given by

C = √
εBS(A + δA) − √

1 − εBS(B + δB)eiφ (6.18)

D = √
εBS(B + δB)eiφ + √

1 − εBS(A + δA) (6.19)

resulting in a difference current i− of

i− = (2εBS − 1)(B2 + BδX B
1 )︸ ︷︷ ︸

(i)

+ (1 − 2εBS)(A2 + AδX A
1 )︸ ︷︷ ︸

(i i)

+ 2
√

εBS(1 − εBS)
[
2AB cosφ + B(δX A

1 cosφ + δX A
2 sin φ)

]

︸ ︷︷ ︸
(i i i)

(6.20)

The three terms of Eq.6.20 represent (i) the coupling of the LO field and LO noise
into the measurement, (ii) the coupling of the direct signal field and signal noise
into the measurement, and (iii) the LO amplification of the signal noise quadratures.
Ideally, the splitting between the arms should be equal (i.e. εBS = 1

2 ), resulting in
the terms (i) and (ii) being zero and term (iii) returning to Eq.5.38.

Relative intensity noise of the Local Oscillator field can be greater than 30dB
above the shot noise level at low frequencies. Further, the signal field also carries
intensity noise from the coherent locking sidebands. These are represented by the
fluctuating terms of (i) and (ii) in Eq.6.20. Should the balancing of the homodyne
be inadequate to suppress the intensity noise below the squeezing noise level, then
these noise sources will pollute the measurement of squeezing.

The measure of the balancing is the common-mode rejection (CMR) ratio, where
a high CMR represents a well-balanced homodyne detector. The CMR for both the
LO port and the signal port need to be maximised. This is initially set with the power
splitting of the Local Oscillator and signal beams between the homodyne arms.
However, the CMR can be disturbed over time by beam pointing and non-stationary
noise. In more detail:

• Photodiode surface inhomogeneities and Beam pointing—The quantum effi-
ciency of any photodiode can vary across the photodiode active surface [27, 28]. If
the position of an incident beamon the photodiode changes, then via these inhomo-
geneous photodiode responses, the photocurrent output will vary. Beam pointing
fluctuations are changes in the trajectory of a beam that result in incident-beam
position changes. These pointing fluctuations originate from motion of optical

http://dx.doi.org/10.1007/978-3-319-17686-4_5
http://dx.doi.org/10.1007/978-3-319-17686-4_5
http://dx.doi.org/10.1007/978-3-319-17686-4_5
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components, such as low frequency acoustic vibrations and air currents. The com-
bination of beam pointing and photodiode inhomogeneities leads to fluctuations
in the CMR and the reentering of the low frequency noise.
Beam pointing can be considered to be the fractional coupling of the original beam
mode into different spatial modes. From this perspective, the effect of beam point-
ing can be greatly filtered by a mode cleaner cavity. Changes in beam pointing
are now converted into beam intensity fluctuations, which the balanced homodyne
will common-mode reject. The homodyne is still susceptible to beam fluctuations
after the mode cleaner. Beam pointing can be reduced here with short beam paths,
mechanically-stable optical mounts and minimising air currents.

• Non-stationary noise—The mechanism for non-stationary noise is the presence
of traversing dust particulates on an optical beam [29]. This affects the CMR in two
ways. Firstly, there is a short-live change in the beam’s spatial profile, changing
the beam mode into a higher-order spatial mode. This change couples similarly
as beam pointing and photodiode surface inhomogeneity to changing the CMR,
and similarly solved by a mode cleaner cavity. Secondly, traversing dust after the
homodyne beamsplitter can cause short-lived but large changes in the balancing
due to optical power loss between the two homodyne arms.Minimising air currents
and/ or shielding the homodyne arms will reduce the non-stationary noise impact
after the homodyne beamsplitter.

6.5.3 Backscattered Light Interferences

When light is scattered from an optical beam, and then recombined with the origi-
nal beam after reflection off an external object (such as another optical element), a
backscattered light interference or parasitic interference is formed [24]. Optical path
length changes of the scattered beam, typically caused by displacement motion of
the backscattering object, will impart intensity modulations that can impact low fre-
quency noise measurement. In particular, light backscattered from components in the
squeezing signal path become spurious signals that are amplified by the homodyne
Local Oscillator. Figure6.12 shows a shot noise measurement with such backscat-
tered light signals polluting the low frequency spectrum measurement.

Possible backscatter objects in the squeezing path include optical mount surfaces,
scattering centres such as dust, as well as the direct back-reflection of the OPO
cavity itself. The backscatter tolerance of the OPO cavity is the subject of the next
Chapter. Mitigation of backscattered noise can be achieved through carefully placed
beam blocks stopping the backscattered reflection, or by reducing the displacement
motion of the scattering object.
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Fig. 6.12 Backscattered light interferences in low frequency measurement. a Measurement of shot
noise, with the squeezing-signal path blocked. b Measurement of shot noise, with squeezing-signal
path open. All normal operating beams on the OPO (pump beam and auxiliary beam) were blocked.
Light from the homodyne detector is being scattered up and backscattered along the squeezing-
signal beam path, causing backscattered light interferences at low frequencies. c Electronic dark
noise. Reprinted with permission from [25], copyright (2012) by IOP Publishing

6.6 Upgrades to the Squeezed Light Source

Over two and a half years, the squeezed light source underwent a progression of
upgrades that reflected developments of understanding about the properties affecting
squeezing magnitude and low-frequency squeezed light measurement. This section
presents the progression, with the squeezing spectra measured shown in Fig. 6.13.

• March 2009—The early stage of the squeezed light source at ANU. The imple-
mentation of the unmodified coherent sideband locking (Sect. 6.3.1) was com-
pleted, together with a DB-OPO of the design in Sect. 6.1. This was in preparation
for the commissioningwork of theOPO to be used in the LIGOH1Squeezed Light
Injection Experiment. Squeezing was measured to be 4.4dB above 2kHz. The
small squeezing magnitude was a result of intra-cavity loss, traced to being from
losses of the PPKTP crystal anti-reflection coating (κl = 1.4%). Low-frequency
flicker noise from the installed homodyne electronics accounted the roll-up seen
below 2kHz.

• May 2009—Considerable effort was undertaken in improving the stability of the
control loops, particularly the phase lock betweenMain and Auxiliary lasers. This
improved the squeezing magnitude through reduction of squeezing ellipse phase
noise (Sect. 6.4.4). Electronic cabling was improved, reducing in the electric AC-
mains frequencies (and harmonics) coupling into measurements. An improvement
in the CMR of the signal port was achieved, as it was observed that noise coupled
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Fig. 6.13 Improvement of
the measured squeezed light
source output. Dates
correspond to descriptions
within Sect. 6.6. November
2011 data measured over
three frequency spans:
0–1.6kHz (RBW = 2Hz),
0–6.4kHz (RBW = 8Hz)
and 0–102.4kHz (RBW =
128Hz). Remaining traces
measured over two frequency
spans: 0–1.6kHz (RBW =
2Hz) and 0–12.8kHz (RBW
= 16Hz). All traces have at
least 50 rms averages. Dark
noise has not been subtracted
from any of the data
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at low frequencies via the coherent sideband locking field. A reduction of coherent
sideband power, from∼2mWto 140µWwas also needed to reduce the coupling to
a level where low frequencymeasurement was no longer impacted. The homodyne
performance was still limited by electronic flicker noise at low frequencies. The
commissioning and testing of a LIGO H1 Optical Parametric Oscillator began at
this point in time.

• January 2010—The OPO for the LIGO H1 Experiment was constructed with a
newPPKTPcrystal. These newcrystalswere processed by three companies:Raicol
Crystals Ltd. [30] provided the base crystal pieces, Photon LaserOptik GmbH
[31] undertook the optical surface and wedge polishing (with a micro-roughness
< 0.2 Å rms), and LaserOptik GmbH [32] applied the anti-reflection coatings
at the two wavelengths (reflectivity < 0.1% at 1064nm and <0.5% at 532nm).
When installed, the intra-cavity loss of the OPO was measured to be κl = 0.26%,
a significant reduction from the 1.4% intra-cavity loss from the previous crystals.
The LIGO H1 Squeezer homodyne detector, designed and supplied by Henning
Vahlbruch from the Max Planck Institute for Gravitational Physics [33], arrived
as part of the LIGO H1 OPO testing process. This was incorporated into the setup
in-lieu of the previous homodyne detector.
Specialist optical components from ATFilms Inc [34] also arrived at this time.
These included high-reflectivity mirrors, dichroic mirrors, and optical lenses, all
with super-polishing (micro-roughness < 1 Å rms) and coatings. These replaced
all optics in the squeezing signal path. Further a super-polished 50:50 beamsplitter
was installed for the balanced homodyne detector.
A separate experimental setup characterised sources of the low-frequency noise in
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homodyne detection [25]. Electronic flicker noise, beampointing, dust particulates
and backscattered light interferences were found to be the major contributors to
low-frequency noise. Following on from that work, an isolation tank around the
detection components and the mode cleaner cavity in the LO path was introduced.
The result was that the shot noise spectrumwasmeasured flat down to below 10Hz
and across the audio detection band. However, the low-frequency roll up in the
squeezing spectrum still remained, later determined to be from backscattered-light
interferences.

• April 2011—With the delivery of the LIGO H1 OPO and LIGO H1 Squeezer
homodyne detector for the LIGO Squeezed Light Injection Experiment, the
squeezer apparatus underwent another major overhaul of the optical layout. A
replacement DB-OPO was constructed, containing one of the new-batch PPKTP
crystals (and non-superpolished cavity mirrors), as well as a replacement balanced
homodyne detector based on the LIGO H1 Squeezer Homodyne. The optical lay-
out of the OPO and homodyne minimised the optical beam path between these
key components. The modified coherent locking technique was implemented in
this period, delivering the high range, robust lock of the squeezing ellipse angle.
Squeezing measurements were recommenced in October 2011.
Backscattered light interferences along the squeezing signal path were suspected
and later verified to be a major contributor to the low-frequency roll up in the spec-
trum. Careful hunting of scattering locations and mitigation using IR-absorbing
glass was undertaken. It was also suspected that beam pointing may be play-
ing a role in degradation of squeezing, beyond the bounds of the isolation tank.
Thus, a full-table enclosure was built around the squeezer. This box helped reduce
squeezing ellipse phase noise, beam pointing fluctuations, and protected the entire
experiment from further dust particulates. With the full table enclosure, this saw
the measurement 8.6dB squeezing across the audio detection band.

• November 2011—The homodyne photodiodes were replaced with photodiodes
with high quantumefficiency (quoted asηpd > 99%). These newphotodiodeswere
measured to have a quantum efficiency approximately 4% greater than the previ-
ous photodiodes. Once installed, the squeezing magnitude measurement reached
greater than 10dB across the audio-band.

6.7 The DB-OPO Squeezed Light Source

The schematic of the November 2011 squeezer apparatus is shown in Fig. 6.14. The
main laser (MAIN) is a continuouswaveNd:YAG, non-planar ring oscillator (NPRO)
[35] laser with operating wavelength at 1064nm (1.2WMephisto—Innolight GmbH
[36]). The output light is split into two beams. The first beam, and the majority of the
output laser power is sent to the second harmonic generator (SHG) for conversion
to 532nm pump light. The second beam, after spatial mode-filtering by the mode
cleaner cavity (MCC) is sent to the balanced homodyne detector (HD) to become
the Local Oscillator field.



108 6 The Doubly Resonant, Travelling-Wave Squeezed Light Source

MAIN

λ
4

λ
2

λ/2
λ/4

AUX

SHG BBAM

λ
2

λ
2

λ
2

λ
2

λ
4

λ
4

λ/2

λ/2

λ/2

λ/2

λ/2

HD

MCC

MZ

PM
12 MHz

PM
70 MHz

OPO
Green
Power
Meter

F-lock

PDH-OPO

OPO
Trans

Isolation 
Tank

Table Enclosure

Lens
Dichroic Mirror
Beamsplitter
Reflective Mirror
Flip-Up Mirror
Waveplate
Polarising Beamsplitter
Uncoated 4o Wedge
Faraday Isolator
Electro-Optic Modulator
Glan-Taylor polariser
Beam block
Photodetector

Legend

SBB

F-lock

Pump
Input

Aux +
Aux Green

SQZ 
+ CSL

DBS

SQZ

PDH-OPOOPO
Trans

(a) (b)

OPOOPO

SHG2

PDH
MCC

Fig. 6.14 Schematic of theDB-OPO squeezed light source. The control loop electronics and optical
lens values were omitted for clarity. During squeezing measurements, the bright OPO seed field is
blocked by the seed beam block (SBB). BBAM Broadband electro-optic Amplitude Modulator, PM
electro-optic Phase Modulator. The lower panels expand on the input/output beams of the OPO:
a Pump and modified coherent locking inputs/outputs, the ‘F-lock’ green photodetector used to
detect the beat note between the pump and green-auxiliary fields at the Dichroic Beamsplitter DBS.
b OPO pump reflection port used for OPO PDH locking, and OPO pump transmission port used
for the DC-voltage subtraction locking of the Mach-Zehnder. SQZ Squeezed light, CSL Coherent
sideband locking field, Aux Auxiliary field, Aux Green Frequency doubled auxiliary field

The mode cleaner cavity consists of three mirrors mounted on an aluminium
spacer, with one mirror mounted with a piezo-electric transducer (PZT) to actuate
the cavity path length. The MCC was locked to resonance using the PDH locking
technique (Sect. 5.6.3) with photodetector PDH-MCC as the control loop sensor.

The SHG is a custom built system from Innolight GmbH (Diabolo model [36]),
including a PDHcavity length controller. The nonlinearmedium is a 5%magnesium-
oxide doped lithiumniobate (MgO:LiNbO3) hemilithic crystal, combinedwith a PZT
mounted mirror to form an optical cavity.

The pump field, after propagating through the Mach-Zehnder interferometer
(MZ), is incident on the Optical Parametric Oscillator (Sect. 6.2) to drive the

http://dx.doi.org/10.1007/978-3-319-17686-4_5
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nonlinear optical process to generate the squeezed vacuum states. The pump field is
also used control the OPO cavity length via the PDH locking technique, using pho-
todetector PDH-OPO.Once at resonance, theOPO transmission photodetector (OPO
Trans) signal is then used as a DC Voltage Subtraction (Sect. 5.6.1) locking signal
for controlling the Mach-Zehnder interferometer. This enabled further stabilisation
of the pump power incident on the OPO, needed for the medium-term squeezing
stability measurements.

The Local Oscillator power incident on the homodyne beamsplitter was∼1.9mW,
resulting in the dark noise clearance of greater than 20dB. The generated vacuum
squeezed state enters the homodyne detector signal port.

The modified coherent locking scheme (Sect. 6.3.2) was implemented. Light
from the Auxiliary laser (AUX—Mephisto Innolight GmbH), was single-pass fre-
quency doubled with a standalone SHG (SHG2), consisting of a PPKTP crystal in
a temperature-controlled oven (no optical cavity). After attenuation of the auxiliary
field optical power via dichroic mirrors, these co-propagating auxiliary fields were
incident on the dichroic beamsplitter (DBS—HR 1064nm/AR 532nm) in the pump
field path. The beat note of the two green fields at 59.6 MHz was detected at the
‘F-lock’ photodetector. This signal was fed back to the Auxiliary laser using Offset
frequency locking (Sect. 5.6.2), maintaining a Main-Auxiliary laser frequency offset
of 29.8 MHz. The phase relationship between the reflected auxiliary field and pump
fieldwas nowfixed at the dichroic beamsplitter. The attenuated auxiliary field entered
theOPOcavity via the input coupler, sampling the nonlinear interaction.After exiting
the OPO, the field co-propagated with the squeezed field to the homodyne detector,
where the second coherent sideband control loop was measured.

6.8 Results from the DB-OPO Squeezed Light Source

This section reports the results from the DB-OPO squeezed light source. This section
begins with a summary of the parameters for the experiments. The three experiments
measuring squeezing ellipse phase noise, squeezing time series data and squeezing
spectrum data are presented. The results are characterised in terms of the properties
affecting the squeezing magnitude and low frequency measurement, and placed into
the apparatus upgrade progression. An inference of the squeezing magnitude leaving
the OPO concludes this section.

6.8.1 Summary of Measurement Parameters

The common-mode rejection ratio and measurement efficiencies for the three differ-
ent experiments are listed in Table6.3.

A common-mode rejection ratio of up to 80dB was consistently achieved for the
homodyne LO port. With the CMR optimised for the local oscillator port, a CMR of

http://dx.doi.org/10.1007/978-3-319-17686-4_5
http://dx.doi.org/10.1007/978-3-319-17686-4_5
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Table 6.3 Common-mode rejection ratio and efficiency values for the different experiments
(Squeezing time series, squeezing ellipse phase noise and squeezing spectrum measurements)

Parameter Measurements

Cont. time Phase noise Spectrum

CMR (LO) (dB) 75 ± 5 75 ± 5 75 ± 5

CMR (signal) (dB) 45 ± 5 45 ± 5 45 ± 5

ηprop 99.3 ± 0.2 97.3 ± 0.2 99.3 ± 0.2

ηh 96.5 ± 0.3 98.2 ± 0.3 98.8 ± 0.3

ηpd 94.0 ± 1.0 98.0 ± 1.0 98.0 ± 1.0

ηdet 90.1 ± 1.0 93.6 ± 1.0 96.2 ± 1.0

ηesc 98.5 ± 0.3 98.5 ± 0.3 98.5 ± 0.3

ηtot 88.7 ± 1.0 92.2 ± 1.0 94.7 ± 1.0

The efficiency values are listed in terms of percentages. Highlighted are the notable efficiency
differences between themeasurements. The squeezing spectrummeasurement had the best detection
efficiency of the three measurements

up to 50dBwas obtained for the homodyne signal port. This lowerCMR for the signal
port is not ideal, however, with lower optical power in the coherent sideband locking
field relative to the Local Oscillator field power, a CMR of 50dB was adequate.

The variations in the measurement efficiencies are highlighted in Table6.3. More
explicitly:

• For the time series measurement, the squeezer was in the April 2011 configuration
where the new high-efficiency photodiodes were not yet installed. The loss of
squeezing magnitude from the then maximum squeezing of 8.6dB is attributed to
a loss in the homodyne detection efficiency ηh .

• With the squeezing ellipse phase noise measuremment, the configuration of
the squeezer was the November 2011 configuration, with a temporary change
in the squeezing signal path optics. This introduced a temporary 2% reduction in
the propagation efficiency.

• The measurement efficiency was maximised for the squeezing spectrum measure-
ment. This was the November 2011 configuration with no extra optical losses.

6.8.2 Squeezing Phase Noise Measurement

A squeezing/antisqueezing measurement as a function of OPO nonlinear gain
(Sect. 6.4.5) was undertaken to assess the total measurement efficiency and the
squeezing ellipse phase noise. The result is shown in Fig. 6.15.

The total measurement efficiency ηtot fitted from the anti-squeezing data was
92.8 ± 0.4%. This agrees well with the experiment parameters shown in Table6.3.
From the squeezing data, the squeezing-ellipse rms-phase noise is fitted to be
11 ± 2mrad.
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Fig. 6.15 Squeezing and
antisqueezing magnitude, as
a function OPO nonlinear
parametric gain. Dotted
curves represent the fit to the
data giving an rms-phase
noise of θ̃ = 11 ± 2mrad.
The solid trace in the
squeezing regime is a
theoretical curve with no
phase fluctuations
(θ̃ = 0mrad)
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6.8.3 Time Series Measurement

The time-series measurement was undertaken to measure the medium-term stabil-
ity of the produced squeezing magnitude from the OPO. For the time series mea-
surement, the homodyne detector output was connected to a National Instruments
PCI-4464 Dynamic Signal Acquisition Card, operated with the National Instrument
LabVIEW program. The Mach-Zehnder interferometer on the squeezer was active
for this measurement. This was needed to stabilise the pump power to the OPO, min-
imising photothermal fluctuations in the crystal temperature. The data signal was
sampled at 3kHz, and collected over 5900s. Converting the data into the Fourier
domain in data post-processing, the squeezed time-series shown in Fig. 6.16 were
obtained.

From the 500Hz measurement data, 5900s of continuous data of squeezing at
7.5 ± 0.5dB was obtained. The low frequency 4Hz data band has prominent spike-
glitches, while the 500Hz data is clean. This is due to non-stationary noise affecting
low frequency measurement (Sect. 6.5.2), as the traversing dust particulates cause
short-lived but large reductions in the CMR, resulting in added intensity noise. The
impact of non-stationary noise is shown in Fig. 6.17, alongside a spectrum from a
periodwithin the data runwith no impact of non-stationary noise. This clean spectrum
presents flat squeezing of 7.5dB down to 1Hz measurement frequency.

Squeezed-light sources with demonstrated operation over 20h, and duty cycles
over 97%, have been achieved. These sources use dedicated data acquisition, and
specialised electronic hardware for auto-relocking sequences [15]. Longer measure-
ment runswith the squeezerwere beyond the available hardware at the time, however,
with upgrades in control electronics to similar as those in [15], theDB-OPO squeezed
light source should be operable on similar timescales.
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Fig. 6.16 Squeezing magnitude measurements over 5900s, normalised to the shot noise level.
The measurement bins are 4 ± 3, 75 ± 20, 200 ± 20 and 500 ± 20 Hz. The squeezing level is
7.5 ± 0.5dB, commensurate with experiment parameters of that measurement. The spike-glitches
indicate traversing dust particulates in the homodyne arms causing non-stationary noise at low
frequencies
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Fig. 6.17 Post-processed spectra from the time-series measurement. All traces are averaged over
100s of data. Left Non-stationary noise polluting squeezing measurement at low frequencies. Right
Flat squeezing of 7.5dB down to 1Hz. The peaks are due to coupling of AC 50Hz electric mains
harmonics
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6.8.4 First Measurement of Greater than 10 dB Squeezing
Across the Audio Gravitational-Wave Detection Band

Figure6.18 shows measurements of the electronic dark noise, shot noise, squeezing
and antisqueezing spectra between 10Hz and 100kHz, made with the DB-OPO
squeezer in November 2011 configuration. These measurements were taken by a
Stanford Research Systems SRS785 Spectrum Analyzer. All traces were taken with
100 rms averages.

The peaks in the electronic dark noise are attributed to AC mains harmonics
(50, 150 and 250Hz) and electronic ground loop coupling (20kHz and above). The
electronic dark noise has not been subtracted from the shot noise, squeezing or
antisqueezing traces. The shot noise level is spectrally flat, and broadly clears the
electronic dark noise level by greater than 20dB.

From the squeezing spectrum, 11.6 ± 0.4dB of squeezing is measured down to
200Hz, and greater than 10dB of squeezing is observed between 10 and 200Hz.
This is the first measurement of greater than 10dB squeezing across the audio
gravitational-wave detection band. This measurement demonstrates the capability
of generating large squeezing magnitudes applicable for gravitational-wave detector
enhancement. The anti-squeezing level is 17.5 ± 0.4dB above the shot noise and is
spectrally flat.
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Fig. 6.18 First measurement of greater than 10dB squeezing across the audio gravitational-wave
detection band, with 11.6 ± 0.4dB down to 200Hz. Traces are a anti-squeezing, b shot noise, c
squeezing and d dark noise. A horizontal line shows the average squeezing level between 1.6 to
6.4kHz of 11.6dB, consistent with the level 200Hz and above. All traces are formed from 3 FFT
windows: 0–1.6, 0–6.4, 0–102.4kHz with 800 FFT lines (resolution bandwidths of 2, 8, and 128Hz
respectively). All traces taken with 100 rms averages. Dark noise has not been subtracted from the
other traces. Reprinted with permission from [25], copyright (2012) by IOP Publishing
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The squeezing magnitude is reduced from 200Hz and below. This is due to the
presence of backscattered light interference that could not be mitigated with beam
blocks from the measurement. This shows that backscattered noise effects were
suppressed to a level approximately 10dB below the shot noise level.

6.8.5 Inferred Squeezing Magnitude

Using the measured squeezing and anti-squeezing levels of the spectrum measure-
ment, the squeezing level exiting the OPO can be inferred. This inferred value pro-
vides an estimate to the amount of squeezing injected into a gravitational-wave
detector, as the interferometer becomes the squeezed state detector.
The inference process corrects for:

• The dark noise contribution, a small contribution given the dark noise clearance.
• The squeezing ellipse phase noise. This uses Eq.6.17, and the measured values of
squeezing phase noise (11 ± 2 mrad) and antisqueezing level (17.5 ± 0.4dB).

• The detection efficiency, ηdet = 96.2 ± 1.0%, using Eq.6.6.

The squeezing level corrected for dark noise and squeezing ellipse phase noise is
12.4± 1.0dB. Correcting for detection efficiency, the inferred squeezing magnitude
level exiting the OPO is 17.0 ± 0.3dB.

6.9 Summary

In this chapter, the doubly-resonant, travelling-wave Optical Parametric Oscillator,
and its design reasoning were presented, followed by the modified coherent side-
band locking scheme used for squeezing ellipse phase control. The properties that
affect squeezingmagnitude and low-frequencymeasurement were then detailed. The
progression of upgrades to the squeezed light source, reflecting the progression of
knowledge gained into these properties, was outlined. The schematic of the DB-OPO
squeezer was then shown.
Results of squeezing measurements were presented:

• The time-series measurement showed continuously-controlled squeezing of
7.5 ± 0.5dB over 5900s. This measurement highlighted the impact of non-
stationarynoise in low-frequencymeasurement, and alsoprovided apost-processed
spectrum of flat squeezing of 7.5dB down to 1Hz measurement frequency.

• Ameasurement of the squeezing ellipse phase noise from the squeezed light source
resulted in 11 ± 2mrad rms-phase noise.

• the first measurement of greater than 10dB squeezing across the audio gravitatio-
nal-wave detection band, 11.6±0.4dB above 200Hz. The loss of squeezing mag-
nitude below 200Hz in the spectrum measurement was due to the backscattered
light interferences that could not be suppressed.
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• Combining experiment efficiency parameters with the squeezing ellipse phase
noise measurement resulted in an inferred squeezing magnitude level exiting the
DB-OPO of 17.0 ± 0.3dB.
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Chapter 7
Backscatter Tolerance of a Travelling-Wave
Optical Parametric Oscillator

Abstract Backscattered light in the squeezing propagation path is a source of low
frequency noise. In a gravitational-wave detector with squeezing, this can poten-
tially be a sensitivity-limiting noise source (The influence of backscattered light
with squeezed-interferometric readout will be covered in Chap.10.). A possible
back-reflecting source in the squeezing path is the OPO cavity itself. As stated in
Chap.6, the travelling-wave design of the DB-OPO was chosen because of its first-
order immunity to backscattered light. This chapter presents analysis and experiment
results that quantifies the tolerance of a travelling-wave OPO squeezing cavity to
backscattered light. Reported as part of (Chua et al., Opt Lett 36(23):4608, 2011,
[1]), this is to the author’s knowledge the first such measurement of its kind. After
defining backscattered light, the theoretical framework for calculating the backscat-
ter reflectivity of the OPO is introduced. The experiments performed to determine the
intrinsic isolation of a travelling-wave OPO report an isolation factor of (41±2)dB.
This is followed by a calculation of the bi-directional scatter distribution function
for the OPO. A discussion on the determined backscatter tolerance value concludes
the Chapter.

7.1 Backscattered Light

Backscattered light is scattered light that is subsequently reflected back towards the
measurement output, optically re-interfering with the measurement Local Oscillator.
This light can spuriously add noise to measurements [1–3].

Possible backscatter objects in the squeezing path include optical mount surfaces,
scattering centres, and theOPOcavity itself via direct back-reflection. For a standing-
wave cavity OPO (Sect. 6.1.1), there is no distinction between forward-propagating
and reverse-propagating directions. Thus to mitigate incident scattered light, at least
one Faraday isolator is required in the squeezing path (two Faradays in series were
used in [4]). Even with current state-of-the-art components, Faraday isolators add
optical loss (Sect. 6.4.1) to the squeezed field, typically between 2–10%, thus reduc-
ing the squeezing magnitude available.
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By using an OPO with inherent isolation to backscattered light, such as a
travelling-wave bow-tie configuration, this would reduce the need for additional
Faraday isolators. With a traveling-wave bow-tie OPO, scattered light ideally does
not reflect back toward the Local Oscillator. This is from the angular separation of
input and reflected/output beams. In practice, there is coupling between the reverse
and forward propagating fields inside the OPO, caused by imperfections of the inter-
faces within the cavity. Experiments to quantitatively determine this backscatter
coupling or reflectivity are reported here.

7.2 Theoretical Analysis of an OPO Cavity
Backscattered-Light Reflectivity

The goal is to determine an expression for the reflectivity of back-propagating power
incident on the OPO, namely Rr = P A

F /P A
B . The reflectivity Rr represents the

intrinsic isolation of the OPO cavity to backscattered light. This section constructs
a theoretical model for determining the intrinsic isolation.

We begin by considering the OPO cavity shown in Fig. 7.1. The back-propagating
field AB is the only incident field on the cavity. This field enters the cavity at the
input/output coupler, with coupling rate κin. The other cavity mirrors have coupling
rates κ2,3,4 respectively. The coupling between reverse and forward-propagating
intra-cavity modes is accounted for with the intra-cavity coupling rate κc. This is
assumed to completely occur at the nonlinear crystal, the sole transmissive optic in
the OPO, where the small cavity beam waist is located. The total loss rate from the
cavity is dominated by the cavity mirror losses, thus κ ≈ ∑

κin,2,3,4. We utilise
the quantum Langevin cavity equations (Eq.3.51), considering only the steady-state
terms. The cavity field equations can be expressed as

a
B

AB AF

in κ

2 κ

3κ 4κ
cκ

a
F

Reverse

Forward

Fig. 7.1 Diagram of an OPO cavity for a theoretical backscatter-reflectivity calculation. κin
input/output coupling rate, κ2,3,4 cavity mirrors’ coupling rates; κc intra-cavity mode coupling
rate; aB , aF reverse (red solid) and forward (blue dashed) propagating intra-cavity modes; AB ,
AF reverse-and forward-propagating external fields. The forward and reverse field directions are
coloured separately

http://dx.doi.org/10.1007/978-3-319-17686-4_3
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ȧF = −κaF + √
2κcaB − √

2κcaF (7.1)

ȧB = −κaB + √
2κin AB − √

2κcaB + √
2κcaF (7.2)

These are solved for the steady-state solution (ȧF = 0, ȧB = 0), resulting in forward
(aF ) and reverse (aB) intra-cavity fields

aF =
√
4κcκin

(κc + √
2κc)2 − 2κc

AB (7.3)

aB =
√
2κin(κc + √

2κc)

(κc + √
2κc)2 − 2κc

AB (7.4)

From Eq.7.3, we express

∣∣∣∣
aF

AB

∣∣∣∣
2

=
( √

4κcκin

(κc + √
2κc)2 − 2κc

)2

(7.5)

Now, recalling the definitions for power of external optical fields (Sect. 3.5.1), and
the cavity input-ouput relations (Eqs. 3.62 and 3.63),

P A
F = �ωA2κin|aF |2, P A

B = �ωA|AB |2 (7.6)

and substituting in Eq.7.5, the reflectivity of back-propagating light power incident
on the optical cavity to the forward-propagating direction Rr , is

Rr = P A
F

P A
B

= 2κin

∣∣∣∣
aF

AB

∣∣∣∣
2

= 2κin

( √
4κcκin

(κc + √
2κc)2 − 2κc

)2

(7.7)

We now need the intra-cavity coupling rate κc. FromEqs. 7.3 and 7.4, we canwrite an
expression for the intra-cavity coupling reflectivity Rcoup. This is the ratio between
reverse and forward propagating intra-cavity mode optical power, namely

Rcoup =
∣∣∣∣
aF

aB

∣∣∣∣
2

= 2κc

(κ + √
2κc)2

(7.8)

From the intra-cavity coupling reflectivity Rcoup, the intra-cavity coupling rate is

κc = Rcoupκ
2

2(1 − √
Rcoup)2

(7.9)

Substituting for κc into Eq.7.7 results in

Rr = 4κ2
in Rcoup

κ2(1 + 3Rcoup)
(7.10)
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Therefore, by knowing the input coupler rate κin, the total cavity loss rate κ , and
the intra-cavity coupling reflectivity Rcoup, the power reflectivity of the OPO to
backscattered light can be determined.

The derivation has been based on a four-mirror cavity in bow-tie configuration.
However, Eq. 7.10 can be applied to standing-wave cavities. This is achieved by
adjusting the assignment of cavity loss rates to equivalent mirrors, and noting the
intra-cavity coupling reflectivity is unitary (Rcoup = 1).

7.3 Determining the Intrinsic Isolation Rr

Direct measurement of the intrinsic isolation Rr is challenging on two fronts. Firstly
as the reflected beam of interest is overlapped with the input ‘scattered’ beam, and
secondly the reflected field is of lowoptical power. Towork around the input/reflected
beam overlap, we focus on a measurement of the intra-cavity coupling reflectivity
Rcoup. Thus for the bow-tie geometry, we can inject the input reverse beam into
another cavity port.

With the reflected field’s low optical power, the balanced homodyne detector is a
component ideal for making such a measurement. We now consider the derivation
of the homodyne measurement of Rcoup.

7.3.1 Balanced Homodyne Measurement to Determine RCoup

Consider a homodyne measurement on an optical cavity transmission signal T (ω)

(defined in Sect. 3.5.2). The homodyne detector will measure the amplitude or phase
quadrature of the transmission (|T (ω)|2 and ∠|T (ω)|2 respectively), depending on
the relative phaseΔφ of the transmission signal to the local oscillator field. If we scan
the cavity transmission profile (via changing the cavity optical path length) whilst
sweeping the relative phase, the homodyne will measure a convolution between
amplitude and phase quadrature responses of the cavity transmission signal. The
result of this dual-scanning measurement is shown in Fig. 7.2a.

From the difference photocurrent of the balanced homodyne (Eq.5.38), we now
write

Vtrans = i− R = 2AF B cos (Δφ)R (7.11)

P A
F = �ωA A2

F = �ωA2κin|aF |2 = �ωA

(
Vtrans

2BR

)2

(7.12)

where Vtrans is the signal voltage measured on the homodyne, AF is the transmission
signal field amplitude, B is the LO field amplitude and P A

F is the cavity transmission
signal power. We note for the various parameters:
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7.3 Determining the Intrinsic Isolation Rr 121
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Fig. 7.2 Dual-scanning measurement with the homodyne to determine Rcoup. a Illustration of
the homodyne output for the dual-scanning measurement. The results is a convolution between
amplitude and phase quadratures of the cavity transmission response. b Measured data of one such
cavity resonance sweep

• B, the Local Oscillator field component, is given by B = √
PL O

• cos2 Δφ = 1/2, which results from the signal spending equal time in each mea-
surement quadrature as the relative phase is swept over many cycles.

• R is the electronic transimpedance of the homodyne detector. With measurement
of optical power Pspd and voltage Vspd on a single homodyne photodetector, we
can determine R = V 2

spd/(
√
2 × Pspd), using Ohm’s Law and correcting for the

presence of two single detectors in the homodyne [5].

Thus applying the above parameters, and correcting for the cavity input/output cou-
pler rate, a measurement of the forward intra-cavity mode power Pa

F can be made
using the homodyne detector.

7.3.2 Experimental Layout and Result

The experiment setup for measuring the intra-cavity coupling reflectivity Rcoup
is shown in Fig. 7.3. A reverse beam (RV) was coupled into the OPO. The pump
and auxiliary field beams were blocked, thus the OPO was isolated from all other
input beams. The cavity length was modulated with a ramp signal of 2Hz (SLOW),
whilst the homodyne detector Local Oscillator phase was modulated with a ramp
signal at 2kHz (FAST). The reverse beam power was measured with an optical
power meter (Newport 841-PE) before each injection. Many sweeps of the cavity
transmission signal were measured on an oscilloscope (Agilent 54624A) for a given
input reverse-field power. This was then repeated with various input reverse-field
powers, adjusted with a variable power attenuator (VA) placed in the reverse beam
path. After correcting for the injection mirror coupling rates, the data and resulting
trend is shown in Fig. 7.4.

The slope of the data trend is the reverse-to-forward intra-cavity coupling reflec-
tivity. The value determined is Rcoup = (2.3 ± 0.3) × 10−5.
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Fig. 7.3 Experiment setup for the intra-cavity coupling reflectivity (Rcoup) measurement. RV
reverse-seed beam (the only beam incident on the OPO); VA Variable power attenuator; SLOW
Slow modulation sweep of the OPO optical path length; FAST Fast modulation of the LO path
length to sweep the relative phase (Δφ) over many cycles
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Fig. 7.4 Measured optical forward intra-cavity power as a function of reverse intra-cavity power.
The slope value is Rcoup, fitted to be (2.3 ± 0.3) × 10−5. Reprinted with permission from [1],
copyright (2011) by the Optical Society of America

Using Eq.7.10 and the OPO cavity parameters listed in Table6.1, the intrinsic
isolation of the OPO to backscatter is determined to be Rr = 41 ± 2dB. This
isolation value can be compared with:

• A standing-wave cavitywith equivalent parameters for an input/output coupler and
cavity mirror reflectivities. The reverse-to-forward intra-cavity coupling reflectiv-
ity is Rcoup = 1. The intrinsic isolation to backscatter of an equivalent standing
wave cavity is calculated to be 0.03dB. Therefore, this travelling-wave bow-tie

http://dx.doi.org/10.1007/978-3-319-17686-4_6
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cavity configuration has approximately 40dB greater intrinsic isolation than an
equivalent standing-wave geometry.

• Off-the-shelf Faraday isolators with a nominal isolation of ≥30dB [6]. The
travelling-wave bow-tie design has isolation to backscattered light that is at least
comparable or better in magnitude.

An intrinsic isolation of Rr = 41 ± 2dB quantifies the first-order immunity of
a travelling-wave bow-tie OPO to backscattered light. This isolation is a property
that gives the benefit of a Faraday isolator without the introduction of additional
optical loss.

7.4 Bi-directional Scatter Distribution Function (BSDF)
of the OPO

The bidirectional scatter distribution function (BSDF) is the measure of back-
scattered-light reflectivity for a transmissive optic [7]. This section calculates a value
for the BSDF for the travelling-wave OPO. This is appropriate as from the theoretical
treatment (Sect. 7.2), the scatter reflectivity of the OPO is centralised at the nonlinear
crystal of the OPO. The BSDF is given by [7]

BSDF = Psc/Ω1/e

Pinc cos θs
(7.13)

where θs is the input beam’s angle of incidence onto the optic, and

Ω1/e = λ2

πW 2
0

(7.14)

is the solid angle of the beam [8] at the optic. The small cavity beam waist (W0 =
34 µm) is located at the nonlinear crystal, and both forward- and reverse-propagating
fields are at normal incidence, i.e. θs = 0, cos θs = 1. Lastly, the OPO cavity finesse
needs to be taken into account, thus the power reflectivity of theOPO to backscattered
light is related to the BSDF by [9].

Rr = BSDF × Ω1/e ×
(

F

π
√

Rin

)2

(7.15)

Using the measured Rr value and OPO cavity parameters in Table6.1, the BSDF for
the OPO cavity is calculated to be (1.7 ± 0.3) × 10−3 str−1.

The inferred BSDF value can be compared to reflective optical components.
The function for describing the backscatter-reflectivity of reflective optics is the
bi-directional reflectance distribution function (BRDF), and the BRDF and BSDF
can be approximated as [7]

BRDF ∼= BSDF (7.16)

http://dx.doi.org/10.1007/978-3-319-17686-4_6
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Table 7.1 Measured BRDF values for optical components

Company Optic type BRDF (str−1)

CVI Standard high-R mirror for
0◦−45◦

5 × 10−4

Newport Nominal R > 0.99, 0◦−45◦ 1 × 10−4

Newport 50% non-polarising
beamsplitter

1 × 10−4

Reproduced from [10]

Measurements of the BRDF for off-the-shelf optical components are shown in
Table7.1. The BSDF of the OPO is approximately ten times larger than the BRDF
values of these tested optics. This is a reasonable value when factoring in themultiple
optical components that consist of the DB-OPO cavity, along with the two surfaces
and bulk material of the nonlinear crystal itself.

7.5 Verification of the Intrinsic Isolation with Squeezing
Measurement

From the works ofMcKenzie et al. [11, 12] andGoda et al. [13], a forward seed beam
forms amechanism for low frequency classical noise to couple into the squeezedfield.
Removing the forward seed beamwas the breakthrough inmeasuring squeezed states
in the audio-detection band [11]. This propelled the need for generating squeezed
vacuum states, and control techniques with no seed beam present, such as coherent
sideband locking (Sect. 6.3.1).

Light backscattered into the forward propagating direction within the OPO can
act as a seed beam at the fundamental frequency. By performing low-frequency
squeezing measurements with an injected reverse beam, classical noise will enter
the measurement as a function of the reverse beam power being reflected into the
forward seed-field direction. This provides a verification of the intra-cavity coupling
reflectivity Rcoup.

7.5.1 Noise Coupling to Squeezing Measurement

The theoretical framework used here follows on from the derivation work of
McKenzie (Chap.5 of [12]). The output noise variances of the OPO with classi-
cal noise coupling is given by

V a−out−n
1,2 = V a−out

1,2︸ ︷︷ ︸
(i)

+ 2κa
out ā

2
F

ω2 + (κa ∓ εb̄)2

⎛

⎜⎜⎝ε2V b
1,2︸ ︷︷ ︸

(i i)

+ 4κa
inκcV a

s︸ ︷︷ ︸
(i i i)

+ 4b̄2(Re[δε])2︸ ︷︷ ︸
(iv)

+ 4(Re[δΔ])2︸ ︷︷ ︸
(v)

⎞

⎟⎟⎠

(7.17)

http://dx.doi.org/10.1007/978-3-319-17686-4_6
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where

V b
1,2 = 2κb

inV B−in
1,2 + 2κb

out V
B−out
1,2 + 2κb

l V B−l
1,2 + 4b̄2(Re[δΔ])2

ω2 + κ2
b

(7.18)

The various components of Eq.7.17 are

(i) The quantum quadrature-variances, as per Eqs. 5.33 and 5.34
(ii) The coupling of pump field noise V b

1,2
(iii) The coupling of reverse-seed field noise V a

s
(iv) The coupling of changes in the phase-matching temperature, causing variations

in the nonlinear parameter δε

(v) The coupling of cavity length fluctuations, causing variations in the cavity
detuning δΔ

The total noise variance consists of a quantum-noise component [(i)], and added
classical noise components [(ii)–(v)] scaled by the strength of the forward intra-
cavity field ā2

F .
In the verification experiment reported here, tests of the stability of the crystal

temperature controller, reverse-beam intensity noise, pump field noise, and cavity
detuning were independently made. From these tests, the dominant classical noise
term is the pump field noise term (ii), that is

ε2V b
1,2 �

[
4κa

inκcV a
s , 4b̄2(Re[δε])2, 4(Re[δΔ])2

]
(7.19)

Further, the forward-propagating field is the coupling of the reverse-beam into the
forward-propagating direction, thus using Eq.7.8

ā2
F = Rcoup × ā2

B (7.20)

Therefore, simplifying Eq.7.17 using Eqs. 7.19 and 7.20, the output noise variances
of the OPO become

V a−out−n
1,2 ≈ V a−out

1,2 + 2κa
outε

2Rcoupā2
B V b

1,2

(κa ∓ εb̄)2
(7.21)

With measurements of the pump field noise, reverse-beam power and squeezing
measurement, the intra-cavity coupling reflectivity Rcoup can be verified.

7.5.2 Squeezing with Injected Reverse-Beam Field

The schematic of the squeezingmeasurement with an injected reverse-beam is shown
in Fig. 7.5. This is similar to the setup for measurement of the intra-cavity coupling
reflectivity Rcoup, except with the OPO now fully operating. The OPO cavity was

http://dx.doi.org/10.1007/978-3-319-17686-4_5
http://dx.doi.org/10.1007/978-3-319-17686-4_5
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Fig. 7.5 Schematic of the squeezerwith injected reverse-beam. Similar to the setup ofmeasurement
for Rcoup (Fig. 7.3), except with fully operating OPO cavity and no SLOW/FAST modulation
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Fig. 7.6 Squeezing spectra with injected reverse beam for various optical powers. All traces are
formed from 1 FFT window 0–6.4kHz (resolution bandwidth of 8Hz) with 300 rms averages. Dark
noise (22dB below the shot noise level) has not been subtracted from the traces

operated with 60 mW of input pump power, and the full-modified coherent sideband
locking technique was active. The propagation efficiency was 99.3% and the bal-
anced homodyne detector had a homodyne efficiency of 93.1 ± 0.3%. Measured
spectra are shown in Fig. 7.6, along with the shot noise level. Eight different incident
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Fig. 7.7 Integrated noise power of the squeezing spectra measurement, normalised relative to the
shot noise level. Curves represent the theoretical model, with the Total curve being the sum of the
Quantum and Classical components. Panel a 120–180Hz frequency band and panel b 300–400Hz
frequency band. The ‘classical limit’ curves are discussed in Sect. 7.6

reverse-beam powers between 1 nW and 10 mW were injected. No experimental
parameters other than the input seed power were varied during this measurement run.

At low reverse beam powers, the squeezing spectrum is 6dB flat down to 80Hz.
The spectrum shows features appearing below 150 Hz and around 600Hz from 100
nW reverse-beam power injected. As the reverse-beam power was increased further,
the noise floor and features continued to increase.

The noise power increase is evident in Fig. 7.7. This shows the integrated noise
power of the data in Fig. 7.6, in narrow frequency bands. The data is normalised to
the shot noise level, and shown as a function of reverse-beam power. Panel (a) is
the frequency band between 120 and 180Hz, and panel (b) is the frequency band
between 300 and 400Hz. The ‘Total’ model line is the prediction of Eq.7.21, using
the OPO cavity parameters and independent measurements of the input pump noise
and cavity detuning (needed for Eq.7.18). The data follows the upward trend of the
theoretical model with the determined value of Rcoup.

7.6 Discussion

7.6.1 Uncertainty in RCoup and Improving Measurements

There are precision limitations in the measurements performed to determine and
verify the intrinsic isolation of the traveling-wave OPO.

• For the dual-scanning measurement used to determine Rcoup, there is firstly digi-
tisation error from the measurement oscilloscope. The peaks of the forward signal
may be undersampled, resulting in an overestimate of Rcoup. An average over
repeated measurements of the cavity transmission signal addressed this limitation.
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Secondly there is uncertainty with the input reverse beam power. The variable
attenuator, a combination of polarisation optics (Glan-Taylor prism, half-wave
and quarter-wave plates) and optical neutral-density filters, is a non-trivial poten-
tial source for misalignment of the input beam into the cavity. Beam-alignment
stability was only able to be verified at higher input powers.

• The squeezing-reverse-beammeasurement has uncertainty in the effective forward-
propagating beam power, due to the OPO nonlinear parametric gain. With the rel-
ative phase of the forward field and pump field not being controlled, this means
that the intra-cavity power of the forward field will time-vary, depending on the
amplification or deamplification condition. Recalling from Sect. 5.3.5, Eq. 5.17,
the output power accounting for OPO nonlinear gain is given by

P±
out

P0
out

=
(

1 ± x

1 − x2

)2

(7.22)

where x is the normalised pump parameter. The normalised pump parameter is
related to the OPO classical nonlinear gain G by [14]

x = 1 − 1√
G

(7.23)

With an operating (classical) OPO nonlinear gain of G = 10.6, the ‘Classical
Limit’ curves in Fig. 7.7 show the region of classical noise spanned by deamplified
and amplified forward seed power. The data trend falls within the ‘Classical Limit’
bounds.

To increase the precision of both measurements, the uncertainty in the input reverse-
field amplitude, and the uncertainty in the relative phase between the forward field
and the pump field needs to be reduced. To resolve the input amplitude issue, it
is suggested that a mode-cleaning cavity be placed into the reverse-beam injection
path, which will form a fixed-beam reference point. This will also potentially allow
variation of the power without the need for optical filters, achieved with offsets to the
cavity resonance condition. The control of the reverse-beam-to-pump relative phase
is a trickier prospect. A potential solution is to introduce an piezo-electric transducer
into the reverse-beam path to sweep the relative phase. Similar to the dual-scanning
Local Oscillator phase sweep, this would average out the nonlinear amplification/
deamplification effects.

7.6.2 Improving the Intrinsic Isolation

The intrinsic isolation is dependent on all components of the OPO, not just the
reflectivity of the nonlinear crystal. Recall that the DB-OPO cavity at ANU consists
of non-superpolished mirrors (Sect. 6.2). Further, any form of scattering centre, such

http://dx.doi.org/10.1007/978-3-319-17686-4_5
http://dx.doi.org/10.1007/978-3-319-17686-4_6
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as poor optical coatings or the presence of dust particulates, will compromise the
intrinsic isolation. Improved mirror/crystal surface polishing and optical coatings, as
well as dust particulate minimisation, will see this isolation value increase.

7.7 Summary

The tolerance of a bow-tie OPO to backscattered light was modelled, and exper-
imentally verified using the balanced homodyne detector. An intrinsic isolation of
(41 ± 2)dBwasmeasured, at least comparable to off-the-shelf Faraday isolators, and
an additional suppression of approximately 40dB over an equivalent standing-wave
cavity. The BSDF of the OPO was determined to be (1.7 ± 0.3) × 10−3, approx-
imately ten times larger than the BRDF values of off-the-shelf reflective optics.
Additional experiment hardware would give further precision in the measurements
of the intrinsic isolation value, and improvements in the OPO optical components
would further increase the isolation value.
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Chapter 8
Overview of the LIGO Squeezed Light
Injection Experiment

Abstract The LIGO Squeezed Light Injection Experiment was a project that first
injected squeezed light into a LIGO4km interferometric gravitational-wave detector.
This experiment was a collaboration between the LIGO Hanford Observatory, ANU
Centre forGravitational Physics,Massachusetts Institute of Technology, and theMax
Planck Institute for Gravitational Physics (Albert Einstein Institute). The Experiment
was co-led by the thesis author from ANU, Sheila Dwyer and Dr. Lisa Barsotti from
MIT, andDr. Daniel Sigg fromLIGOHanfordObservatory, and aided bymembers of
the LIGO Scientific Collaboration (LSC). After introducing the project background,
an overview of the Enhanced LIGO interferometer is presented. This includes the
interferometer hardware andmodificationsmade for the LIGOSqueezed Light Injec-
tion Experiment. The squeezed light source for the Experiment is then covered,
including specifics about the contribution from the ANU, the Optical Parametric
Oscillator.

8.1 Project Background

The enhancement potential of quantum-noise limited gravitational-wave detectors
using squeezed states was explored in Chap.4. In addition to this potential capability,
the reasoning to perform the Injection Experiment was threefold.

The first reason was to perform a squeezing injection targeting the lower detection
frequencies below 300Hz that future gravitational-wave detectors aim to measure.1

The gravitational-wave frequency band below 300Hz is an important region for
astrophysical gravitational-wave sources [1]. This frequency region is susceptible to
environmental and technical noise sources, such as backscattered light (Chap.7). An
unresolved area was whether an installed squeezer could potentially add noise to this
important detection frequency region. The LIGO Squeezed Light Injection Exper-
iment sought to answer this, and confirm the squeezing sensitivity-enhancement at
the greater sensitivities and lower detection frequencies of a LIGO interferometer.

1By 2007, the preparations for injecting squeezing into the GEO600 detector were well under-
way. However, the GEO600 quantum-noise-limited sensitivity region is 700Hz and above.
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Fig. 8.1 Example of
injected squeezing
recovering quantum-noise
sensitivity at a lower
interferometer optical power.
This trace assumes a 6dB
squeezed state perfectly
matched to the readout
quadrature
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The second reason was to test whether squeezing could be used as a safeguard
for high interferometer power operation. Gravitational-wave detectors will deploy
very high optical power levels within their Michelson arm cavities. For example, the
Advanced LIGO detectors aim to have 800 kW of optical circulating power in each
arm cavity [2]. At higher optical powers, the probability of wavefront distortion due
to deformation of test masses via thermal absorption, and the probability of exciting
parametric instabilities [3], are greatly increased.

Figure8.1 shows an example on how injected squeezing can recover quantum-
noise sensitivity with a lower interferometer optical power. An interferometer input
laser power of 31Wwith 6dB of squeezing injected will nearly recover the quantum-
noise-limited strain sensitivity of 125W interferometer input power with no squeez-
ing injection.2 Thus injected squeezed states can be used to regain similar quantum
noise performance with lower interferometer-operating laser powers if needed. The
implicit additional benefit is with 125W input power operation achieved, injected
squeezing would further improve sensitivity without the need to inject even higher
laser power. Therefore, squeezing provides both a way to improve interferometer
sensitivity as well as an important safeguard for a technical risk source.

The third reasonwas to investigate techniques for the future installation/application
of squeezed-light sources with gravitational-wave detectors. All third generation
gravitational-wave detector designs utilize squeezed states (Chap.2, Sect. 2.2.4).
The LIGO Squeezed Light Injection Experiment, the first injection of squeezed light
into a kilometre-scale gravitational-wave detector, would provide techniques, knowl-
edge and experience in the implementation of squeezing in future gravitational-wave
detectors.

2The difference being the effect of vacuum fluctuations from optical loss sources separate to the
AS port vacuum fluctuations—see Appendix A for details.

http://dx.doi.org/10.1007/978-3-319-17686-4_2
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A window of opportunity in 2011 to use the 4km ‘Hanford 1’ or ‘H1’ Enhanced
LIGO interferometer at the LIGO Hanford Observatory for such a squeezing exper-
iment became available. This window worked around the Advanced LIGO upgrade
schedule [4]. Beginning mid-2008, preparations began for the approved LIGO
Squeezed Light Injection Experiment.
In summary, the reasoning and the goals of the Experiment were:

• To confirm the sensitivity-enhancement using injected squeezing at the greater
strain-sensitivities and lower audio-detection frequencies of a LIGO interferome-
ter.

• To investigate the interaction between the squeezed light source and interferometer.
This included verifying that the presence of the squeezer did not cause additional
noise on the interferometer readout.

• To investigate squeezer operation with LIGO, and techniques for the future instal-
lation/application of squeezed-light sources with gravitational-wave detectors.

8.2 The Enhanced LIGO Gravitational-Wave Detector, and
Modifications for Squeezing Injection

TheEnhancedLIGO(or eLIGO)gravitational-wavedetector, and the hardwaremodi-
ficationsmade for the LIGOSqueezed-light Injection Experiment are described. This
section will call upon the interferometer component definitions from Chap.4.

8.2.1 The Enhanced LIGO H1 Detector

The eLIGO H1 interferometer had the greatest (unsqueezed) strain sensitivity to
gravitational waves yet achieved [5]. A simplified diagram of the eLIGO H1 inter-
ferometer is shown in Fig. 8.2. The interferometer’s light source is a Nd:YAG laser,
producing 35W of 1064nm light. This laser is stabilised in laser frequency and
laser intensity noise, hence the name of Pre-Stabilised Laser or the PSL. The PSL
light passes through an electro-optic modulator (EOM) where the interferometer
control sidebands are phase modulated onto the light. After spatial-mode filtering
by the interferometer’s input mode cleaner (IMC), the light is then incident on the
interferometer. The interferometer is a Power-recycled Fabry-Perot Michelson, the
configuration of Sect. 4.4. Table4.1 lists the key parameters for the eLIGO H1 inter-
ferometer. The core interferometer optical components (the PRM, BS, ITMs and
ETMs—Chap.4) are all suspended from vibration-isolation platforms to reduce the
coupling of seismic motion to the optics.

The interferometer control sidebands are transmitted to the AS port by design.
The Michelson is also controlled so there is a small offset from total destructive
interference at the AS port. With the dark fringe offset, a small amount of light is

http://dx.doi.org/10.1007/978-3-319-17686-4_4
http://dx.doi.org/10.1007/978-3-319-17686-4_4
http://dx.doi.org/10.1007/978-3-319-17686-4_4
http://dx.doi.org/10.1007/978-3-319-17686-4_4
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Fig. 8.2 Simplified schematic of the Enhanced LIGO interferometer, along with the location of the
squeezer and the additional hardware modifications made for the injection experiment. Components
not drawn to scale. Key components only shown for clarity

transmitted to the AS port, the carrier field. The optical field composition at the AS
port sees the largest proportion (at least 80%) of the optical power contained within
the interferometer control sidebands.

TheASport beams then pass through theOutput Faraday Isolator (OFI), to prevent
reflected scatter from optics in the readout chain from re-entering the interferometer.
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After the OFI, a small amount of the power at the antisymmetric port is tapped off
(with the Pick Off mirror—PO) and sent to the Interferometer Sensing and Control
Table (ISCT). This optical table, situated outside the vacuum system, contains several
photodetectors used for interferometer alignment sensing and control, including the
sensors that measure the interferometer control sidebands. The remaining AS port
power is then incident on the Output Mode Cleaner (OMC). The OMC spatially-
filters the AS port beam to create a quiet Local Oscillator for homodyne detection
(called DC Readout [6, 7]) at the interferometer readout photodetector. This filters
out the remaining interferometer control sidebands, coherent locking sidebands, and
any higher-order spatial modes, leaving a spatially-filtered gravitational-wave signal
and carrier Local Oscillator beam. The OMC is discussed further in Appendix B

8.2.2 Hardware Installed for Squeezing Injection

In addition to the squeezed light source, several hardware components were installed
for the LIGO Squeezed Light Injection Experiment. These components are also
shown in Fig. 8.2.

• In-vacuum component installations in the AS port—The original eLIGO OFI was
replaced with a new Advanced LIGO OFI. This modification was needed as the
Advanced LIGO OFI has an open port polariser available for squeezing injection.
The role of the open port is discussed in the next section (8.2.3). An additional
Faraday isolator, known as the Squeezing Faraday Isolator (SFI) was installed in
the squeezing injection path for additional attenuation of beams from the interfer-
ometer that were incident on the squeezer table.

• On the ISCT, theCoherent Sideband locking photodetector (CSL), used for reading
out the relative phase between the coherent locking sideband and theASport carrier
Local Oscillator, was installed.

• The Output Mode Cleaner of the H1 interferometer was swapped with the Output
ModeCleaner of theLIGOL1 interferometer. Thiswas necessary due to the sudden
increase in optical loss by the original OMC installed at Hanford [7]. Details about
the reasoning for the swap and measurements made to determine the increase in
optical loss, are presented in Appendix B.

8.2.3 Squeezed-Light Injection Path

Further shown in Fig. 8.2 is the squeezed light injection path. The squeezed light (and
co-propagating coherent locking field) are injected into the interferometer vacuum
system via the septum window (SW). After passing the SFI, the fields are then
injected into the OFI which acts like an optical circulator. Mentioned in Chap.4,
the optical circulator allows the injection of squeezing without additional loss to

http://dx.doi.org/10.1007/978-3-319-17686-4_4
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the interferometer field. Figure8.3 illustrates squeezing being injected into an open
polariser port of the isolator, and the field polarisations allowing a Faraday isolator
to become an optical circulator. The open polariser port requirement necessitated the
installation of an Advanced LIGO OFI. Faraday isolators have previously been used
as optical circulators in squeezing-interferometer proof-of-principle experiments (see
Sect. 1.1.3).

The squeezing (and coherent locking sidebands) then become incident on the
interferometer beamsplitter, to then reflect and co-propagate with the carrier field.
After the OFI, some of the AS port optical light is the tapped off with the PO and is
directed to the ISCT, where the sensing photodetector for the LO coherent locking
loop is located. The SW, SFI, OFI and PO are all part of/ housed in a vacuum
chamber called the Horizontal Access Module (HAM) number 4, thus this location
will be referred to as HAM4. The remaining AS port power is then incident on the
OMC. The OMC and interferometer readout photodetector are housed in a separate
vacuum chamber named HAM6.

8.2.4 Sensitivity of the Enhanced LIGO H1 Interferometer

Figure8.4 shows the interferometer readout spectrum, and the sources of limit-
ing noise. The mechanisms for these noise sources were presented in Chap. 2.
The interferometer readout spectrum represents the measurement sensitivity of the
interferometric-detector to gravitational waves. There are several important features
contained in Fig. 8.4.

http://dx.doi.org/10.1007/978-3-319-17686-4_1
http://dx.doi.org/10.1007/978-3-319-17686-4_2
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• The region that is quantum shot-noise limited is approximately 200Hz and above,
while thermal noise of the test mass suspensions and seismic noise, become dom-
inant at frequencies starting from 150Hz and below. Squeezing improvement
should be observable above 200Hz, and steadily degraded from 200Hz and below.

• Due to the dominance of seismic and suspension thermal noise, the quantum
radiation-pressure regime is completely masked by at least an order of magnitude,
thus quantum-radiation-pressure phenomena observation is unobtainable.

• The units of this spectrum are in terms of equivalent test mass displacement, ΔL .
This is related to the strain via the arm-cavity length (Eq.2.1). For the awareness
of the reader, the interferometer readout spectrum will be presented in a number
of different units in subsequent chapters.

8.3 The LIGO H1 Squeezed Light Source

The Injection Experiment’s squeezed-light source, the LIGO H1 Squeezer, was a new
squeezer, with all partner institutions delivered components of the apparatus. These
contributions are listed in Table8.1. Figure8.5 shows the layout of the LIGO H1
squeezer. The functions correspond closely with the ‘generic’ squeezer components
of Chap.5.

http://dx.doi.org/10.1007/978-3-319-17686-4_2
http://dx.doi.org/10.1007/978-3-319-17686-4_5
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Table 8.1 LIGO squeezer component contributions from the partner institutions

Partner institution Squeezer component

ANU ◦ OPO testing/commissioning

◦ OPO delivery

MIT ◦ Main and auxiliary lasers

◦ SHG construction

◦ Squeezer pre-assembly laboratory

AEI ◦ Diagnostic homodyne detector

◦ SHG design

LIGO ◦ Squeezer control electronics

◦ Interferometer preparation

The two on-table lasers (MAIN andAUX)wereNd:YAGNPRO lasers. Two laser-
frequency stabilisation servo loops (denoted by FSS) kept the Main laser frequency-
locked to the PSL frequency (loop FSS1) and the Auxiliary laser locked to the Main
laser with a 29.5 MHz offset (loop FSS2). These were measured with the photode-
tectors labelled ‘FSS1 PD’ and ‘FSS2 PD’ respectively. The LIGOH1 squeezer used
the unmodified Coherent Sideband Locking scheme (Sect. 6.3.1), hence the presence
of the second frequency stabilisation loop.

The Main laser was used to drive the Second Harmonic Generator (SHG), gener-
ating the pump field at 532nm. The SHG was a standing-wave cavity with a PPKTP
crystal, mounted in a temperature-controlled peltier oven. The cavity length of the
SHG was controlled using the PDH technique on the Main laser field, measured in
transmission on ‘SHG PD’ with feedback to a PZT-mounted cavity mirror.

The SHGproduced the pump beam used to drive the Optical Parametric Oscillator
(OPO). The OPO cavity length was controlled using PDH locking with the reflected
pump beam, measured by the ‘OPO Refl’ photodetector. The squeezed beam pro-
duced by the OPO is separated from the reflected green beam by a dichroic mirror
and sent either to the diagnostic homodyne detector or into the interferometer. The
homodyne detector was the same homodyne that arrived at the ANU for the LIGO
H1 OPO testing period (see Sect. 6.6).

The LO field for the diagnostic homodyne detector was a tap-off beam from
the PSL, spatially-mode-cleaned using the transporting single-mode optical fibre
(Sect. 5.5.1). The installed Mach-Zehnder interferometer for pump power stabili-
sation (Sect. 5.5.2) was not used in the Experiment. After the ‘Squeezing Flipper
Mirror’ (used to direct the produced squeezing to the diagnostic homodyne detec-
tor), the half-wave plate (HWP) was used to adjust the squeezing polarisation, and
two remote-controllable PZT steering mirrors allowed for squeezing beam align-
ment. The large range PZT was not used in squeezing-enhancement measurements,
but for backscattering measurements reported in Chap.10.

The unmodified coherent sideband locking technique (Sect. 6.3.1) was imple-
mented for squeezing angle control. The Auxiliary laser field was injected into the
second flat mirror of the OPO. The pump-auxiliary relative phase was measured in

http://dx.doi.org/10.1007/978-3-319-17686-4_6
http://dx.doi.org/10.1007/978-3-319-17686-4_6
http://dx.doi.org/10.1007/978-3-319-17686-4_5
http://dx.doi.org/10.1007/978-3-319-17686-4_5
http://dx.doi.org/10.1007/978-3-319-17686-4_10
http://dx.doi.org/10.1007/978-3-319-17686-4_6
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Fig. 8.5 Schematic of the LIGO H1 squeezer. The key components correspond in function to the
‘generic squeezer’ of Chap.5, and are detailed in Sect. 8.3. Optical lens values are omitted for
clarity. The optics labelled ‘BB’ are optical beam blocks and ‘ND’ are neutral-density filters for
beam power attenuation. Beam blocks and neutral density filter were all mounted on automated
flipper mounts to allow testing of the squeezer remotely. The on-table accelerometers measured the
squeezing table motion, used in measurements of backscatter (Chap.10)

http://dx.doi.org/10.1007/978-3-319-17686-4_5
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reflection by the ‘CLF PD’ photodetector and was actuated using the PZT in the aux-
iliary beam path (‘PZT CLF’). The second coherent sideband locking control loop
was measured by the diagnostic homodyne detector (when used), or a photodetector
located on ISCT. When operating with the interferometer, the actuator to control the
squeezing ellipse phase (and to close the ‘LO’ loop) was a Voltage Control Oscillator
(VCO). The VCO added a correcting-frequency offset to the PSL-Main frequency
control loop (FSS1), that then controlled the squeezing phase via the cascade of the
Main, SHG and OPO control loops.

The electronics used for the control loops leveraged the designs of analog control
electronics being used in Advanced LIGO. These included analog electronic fre-
quency synthesizers, RF distribution panels, and RF demodulator boards, all with
digital gains, offsets and polarity switches. Remote controls and user-interfaces were
achieved using the Beckhoff TWINCAT system [8], interfaced with the interferome-
ter computing system (EPICS—[9, 10]) at the Observatory.3 This allowed operation
of the squeezer from the interferometer main control room.

8.4 The LIGO H1 Optical Parametric Oscillator

The Optical Parametric Oscillator was the component designed and delivered by the
ANU Centre for Gravitational Physics. The LIGO H1 Optical Parametric Oscillator
cavity design closely resembled the DB-OPO (Sect. 6.2), namely a doubly-resonant
travelling-wave cavity in bow-tie configuration with a wedged PPKTP nonlinear
crystal. For the remainder of this thesis, this OPO will known as the ‘H1 OPO’.
The H1 OPO was tested at the ANU in the January 2010 period, where greater than
5dB of squeezing was measured from 100Hz and above, and greater than 6dB from
200Hz and above (see Sect. 6.6—Fig. 6.13).

There was an important difference between the H1 OPO and the final DB-OPO
at ANU. The H1 OPO cavity mirrors were super-polished mirrors from ATFilms
[11] with equivalent optical-coating reflectivities. This difference will be significant
for the backscatter measurements in Chap.10. The H1 OPO cavity parameters are
summarised in Table8.2.

8.5 Squeezing Measurement with the Diagnostic Homodyne
Detector

Figure8.6 shows a measurement of produced squeezing and antisqueezing on the
diagnostic homodyne detector. This was measured on a Stanford Research Systems
SR785 Spectrum Analyzer. The input pump power to the OPO was 50 mW, the
operating pump power for the LIGO H1 Squeezer.

3The author acknowledges, with gratitude, the remote controls and user-interfaces were coded
and maintained by Maxim Factourovich from Columbia University NY, under the supervision of
Dr. Daniel Sigg.

http://dx.doi.org/10.1007/978-3-319-17686-4_6
http://dx.doi.org/10.1007/978-3-319-17686-4_6
http://dx.doi.org/10.1007/978-3-319-17686-4_10
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Table 8.2 LIGO H1 squeezer optical parametric oscillator parameters

Cavity parameter Symbol Value Units

Fundamental
wavelength

λa 1064 nm

Second harmonic
(pump) wavelength

λb 532 nm

Round-trip optical
path length

L 0.279 m

Curved mirrors’ radius
of curvature

RoC −38 mm

Input/output coupler
reflectivity
(fundamental)

Ra
in/out 0.868 –

Input/output coupler
reflectivity (pump)

Rb
in/out 0.696 –

PZT mirror reflectivity Ra
2 0.998 –

Total intra-cavity loss
at fundamental

T a
l 0.0056 –

Total intra-cavity loss
at pump

T b
l 0.039 –

Finesse (fundamental) Fa 42.5 –

Finesse (pump) Fb 15.6 –

Full-width-half-
maximum
(fundamental)

Δνa 25.8 MHz

Full-width-half-
maximum
(pump)

Δνb 70.0 MHz

Escape efficiency ηesc−H1 0.959 –

Threshold power Pthr−H1 75 mW

A squeezing magnitude of 6.2 ± 0.2dB and antisqueezing magnitude of 10.6 ±
0.2dB between 9 and 12kHz was observed. The squeezing magnitude measured is
smaller compared to the magnitude of squeezing from the DB-OPO (Sect. 6.8.4).
This is due to a reduced squeezing detection efficiency of ηdet = 85 ± 4%. The
features below 3kHz were due to backscattered-light interferences that are sourced
from the diagnostic homodyne local oscillator beam. The feature at 5kHzwas caused
by an oscillation of the pump-to-coherent sideband control loop.

Due to constraints on experiment time, the diagnostic homodyne detector was not
further optimised. With optimisation of the detection efficiency and the mitigation
of backscattered light, the measurement would improve in terms of both squeez-
ing magnitude and lower Fourier frequencies. The backscattered-light interferences
of the homodyne do not impact the interferometer measurement, as the diagnostic
homodyne is bypassed entirely. The 5kHz oscillation was nullified by adjustment of
control electronic gains.

http://dx.doi.org/10.1007/978-3-319-17686-4_6
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Fig. 8.6 Measurement of squeezing with the diagnostic homodyne detector. Traces are a anti-
squeezing, b shot noise, c squeezing and d electronic dark noise. A line shows the average squeezing
level between 9 to 12kHz, measured at 6.2± 0.2 dB. Antisqueezing level is at 10.6± 0.2dB above
shot noise. All traces are measured with a single span 0–25.2kHz with 800 FFT lines (resolution
bandwidth of 32Hz), and taken with 300 rms averages. Dark noise has not been subtracted from
the other traces

8.6 Summary

This chapter sets the background for the LIGO Squeezed-light Injection Experiment.
The project goals and the Enhanced LIGO interferometer were introduced, with the
hardware modifications made for this experiment and the squeezed light injection
optical path. The noise sources limiting the detector sensitivity were presented, par-
ticularly showing the quantum shot-noise limited region to be 200 Hz and above,
and seismic and suspension thermal noise becoming, then dominating below 200Hz.
The squeezed-light source and the ANU-contributed H1 OPO were presented. This
chapter described the setting and setup on which the results presented in the next
chapters will be based.
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Chapter 9
Squeezing-Enhancement of a 4 km LIGO
Gravitational-Wave Detector

Abstract This chapter presents the main results of the LIGO Squeezed-light Injec-
tion Experiment—the sensitivity-enhancement and characterisation of the Enhanced
LIGO interferometer with injected squeezed states. These results represent the first
measurement of squeezing enhancement in a 4km interferometric gravitational-wave
detector, and the best high-frequency sensitivity in a gravitational-wave detector yet
achieved. The investigations undertaken to characterise the squeezing injection para-
meters are first reported. The results of measurements of squeezing ellipse phase
noise are presented in Sect. 9.1, followed by measurements made to characterise the
squeezing injection detection efficiency in Sect. 9.2.

The squeezing enhancement results are then presented:

• The squeezing-enhanced LIGO interferometer spectrum is shown in Sect. 9.3,
along with a squeezing-improvement calculation, and the highlighting of the
150Hz detection frequency region.

• The squeezing-enhanced LIGO spectrum is then compared with the sensitivity-
data from the joint scientific run in Sect. 9.4, showing the squeezing-enhanced
spectrum to be best high-frequency sensitivity in a gravitational-wave detector yet
achieved.

• The interferometer operating power is theoretically scaled in Sect. 9.5 to match the
squeezing-enhanced quantum noise spectrum. This is to demonstrate the regaining
of similar quantum noise performance with lower interferometer-operating laser
powers.

• In Sect. 9.6, the squeezing magnitude generated from the OPO is inferred, then
forward-calculated for the expect squeezing-improvement in the interferometer
sensitivity. This is calculated from the squeezingmeasurement efficiency andphase
noise results.

Recommendations for improving the squeezing enhancement in future detectors
conclude the Chapter (Sect. 9.7).
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9.1 Squeezing Ellipse Phase Noise

As previously detailed in Chap.6 (Sect. 6.4.4), squeezing ellipse phase noise can
mix the antisqueezed quadrature noise into squeezing measurement, reducing the
squeezing improvement. This section presents results of measurements of phase
noise originating from:

• the squeezed light source
• interferometer control sidebands interactingwith the interferometer contrast defect
• interferometer control sidebands unbalancing or asymmetry, and
• beam pointing fluctuations

9.1.1 Phase Noise from the LIGO Squeezed Light Source

The measurement of phase noise from the LIGO squeezed light source was made
with a squeezing/antisqueezing measurement as a function of OPO nonlinear gain.
This is the same test made to measure the phase noise from the ANU squeezed light
source in Chap.6 (Sect. 6.4.5).

With the diagnostic homodyne detector, spectra of shot noise, locked squeezing
and locked anti-squeezing were measured over different values of OPO operating
nonlinear gain. These spectra were recorded with an Agilent SR785 Spectrum Ana-
lyzer. The unity gains of the control loops for the OPO cavity length and coherent
locking were kept approximately constant by adjusting the electronic gain on the
analog boards. The homodyne photodetector efficiency was 91 ± 2%. The propa-
gation efficiency was 98 ± 1%—the dominant propagation loss component was the
flipper mirror used to direct the squeezed beam towards the diagnostic homodyne
(thus was not part of the interferometer injection path). The homodyne efficiency
was measured to be 95 ± 1%.

The measurement is shown in Fig. 9.1. The total measurement efficiency is 81 ±
4% (Eq.6.15), consistent with the product of the photodiode efficiency, propagation
efficiency, homodyne efficiency and OPO escape efficiency. The phase noise fitted
to the data, and hence the inferred rms-phase noise contribution from the squeezed
light source is θ̃sqzr = 22 ± 3mrad.

9.1.2 Phase Noise Due to the Interferometer Control
Sidebands

Phase noise of the optical beams in the interferometer AS port directly contributes
to the total phase noise measured at the readout photodetector. This noise causes
fluctuations of the readout quadrature. As shown in Fig. 9.2, for a fixed squeezing
ellipse angle, a fluctuating readout quadrature couples in the antisqueezing noise.

http://dx.doi.org/10.1007/978-3-319-17686-4_6
http://dx.doi.org/10.1007/978-3-319-17686-4_6
http://dx.doi.org/10.1007/978-3-319-17686-4_6
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Fig. 9.1 Phase noise measurement of the squeezer. Data measured on the diagnostic homodyne
detector on the squeezer optical table. Fitted curves for total measurement efficiency of ηtot =
81 ± 4% and rms phase noise of θ̃sqzr = 22 ± 3 mrad

X

δX

X

δX(a) (b)

Fig. 9.2 The effect of readout phase noise on the vacuum squeezing measurement. a No read-
out phase noise, thus the measurement quadrature (X) measures the true squeezing magnitude
(VX = 〈δX〉2). b Readout phase noise present, thus the readout quadrature is pivoting, resulting
in the coupling of the antisqueezed quadrature noise. The measurement no longer reflects the true
squeezing magnitude

The measurement no longer reflects the true squeezing magnitude. This is equivalent
to the effect of a fixed readout quadrature and a fluctuating squeezing ellipse angle
(comparing Fig. 9.2 to Fig. 6.10).

Figure9.3 illustrates the phasor diagram progression of the main fields in the
interferometer. The phasors in Fig. 9.3 correspond to the variables listed in Table9.1.
We begin with the input beam to the Michelson [Fig. 9.3 panel (a)], consisting of the
carrier field and the interferometer phase modulation sidebands used for controlling
the Michelson. After interacting with the Michelson, the main optical fields at the
AS port are [1]:

http://dx.doi.org/10.1007/978-3-319-17686-4_6
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Fig. 9.3 Phasor diagrams of the interferometer output. Labels correspond to fields listed in Table9.1
and discussed in Sect. 9.1.2. a The input field, showing the carrier and interferometer control phase
modulation (PM) sidebands.bTheMichelson rotation of the carrier, and the contrast defect field and
interferometer sidebands (unbalanced with exaggeration), unchanged by the Michelson. c Decom-
position of the AS port field into carrier and contrast defect fields. d1 The effect of interferometer
control sidebands causing amplitude modulation (AM) on the carrier field. d2 The effect of unbal-
anced sidebands on the carrier field, causing PM of the carrier field. e1 The effect of interferometer
control sidebands causing PM on the contrast defect field. e2 The effect of unbalanced sidebands
on the contrast defect field, causing AM

Table 9.1 Variables used in calculations of phase noise from interferometer control sidebands

Variable Symbol

Carrier field amplitude Ec = √
Pc

Contrast defect field amplitude Ecd = √
Pcd

Total readout field amplitude Ec−tot = √
Ptot = √

Pc + Pcd

Upper sideband field amplitude Eu = √
Pu

Lower sideband field amplitude El = √
Pl

Total sideband field amplitude Esb−tot =
√
2 P̄sb = √|Pu + Pl|

Sideband difference amplitude δE = √
(δP) = √|Pu − Pl|

Sideband (power) OMC transmission Tsb
Sideband modulation frequency ωsb

The variables are assigned with their phasors in Fig. 9.3
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• The carrier field—The optical field used as the LO field for reading out the
gravitational-wave signal.

• The interferometer control sidebands—Transmitted interferometer sidebands to
the AS port, by design.

• The contrast defect field—An optical field at the carrier frequency, a result of
the asymmetry of the Michelson arm reflectivities. This asymmetry is caused by
differences in both reflectivity magnitude and reflection beam spatial overlap. This
field is measurable when the dark fringe offset of the interferometer is set to zero.

The output carrier field phase is rotated by 90◦ by the Michelson, but the other fields
remain unrotated. Further, in association with the Michelson operating state, each
of the interferometer control sidebands may have different optical powers in the AS
port.

Before reaching the interferometer readout photodetector, the Output Mode
Cleaner (resonant on the carrier frequency) attenuates most of the control sideband
power. However, a small proportion of sideband power reaches the readout photode-
tector due to the finite cavity finesse. The Output Mode Cleaner being on-resonance
for the carrier field frequency means that it is also resonant for the contrast defect
field, thus there is only spatial-mode attenuation of the contrast defect field.

The phasors at the readout photodetector [panel (b)] can be rearrange to account
for the contrast defect and the sideband unbalancing phase fluctuations [panels (c),
(d1,d2) and (e1,e2)] due to the interferometer sidebands. Definitions of the variables
used to calculate these phase noise contributions are provided in Table9.1, corre-
sponding with the labelled phasors in Fig. 9.3. The readout quadrature phase φrd due
to the presence of the contrast defect field is described by

φrd ≈ tan(φrd)

= Ecd

Ec
(9.1)

This is the phase the squeezing ellipse phase must match for maximum squeezing
enhancement. The readout quadrature phase angle is determined by the carrier and
the contrast defect fields, therefore fluctuations in either field will be a source of
phase noise. The next subsections calculate the phase noise contributions from the
contrast defect and unbalanced interferometer control sidebands.

9.1.2.1 Contrast Defect Phase Fluctuations

The presence of the interferometer control sidebands causes both amplitude modula-
tion (AM) of carrier [panel (d1)] and phase modulation (PM) of the contrast defect
[panel (e1)] fields. These are sources of phase fluctuations of the readout quadrature.
We call upon the classical modulation equations of Chap.3 (Sect. 3.3.1, Eqs. 3.3.2
and 3.3.4) to calculate these contributions.

http://dx.doi.org/10.1007/978-3-319-17686-4_3
http://dx.doi.org/10.1007/978-3-319-17686-4_3
http://dx.doi.org/10.1007/978-3-319-17686-4_3
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Firstly, the modulation depth Mcd is given by the proportion of total sideband
field relative to the total readout field

Mcd = Esb−tot

Ec−tot
=

√
Tsb × 2 P̄sb

Pc−tot
(9.2)

Using Eq.3.3.2, the amplitude modulated carrier, shown by Fig. 9.3d1, is written as

Ec−AM = Ec(1 + Mcd cos(ωsbt)) (9.3)

The phase of the readout quadrature is now

φrd = Ecd

Ec−AM

= Ecd

Ec(1 + Mcd cos(ωsbt))

≈ Ecd

Ec
(1 + Mcd cos(ωsbt)) (9.4)

where the last line was reached using a first-order Taylor approximation (Mcd � 1)
and noting that the cosine function is an even function. Compared with Eq.9.1, the
change in phase is

Δφc−AM = Ecd

Ec
Mcd cos(ωsbt) (9.5)

Using cos2(x) = 1/2, the rms-phase fluctuation due to the AM carrier is therefore

θ̃c−AM =
√

|Δφc−AM|2

=
√

Pcd

Pc
M2

cd × 1

2

=
√
1

2

Tsb2 P̄sbPcd

PcPc−tot
(9.6)

For the phase-modulated contrast defect field shown by Fig. 9.3e1, using Eq.3.34

Ecd−PM = Ecd(1 + i Mcd cos(ωsbt)) (9.7)

Δφcd−PM = Ecd(i Mcd cos(ωsbt))

Ec
(9.8)

http://dx.doi.org/10.1007/978-3-319-17686-4_3
http://dx.doi.org/10.1007/978-3-319-17686-4_3


9.1 Squeezing Ellipse Phase Noise 153

The rms-phase fluctuations due to the phase modulated contrast defect field is

θ̃cd−PM =
√

|Δφcd−PM|2 =
√

(Δφcd−PM)∗(Δφcd−PM)

=
√

Pcd

Pc
M2

cd × 1

2

=
√
1

2

Tsb2 P̄sbPcd

PcPc−tot
(9.9)

Combining Eqs. 9.6 and 9.9, the total rms-phase fluctuation due to the contrast defect
and control sidebands is therefore

θ̃cd =
√

(θ̃c−AM)2 + (θ̃cd−PM)2

=
√

Tsb2 P̄sbPcd

PcPc−tot
(9.10)

9.1.2.2 Unbalanced Interferometer Control Sidebands

The effect of interferometer sidebandswith unequal optical powers is shown in panels
(d2) and (e2) of Fig. 9.3. The presence of a sideband power imbalance imposes a
component of PM onto the carrier and AM onto the contrast defect. Calculated in
a similar way as the contrast defect phase fluctuations, noting the switch between
modulation type and carrier/contrast defect fields, the results are simply stated here.
The modulation depth for the unbalanced sidebands is

Munb = δE

Ec−tot
=

√
TsbδP

Pc−tot
(9.11)

The rms-phase fluctuation of the PM carrier field is

θ̃c−PM =
√

|Δφc−PM|2

=
√

Pcd

Pc
M2

unb × 1

2

=
√
1

2

Tsb(δP)Pcd

PcPc−tot
(9.12)
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The rms-phase fluctuation of the AM contrast defect field is

θ̃cd−AM =
√

|Δφcd−AM|2

=
√

Pcd

Pc
M2

unb × 1

2

=
√
1

2

Tsb(δP)Pcd

PcPc−tot
(9.13)

The total rms-phase fluctuation due to interferometer control sidebands imbalance is

θ̃unb =
√

(θ̃c−PM)2 + (θ̃cd−AM)2

=
√

TsbδP

PcPc−tot
(9.14)

9.1.2.3 Total Phase Noise Due to Interferometer Sidebands

The interferometer readout photodetector was used to measure the various optical
powers. With a dark fringe offset set to zero, the contrast defect power was measured
via length-scanning of the Output Mode Cleaner. The interferometer sidebands were
measured by locking theOutputModeCleaner to each sideband. The resulting values
used in calculations are summarised in Table9.2.

Table 9.2 Measured values used in calculating phase noise contributions from the interferometer
control sidebands

Variable Symbol Value Units Calculation

OMC sideband
transmission

Tsb 0.009 – Nominal

Contrast defect Pcd 0.11 mA Measured

Carrier power Pc 15 mA Measured

Total readout field Pc−tot 15.11 mA Pcd + Pc

Power in upper
sideband

Pu 41 mA Measured

Power in lower
sideband

Pl 46.3 mA Measured

Mean sideband
power

P̄sb 43.5 mA |Pu + Pl|/2

Difference in
sideband power

δPsb 5.3 mA |Pu − Pl|

The OMC readout photodiode was used to measure all power values
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The rms-fluctuations due to the contrast defect and unbalanced sidebands was
calculated to be θ̃cd = 20 ± 0.5mrad and θ̃unb = 5 ± 0.5mrad respectively.
Combining Eqs. 9.10 and 9.14, the total phase fluctuations due to the interferometer
sidebands is

θ̃sb =
√

TsbPcd

PcPc−tot
(2 P̄sb + δP) (9.15)

and calculated to be θ̃sb = 21 ± 1mrad.

9.1.3 Phase Noise of the Squeezed Interferometer

The total phase noise of the interferometer with squeezing can be inferred from
the squeezed quadrature of the nonlinear gain measurement made with the inter-
ferometer readout. Figure9.4a shows the averaged squeezing level as measured by
the interferometer in the 1.9–3.7kHz band, as a function of the OPO nonlinear
gain. The electronic gains of the squeezer control loops were adjusted to maintain
unity-gain frequencies approximately constant. The interferometer remained in full
lock throughout the this measurement, with no adjustments to the interferometer
made. Along with 38% detection efficiency, the total phase noise was inferred to
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Fig. 9.4 Squeezing as a function ofOPOnonlinear, using interferometer readout. Trace aSqueezing
quadrature measurement with varying OPO nonlinear gain operation, detection efficiency of 38%
and inferred phase noise of 85 ± 6mrad. Trace b Pre-alignment adjusted squeezing quadrature
measurement, with OPO nonlinear gain = 88, detection efficiency of 44 ± 2%, and 108 ± 6mrad
phase noise. Trace c Post-alignment (optimised) squeezing quadrature measurement with OPO
nonlinear gain = 88, detection efficiency of 44 ± 2%, and 37 ± 6mrad phase noise
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be 85 ± 6mrad. With a combined phase noise contribution from the squeezer and
interferometer control sidebands of 30 ± 5mrad, this measurement indicated there
was another source of phase noise.

In a separate measurement run (as part of a different parameter measurement), the
OPO was operated with a high nonlinear gain of 88. This measurement is shown in
Fig. 9.4, Trace (b). A phase fluctuation level of 108 ± 6mrad was inferred, substan-
tially different to the measurement of Fig. 9.4a. However, while further optimising
the interferometer operating state, it was noticed that the squeezing level changed
with coherent locking demodulation phase and interferometer alignment. After a few
iterations adjusting both interferometer alignment and coherent locking demodula-
tion phase, the lowest squeezing level found corresponded to an inferred phase noise
of 37 ± 6mrad.

It was soon realised that beam pointing at the AS port results in shifts of the
coherent locking demodulation phase away from optimal squeezing measurement,
and this beam pointing contribution is explored next.

9.1.4 Beam Pointing and Phase Noise

As shown in the LIGO H1 Experiment schematic (Fig. 8.2), the Coherent Sideband
locking photodetector for the LO loopwas situated on the ISCT. The coherent locking
photodetector measurement would result in a photocurrent given by

iC SL−I F O ∝ |Ec + EC L |2
∝ (αc cos(ωct + Φ) × [cos(ωct + Ωt) − A cos(ωct − Ωt)])2
∝ (αc [cos(Ωt − Φ) − A cos(Ωt + Φ)])2 (9.16)

where Ec is the carrier field, EC L is the Coherent Sideband locking field (Eq.6.1),
αc is the carrier amplitude, ωc is the carrier frequency, A is the relative amplitude of
the two coherent locking sidebands, and Ω is the coherent locking offset frequency.
Equation9.16 is a simplified version, having neglected the 2ωc terms filtered by the
photodetector response bandwidth, and assumed perfect pump-coherent sideband
field locking (2φ = 0).

Equation9.16 is the ideal case where all optical power is contained within the
coherent locking and carrier field TEM00 modes, with perfect spatial overlap. How-
ever, higher order modes and/or misalignments between the fields modify Eq.9.16
to become

iC SL−I F O ∝
∑

mn

ρc
mnρC L

mn (αc[cos(Ωt−(Φ00 +φmn))−A cos(Ωt+(Φ00 −φmn))])2

(9.17)
The new variables are ρmn , the proportion of total optical power of a given field
incident on the photodetector in theTEMm,n-th spatialmode, andφmn , the difference

http://dx.doi.org/10.1007/978-3-319-17686-4_8
http://dx.doi.org/10.1007/978-3-319-17686-4_6
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between the relative phases of the TEM00 coherent-locking-carrier pair and m, n-th
higher order coherent-locking-carrier pair. Demodulating the photocurrent (with in-
phase and in-quadrature sinusoids cos(Ωt +φdm) and sin(Ωt +φdm)), and electronic
signal low-pass filtering (removing 2Ωt terms), results in the in-phase SI and in-
quadrature SQ Coherent Sideband locking error signals. These are of the form

SI ∝
∑

mn

ρc
mnρC L

mn (αc[cos(φdm + Φ00 − φmn) − A cos(φdm + Φ00 − φmn)])2

(9.18)

SQ ∝
∑

mn

ρc
mnρC L

mn (αc[sin(φdm + Φ00 − φmn) − A sin(φdm + Φ00 − φmn)])2

(9.19)

where φdm is the demodulating sinusoid phase. In the ideal case, ρ00 = 1 and
φ00 = 0, thus the ideal demodulation phase would be φdm + Φ00 = 0 or π .
However, a change in beam alignments at the coherent locking photodetector changes
the squeezing angle (θsqz) away from optimum squeezing. For a set demodulation
phase, the change in the squeezing angle from beam pointing is given by

Δθbp ∝ Q

I
= −

∑
mn ρc

mnρC L
mn (αc[sin(φmn) + A sin(φmn)])2∑

mn ρc
mnρC L

mn (αc[cos(φmn) − A cos(φmn)])2 (9.20)

To illustrate the presence of this noise, a comparison between the noise spectra of
the signal at the OMC and the Coherent locking error signal is shown in Fig. 9.5.
The squeezing fluctuation spectrum at the interferometer output as measured by one
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Fig. 9.5 Direct measurement of squeezing ellipse noise. The squeezing fluctuation spectrum (Trace
a) shows excess noise compared to the coherent locking error signal spectrum (Traceb), an indication
of additional phase noise. Both signals are above the electronic noise floor of their respective
photodetectors
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Table 9.3 Summary of
squeezing ellipse phase noise
results for the LIGO squeezed
light injection experiment

Phase noise source Value
(mrad)

Squeezer apparatus θ̃sqzr 22 ± 3

Interferometer sidebands—contrast defect θ̃cd 20 ± 0.5

Interferometer sidebands—imbalance θ̃unb 5 ± 0.5

Interferometer sidebands—total θ̃sb 21 ± 1

Squeezer + interferometer sideband noise 30 ± 5

Beam pointing (squeezing vs NL gain) 79 ± 2

Beam pointing (high NL gain) 104 ± 2

Beam pointing (high NL gain—optimised) 22 ± 2

Total phase noise θ̃ squeezer + sideband +
beam pointing optimised

37 ± 6

of the reflection photodetectors of the Output Mode Cleaner, exceeds the squeezing
fluctuations indicated by the Coherent locking error signal spectrum. This is evidence
of the squeezing locking point fluctuating away from the optimum squeezing point.

9.1.5 Summary of Phase Noise Results

A summary of phase noise results is shown in Table9.3. The squeezing ellipse phase
noise for the LIGO Squeezed Light Injection Experiment is θ̃ = 37 ± 6mrad. The
contribution of beam pointing for the three measurements shown in Fig. 9.4 were
calculated from the in-quadrature difference between the measured phase noise and
other phase noise contributions (squeezer and interferometer sidebands). These beam
pointing phase noise values should be regarded as upper limits in each measurement,
but with values of 104 ± 2mrad measured, this mechanism can be the dominating
source of phase noise.

9.2 Interferometer Squeezing Detection Efficiency

The measurements made for assessing, then verifying, the squeezing detection effi-
ciency of the interferometer injection are presented here. This completes the para-
meter characterisation of the squeezing injection experiment.

9.2.1 Squeezing/Antisqueezing as a Function of OPO
Nonlinear Gain Using Interferometer Readout

The squeezing detection efficiency can be inferred from the nonlinear gain measure-
ment made with the interferometer readout. This was presented in Fig. 9.4, and a
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squeezing detection efficiency value of ηdet−IFO = 44 ± 2% was inferred. This
value, measured with a full operating interferometer, is the nominal value to com-
pare/verify.

9.2.2 Verification of the Interferometer Squeezing Detection
Efficiency

To verify the squeezing detection efficiency inferred from the nonlinear gain mea-
surement, two methods were used. These were:

i. Component measurement: Independent measurements of the optical losses of
the components in the squeezing injection path and AS port path were made.
Thesewere subsequently combined together as ameasure of the overall squeezing
detection efficiency.

ii. Single-bounce measurement: A direct measurement of the squeezing injection
path and AS port path using the interferometer single-bounce configuration. This
configuration consists of deliberately misaligning the Y-arm test masses, X-arm
ETM and the PRM. This removes the influence of the arm cavities and power-
recycling cavity, making measurements of transmission/optical loss simpler. Two
single-bounce configurations are shown in Fig. 9.6. The X-arm ITM acts as a

BS

OMC

PD

SFI

ITM-X

PO

QPD

OFI

To ISCT

BS

OPO

OMC

PD

SFI

ITM-X

PO

QPD
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To ISCT SWSW

PSL

HAM 4

HAM 6

HAM 4

HAM 6

(a) (b)

Fig. 9.6 Illustration of the single-bounce mode configurations. a Using a bright beam from the
squeezer and b Using a beam from the PSL. The OMC is shown off-resonance; the OMC can
be locked on resonance to the injected beam to make efficiency measurements. BS interferometer
beamsplitter; ITM-X input test mass of the X-arm; OFI output Faraday Isolator; PO pick-off mir-
ror; OMC Output Mode Cleaner; QPD OMC reflection quadrant photodetector; PD interferometer
readout photodetector, OPO Squeezer Optical Parametric Oscillator; SW Septum (injection) win-
dow; ISCT Interferometer Sensing and Control Table; HAM Horizontal Access Module vacuum
chamber. Acronyms are the same as in Fig. 8.2

http://dx.doi.org/10.1007/978-3-319-17686-4_8
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Table 9.4 Additional interferometer parameters for single-bounce measurements

Item Symbol Value

Power recycling mirror (PRM) transmission TPRM 0.027

Input test mass (ITM) reflectivity RITM 0.97

Beamsplitter (BS) Transmission TBS 0.25

Carrier AS port power fraction (from the PSL) ZSB 0.965

single reflector, thus optical power measurements of the AS port can be made
by factoring the known reflectivity of ITM-X (RITM) and the 25% transmission
of double-passing the Beamsplitter (TBS). Additional nominal parameters for
single-bounce measurement are given in Table9.4.

The results of squeezing efficiency in HAM4 and HAM6 chambers are presented
next. These resultsweremeasured using both component and single-bouncemethods.

9.2.3 Injection Hardware Optical Losses in HAM4

9.2.3.1 Component Measurement

Before installation, the transmission loss of the Squeezing Faraday Isolator (SFI)
and the Output Faraday Isolator (OFI) in both propagation directions were measured
in separate benchtop experiments. The results of these measurements are presented
in Table9.5, along with quoted values for the injection septum window and pick off
mirror. The transmission efficiency for the HAM4 hardware using the component
measurement method ηHAM4−com is thus:

ηHAM4−com = TSW × TSFI × TOFIrev × TOFI × TPO = 0.84 ± 0.03 (9.21)

9.2.3.2 Single-Bounce Measurement

In the interferometer single-bounce configuration shown in Fig. 9.6a, a bright beam
of 6.5 mW was injected from the squeezer OPO. This resulted in 1.31 mW being

Table 9.5 Parameters of the different HAM4 hardware components

Item Symbol Power transmission

Injection (septum) window TSW 0.998 ± 0.002

Squeezing injection Faraday isolator TSFI 0.94 ± 0.02

Output Faraday isolator (reverse) TOFIrev 0.966 ± 0.01

Output Faraday isolator (forward) TOFI 0.94 ± 0.02

HAM4 pickoff mirror to ISCT TPO 0.988 ± 0.01
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registered on the OMC reflection photodiode. Factoring out the interferometer beam-
splitter and reflectivity of the ITM, the transmission efficiency measured in single-
bounce mode ηHAM4−sbm is

PQPD = 1.31 ± 0.05 mW

Pin = 6.5 × TBS × RITM = 1.58 ± 0.05 mW (9.22)

ηHAM4−sbm = PQPD/Pin = 0.83 ± 0.04

The single-bounce value is consistentwith theHAM4componentmeasurement value
(Eq.9.21). We take the ηHAM4−sbm as the transmission efficiency for the HAM4
optical components.

9.2.4 Optical Losses in HAM6—Output Mode Cleaner
Mode-Matching Losses and Transmission Throughput

Themeasurements ofmode-matching and transmission throughput of the OMCwere
made using single-bounce configurations.

A measurement of the mode-matching of the squeezed beam spatial mode to
the OMC cavity mode was made using a bright field from the squeezer in single-
bounce. Looking at the OMC reflection photodetector (QPD) while scanning the
OMC optical path length, the measured optical power measured when the OMC
went through resonance dropped to 26% of the off-resonance optical power level
[2]. This infers that the mode-matching of the squeezed beam spatial mode to the
OMC cavity mode is ηMM = 74 ± 2%.

The OMCmode-matching efficiency for the squeezed beam was anticipated to be
greater than 90%. The process to mode-match the squeezed beam to the OMC cavity
mode was made with optical lenses placed on the squeezer optical table. The path
length between the mode-matching optics and the OMC (∼60 m) made optimising
the optics’ placement difficult. The slow scanning of the OMC cavity optical path
length also hindered the speed of the mode-matching process, reducing the number
of optimisation runs that could be undertaken in the Squeezing Experiment time-
window. Recommendations to improve the mode-matching process will be made
in Sect. 9.7. The mode-matching is also affected by the thermal heating of the full
interferometer. The thermal heating effect on modematching will be discussed in
Sect. 9.2.6.

The throughput of theOMCwasmeasured in single-bouncemodewith a 2W input
beam from the PSL. This single-bounce configuration is shown in Fig. 9.6b. This
resulted in 8.7mW of light incident on HAM6. With the OMC locked on resonance,
the interferometer readout photodiode measured 6.43mW of power. Including the
nominal mode-matching coefficient Tnom−MM = 0.93 [3], and the Carrier AS port
power fraction ZSB = 0.965 [3], the throughput of the OMC ηOMC, including the
readout photodetector efficiency is
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ηOMC = 6.43

8.7 × Tnom−MM × ZSB
= 82.5 ± 0.4% (9.23)

For squeezing enhancement, the ideal throughput of the OMC should be near 100%,
that is, the OMC should be impedance matched for the squeezing. It was expected
that the throughput would be greater than 90% after the swap-installation of the L1
OMC (Sect. 8.2.2). The reasoning behind the loss in throughput of the Output Mode
Cleaners remains an open area of investigation (see Appendix B for initial testing of
the H1 OMC).

9.2.5 Results of Squeezing Detection Efficiency Verification
Tests

9.2.5.1 Combined Component Measurement

Combining the transmission, modematching and throughput efficiencies of the opti-
cal components in HAM4 and HAM6, the calculated squeezing detection efficiency
for the interferometer, ηdet−IFO−com, is therefore

ηdet−IFO−com = ηHAM4−sbm × ηMM × ηOMC = 0.51 ± 0.04 (9.24)

The squeezing detection efficiency measured by component method is 51 ± 4%.

9.2.5.2 Single Bounce Measurement

A single-bounce measurement locking the OMC to a bright field from the squeezer
was made. With an injected power of 6.5, 0.83mW was measured on the readout
photodetector. Therefore the squeezing detection efficiency as measured in single-
bounce mode, ηdet−IFO−sbm, is

ηdet−IFO−sbm = 0.83

6.5 × TBS × RITM
= 0.52 ± 0.04 (9.25)

The single-bounce value of the squeezing detection efficiency 52± 4%. This agrees
well with the combined component value ηdet−IFO−com, thus the verification results
are consistent.

9.2.6 Comparison to the OPO Nonlinear Gain Result

The values of the squeezing detection efficiency from the verification tests are higher
than the OPO nonlinear gain measurement ηdet−IFO = 44 ± 2%. The difference in

http://dx.doi.org/10.1007/978-3-319-17686-4_8
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squeezing detection efficiency between measurement types is credited to the ther-
mal effects of the optical circulating power with the full interferometer. Effects such
as thermal deformation of the optics, for example, changes in the ITM radius-of-
curvature, cause changes to the spatial mode of the squeezed beam being reflected.
This effect impacts the mode-matching efficiency of the squeezed beam to the OMC,
ηMM. Due to only using low optical power, the component and single-bounce mea-
surements do not experience the thermal effects.

As the OPO nonlinear gain measurement was made with a fully operating
interferometer (that is, with the full thermal effects of circulating optical power),
ηdet−IFO = 44 ± 2% is taken to be the squeezing detection efficiency achieved for
the LIGO Squeezed Light Experiment. The verification tests still proved very useful
in identifying areas of improvement needed to achieve higher detection efficiency
overall.

9.3 Squeezing-Enhanced Interferometer Sensitivity

The LIGO squeezed light source was operated with 50 mW of pump power. The
generated squeezing was injected into the open port of the Output Faraday isolator,
acting as the optical circulator. The coherent locking loopswere active, controlling the
squeezing ellipse phase to the interferometer readout quadrature. The interferometer
was operatedwith 20Wof input laser power from the PSL. Thiswas the same amount
of input power used during the joint scientific data run [4]. The strain-sensitivity curve
of the interferometer with no squeezing is named the ‘Reference’ curve.

Figure9.7 shows themeasuredReference trace, and a tracewith injected squeezing
measured shortly after. Squeezing-enhancement of the shot noise dominated region
of up to 2.15 ± 0.05 dB is observed, and has improved the overall sensitivity trace
above 150Hz. This represents the first measurement of squeezing in a 4km LIGO
gravitational-wave detector. Figure9.8 shows the data of Fig. 9.7, focussed into the
region where Enhanced LIGO has the best strain-sensitivity to gravitational waves.
There is squeezing enhancement of the strain-sensitivity in this region.

Figure9.9 shows the dB-improvement relative to the Reference curve. Above
1 kHz, applied squeezing is reducing the effect of quantum shot noise in detector
readout. The loss of squeezing magnitude at lower frequencies is indicative of the
thermal noise and seismic noise becoming dominant noise sources over shot noise.
However, squeezing improvement is still observable down to 150Hz.

9.4 Surpassing the Joint-Scientific Data Run Sensitivity
Above 250 Hz

The Reference and Squeezing curves of Fig. 9.7 have undergone a measurement-
calibrationprocess. This process calibrates strain sensitivity data fromagravitational-
wave detector with applied calibration frequency signals. The joint scientific run data
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Fig. 9.7 Enhanced LIGO with squeezing. The Reference trace shows the sensitivity of the H1
readout without squeezing being injected, while the Squeezing trace shows the interferometer
readout with squeezing injected
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Fig. 9.8 Squeezing enhancement in LIGO’s most sensitive frequency band, between 150 and
300Hz

[5] is calibratedwith the same process.We can therefore compare theLIGOSqueezed
Light Injection sensitivity curves with the Hanford Interferometer data from the joint
scientific run.
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Fig. 9.9 Squeezing improvement measured, relative to the reference spectrum. A maximum
improvement of 2.15± 0.05 is observed around the 1.5 kHz region, and squeezing improvement is
still observable at 150Hz

Figure9.10 shows the Squeezing Experiment strain-sensitivity traces with the
eLIGO H1 sensitivity measured during the joint scientific run. The squeezing trace
broadly surpasses the scientific-run sensitivity above 250Hz, therefore represents
the best sensitivity in a gravitational-wave detector above 250Hz yet achieved.

Comparing the LIGOSqueezed Light Injection Experiment datawith the joint sci-
entific run data, there are differences in features. Firstly, below 150Hz, the Reference
and Squeezing traces are higher than the joint science run trace. The higher noise level
is due to a difference in the seismic environment, namely that the Squeezing Experi-
mentwas conducted in a seismically-noisier period thanwhen the joint-scientific data
was measured. Secondly, there are more peaks in the Squeezing Experiment data.
This is credited to higher local environment noise during the Squeezing Experiment.
The local environment of the squeezer was subject to the activities of the installation
work for Advanced LIGO. Great effort by the LIGO Hanford Observatory staff and
LIGO Squeezed Light Injection Team were made to make the environment as quiet
as possible during the Squeezed Light Injection Experiment, however, halting of all
Advanced LIGO installation activities was not possible.

9.5 Squeezing and Interferometer Input Power

The squeezing improvement can be assessed in terms of equivalent interferometer
input power. This is shown in Fig. 9.11. The Reference and Squeezing traces are
as before. The Scaled trace is the Reference data (at 20W input power) scaled to
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Fig. 9.10 Squeezing improvement compared to the joint scientific run sensitivity. The difference
at the lower frequencies is due to the differing seismic environments. The Reference trace broadly
matches the scientific run trace above 250Hz. Therefore the Squeezing trace broadly surpasses the
joint scientific run sensitivity above 250Hz
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Fig. 9.11 Squeezing enhancement and equivalence to higher input power. The Reference and
Squeezing traces are as before. The Scaled trace is the Reference data (at 20W input power) scaled
to be equivalent shot noise for 31W input interferometer power. This shows the equivalence of
lower input power (20 W) with squeezing and higher input (31 W) with no squeezing
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Fig. 9.12 Spectra with and without squeezing, with 8W (top row) and 16W (bottom row) input
power into the interferometer

be equivalent shot noise for 31W input interferometer power. The Squeezing and
Scaled traces are now superimposed. This shows the equivalence of lower input
power (20W) with squeezing, and higher input power (31 W) with no squeezing.
The result supports the claim that injected squeezed states can be used to regain
similar quantumnoise performancewith lower interferometer-operating laser powers
if needed (Sect. 9.1).

Squeezing injection was also applied to interferometer input powers below 20W.
Figure9.12 shows the interferometer spectra and noise reduction due to squeez-
ing when the interferometer input power was at 8 and 16W respectively. These
spectra have not been callibrated, thus cannot be directly compared to equivalent
earlier data of the joint scientific run. With different input optical powers, squeezing-
enhancement is still observed above 150Hz.
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9.6 Inferred Squeezing Improvement

9.6.1 Inferred Squeezing from the LIGO Squeezed Light
Source

We infer the squeezing level exiting the LIGO H1 OPO cavity, using the squeezing
and antisqueezing data measured on the diagnostic homodyne detector, shown in
Fig. 8.6. This is the inferred amount of squeezing being injected into the interferom-
eter.

The propagation efficiency between the OPO and the diagnostic homodyne was
ηprop = 98 ± 1%. The homodyne efficiency was measured to be ηh = 95± 1.0%,
and photodetector efficiency was 91± 2%. Combining these efficiencies, the detec-
tion efficiency is ηdet = 85±4%. After accounting for the OPO escape efficiency of
ηesc−H1 = 95.9%, the detection efficiency agrees with a squeezing/antisqueezing
as a function of nonlinear gain measurement, shown in Sect. 9.1.1.

Firstly, correcting for the homodyne dark noise level, the squeezing magnitude
becomes 6.3 ± 0.2dB, while the antisqueezing level changes negligibly. Secondly,
correcting for squeezing ellipse phase noise using Eq.6.17 with 22 ± 3 mrad of
squeezing ellipse phase noise (Sect. 9.1.1) and 10.6± 0.2 dB antisqueezing, gives a
squeezing level of 6.4±0.3 dB. Finally, correcting for the detection efficiency using
Eq.6.6, the inferred squeezing level exiting the OPO cavity is 10.3 ± 0.4 dB.

9.6.2 Inferred Level of Squeezing-Sensitivity Enhancement

Wenow infer the squeezing improvement expected using the Experiment parameters.
Beginning with the inferred value of 10.3± 0.4 dB squeezing leaving the OPO, this
is corrected for the squeezing detection efficiency of ηdet−IFO = 44 ± 2%, using
Eq.6.6 on both quadratures. This is then corrected for the squeezing ellipse phase
noise of 37 ± 6 mrad (Sect. 9.1.5), using Eq.6.17.

The expected squeezing-improvement to be observed is calculated to be 2.15 ±
0.37dB. With a measured squeezing improvement of up to 2.15± 0.05 dB shown in
Fig. 9.9, the interferometer readout measurement and predicted sensitivity improve-
ment are in good agreement.

9.7 Improvements for applying Squeezing in Future
Gravitational-Wave Detectors

Reducing squeezing ellipse phase noise and increasing squeezing detection efficiency
will lead to greater squeezing-enhancement of future gravitational-wave detec-
tors. This section presents possible methods to improve these squeezing-injection
parameters.

http://dx.doi.org/10.1007/978-3-319-17686-4_8
http://dx.doi.org/10.1007/978-3-319-17686-4_6
http://dx.doi.org/10.1007/978-3-319-17686-4_6
http://dx.doi.org/10.1007/978-3-319-17686-4_6
http://dx.doi.org/10.1007/978-3-319-17686-4_6
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9.7.1 Reducing Sources of Squeezing Ellipse Phase Noise

Wedivide the solutions for reducing the squeezing ellipse phase noise into the sources
of phase noise.

• From the squeezer apparatus—Phase noise on the squeezer table is dominated
by path length fluctuations of optical beams. Mechanisms for these fluctuations
include acoustic noise and air currents. Possible methods to improve the phase
noise include enclosing critical beam paths, covering the squeezer apparatus with
airtight enclosures, and moving the squeezer OPO into the interferometer vacuum
envelope.

• From the interferometer control sidebands—Recalling Eq.9.15 for the inter-
ferometer sidebands contribution to phase noise

θ̃sb =
√

TsbPcd

PcPc−tot
(2 P̄sb + δP)

it is observed that should the ratio of the carrier amplitude to contrast defect be
increased (i.e. Pcd � Pc), the phase noise will be reduced. Minimising the pro-
portion of contrast defect field power in the interferometer readout will minimise
the interferometer sidebands contribution to phase noise.

• From beam pointing fluctuations—An active alignment scheme should be
installed to minimise beam pointing fluctuations. Readout of the beam alignment
can be achieved using quadrant photodiodes measuring the relative beam pointing
between the interferometer carrier field and squeezing coherent control sidebands.
Actuation on the squeezed beam can be fed back to the two PZT steering mirrors
on the squeezer table (Sect. 8.3).

9.7.2 Improving Squeezing Detection Efficiency

• Component optical loss—Improving optical loss in components of the squeezing
injection pathwill be a considerable research/development undertaking. Increasing
the transmission efficiency of critical components such as Faraday isolators, and
increasing the Output Mode Cleaner throughput will be needed in order to access
higher levels of applied squeezing.

• Spatial Modematching to the OMC—The first improvement is to increase the
OMC optical path length scan rate. This then allows many more iterations to
assess the modematching of the squeezed beam to the OMC cavity mode. This
improvement is part of Advanced LIGO OMC design specifications [6].
The second improvement is to replace the fixed modematching lens system with
a tunable modematching system as part of the squeezing injection path. Tunable
modematching have been demonstrated using heated-deformable mirrors [7]. This

http://dx.doi.org/10.1007/978-3-319-17686-4_8
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is also being developed for modematching the interferometer output beam to the
Output Mode Cleaner [8]. A tunable modematching system potentially offers the
ability to precisely modematch the squeezed beam to the OMC, and the ability to
in-situ alter the modematching to compensate for changes from thermal heating
of the full interferometer.

9.8 Summary

The parameters of the LIGO Squeezed Light Injection Experiment that impact
the observed squeezing-enhancement were identified and quantified. The results of
squeezing ellipse phase noise, originating from contributions of the squeezer appa-
ratus, interferometer control sidebands, and inferred beam pointing phase noise were
reported. The squeezing detection efficiency was measured, then verified using two
characterisation methods.

This chapter then reported the squeezing-enhancement of the Enhanced LIGO
detector, with an measured improvement of up to 2.15 ± 0.05 dB down to 150Hz.
This was the first observation of squeezing-enhancement of a gravitational-wave
detector surpassing limiting quantum shot noise. The presence of a squeezed-light
source added no additional noise to low frequency audio-detection band sensitivity.
Above 250Hz, this represents the best sensitivity in a gravitational-wave detector
yet achieved. The capability of squeezing to recover detector-sensitivity using lower
interferometer input power was also demonstrated.

The expected squeezing enhancement was inferred from the squeezing level gen-
erated by the OPO, correcting for the squeezing detection efficiency and squeez-
ing ellipse phase noise. The measured squeezing enhancement and the expected
squeezing enhancement were found to be in good agreement. Recommendations for
improving the application of squeezed states in future gravitational-wave detectors
concluded the Chapter.
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Chapter 10
Backscattered-Light Impact in
a Squeezing-Enhanced Gravitational-Wave
Detector

Abstract This chapter reports the investigations that concluded, from a
backscattered-light perspective, the presence of a squeezer is not a fundamental detri-
ment to the strain-sensitivity of a gravitational-wave detector. The impact of backscat-
tered light in gravitational-wave detector readout is first introduced in Sects. 10.1 and
10.2. After overviews of the LIGO Squeezed Light Injection Experiment environ-
ment conditions (Sect. 10.3) and the evidence of the backscattered-light mechanism
(Sect. 10.4), the results of two backscatter experiments are presented. These are the
large displacement (Sect. 10.5) and small displacement measurements (Sect. 10.7).
The bi-directional scatter distribution function of the H1 Optical Parametric Oscil-
lator is estimated from the large displacement measurement result (Sect. 10.6), and
the consistency between the two experiments is discussed in Sect. 10.8. Recommen-
dations to further reduce the backscattered light impact of an installed squeezer in
future gravitational-wave detectors conclude the chapter (Sect. 10.9).

10.1 Backscattered Light from the Interferometer as Port

The impact of backscattered light is of serious concern in the potentially source-rich
lower frequencies of the gravitational-wave detection band, up to 300Hz (Sect. 2.1).
Backscattered light can create spurious signals that mask gravitational-wave signals
[1–3].

Figure10.1 shows a simplified schematic of the interferometer anti-symmetric
(AS) port with the readout and installed squeezer. Light from the AS port field can
scatter from the interferometer readout path up into the squeezing injection path
towards the squeezer. This light can then be back-reflected by the squeezer to co-
propagate with the injected squeezing, thus reaching the readout photodetector. For
the purpose of this chapter, this is what is referred to as backscattered light.1 This
definition of backscattered light is similar to that in Chap.7, with the measurement
Local Oscillator being the interferometer AS port field.

1Scattered light from other parts of the interferometer are also of concern, see [5–7]. However, the
focus is the AS port—the source of scattered light that can be backscattered by an installed squeezer.
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Fig. 10.1 Simplified schematic showing the squeezer, the interferometer and the backscattered-light
path. The backscattered light (BKS) optical path of interest is shown. PSL Pre-stabilised laser; BS
interferometer beamsplitter;OFI output Faraday isolator; SFI squeezing-injection Faraday isolator;
OMC output mode cleaner, PD readout photodetector. Equipment used in the tests: PZT injection
path piezo-electric transducer; SH shaker unit, ACC accelerometers. Reprinted with permission
from [4], copyright (2014) by IOP Publishing

10.2 Theoretical Derivations and Experiments Overview

The derivation of the theoretical backscattered-light equation is presented here, along
with a brief overview of the backscatter experiments undertaken as part of the LIGO
Squeezed Light Injection Experiment.

10.2.1 Backscattered-Light Theory

Webegin by denoting the incident power on the interferometer readout photodetector
due to the carrier as Pc = |Ec|2, the backscatter as Ps = |Es|2 (�Pc), and their
relative phase as φs. This is illustrated in Fig. 10.2a, along with the equivalent phasor

Es

Ec

φs
E

Ec

Es

φs
(a) (b)

Fig. 10.2 a Simple illustration of beams incident on the readout photodetector. b Phasor diagram
showing the relationships of the various fields. Reprintedwith permission from [4], copyright (2013)
by IOP Publishing
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diagram of the optical fields in Fig. 10.2b. The carrier power can be expressed as
steady-state and fluctuating components Pc = P̄c + δPc, where δPc � P̄c.

The total power detected P is given by

P = E2 = E2
c + E2

s − 2Ec Es cos(π − φs)

= Pc + Ps + 2
√

Pc Ps cos(φs)

≈ P̄c + 2
√

P̄c Ps cos(φs) (10.1)

= P̄c + dS

where

dS = 2
√

P̄c Ps cos(φs) (10.2)

is the backscatter noise contribution in the interferometer readout. The relative phase
φs is assumed to accrue entirely from the total beam-path displacement due to the
scattering object X , via the relation

φs = 2k X = 4π

λ
X (10.3)

with the wavenumber k = 2π/λ. The total beam-path displacement can be written as
two terms that describe the contributions from large beam-path displacements, Xs,
and small beam-path displacements, δxs(�Xs), namely X = Xs+δxs. Equation10.2
can now be expressed in terms of relative intensity noise (RIN), namely

RINs = dS

P̄c
= 2

√
Ps

P̄c
cos(φs)

= 2

√
Ps

P̄c
cos(2k(Xs + δxs))

≈ 2

√
Ps

P̄c
[cos(2k Xs) cos(2kδxs) + sin(2k Xs) sin(2kδxs)]

≈ 2

√
Ps

P̄c
cos

(
4π Xs

λ

)

︸ ︷︷ ︸
(i)

+
√
2Ps

P̄c

(
4πδxs

λ

)

︸ ︷︷ ︸
(i i)

(10.4)

Equation10.4 is reached by approximating cos(2kδxs) ≈ 1, sin(2k Xs) ≈ 1/
√
2

over many cycles. This shows the backscatter noise contribution in the interferometer
readout is separable into large displacement and small displacement terms, and that
is dependent on the amount of (DC) optical power of the backscattered beam (Ps),
and the motion of the scattering object (X ).
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10.2.2 Scattered Light and OPO Nonlinear Gain

Any scattered light back-reflectedwithin the OPOwill experience theOPOnonlinear
parametric gain, in the same way as a forward-propagating seed field. This is an
additional process that needs to be accounted for that impacts the scattered light
power Ps .

Amplification or deamplificationwill be determined by the relative phase between
the pump and the scattered fields. As in Sect. 8.6, the OPO nonlinear gain effect on
seed field optical power can be accounted for by

P0
out = P±

out ×
(

1 ± x

1 − x2

)−2

(10.5)

with P0
out the optical power with no nonlinear gain, P±

out the optical power with ampli-
fication/deamplification, and the normalised pump parameter x . The normalised
pump parameter is related to the OPO classical nonlinear gain G by

x = 1 − 1√
G

(10.6)

10.3 Experiment Conditions

10.3.1 Installed Hardware for Backscatter Noise Mitigation

To mitigate the potential backscatter impact, the bow-tie OPO cavity with its intrin-
sic backscatter isolation was combined with a Faraday isolator (SFI) placed in the
squeezing-injection path to provide additional isolation.

The OPO nonlinear crystal was from the samemanufacturing run as the nonlinear
crystal contained within the DB-OPO at ANU. Further, the LIGO OPO was con-
structed with cavity mirrors of higher-quality surface polishing and optical coatings
(Sect. 8.4). Therefore, it is expected that the intrinsic isolation of the LIGO OPO
is greater to that measured for the DB-OPO. The bi-directional scatter distribution
function (BSDF) of the LIGO OPO will be inferred from results presented in this
Chapter, and reported in the Sect. 10.6.

The squeezing-injection Faraday isolator had a backscatter isolation of 37dB,
when initially tested in a bench-top experiment. However, when installed into the
squeezing-injection path, a separate measurement of returning optical power pro-
vided evidence that the isolation decreased to 23dB [8]. The cause of this decrease
is unknown.

Lastly, the Output Faraday isolator (OFI) had a measured attenuation of reflected
optical power into the squeezing injection path of 23dB [9].

http://dx.doi.org/10.1007/978-3-319-17686-4_8
http://dx.doi.org/10.1007/978-3-319-17686-4_8
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10.3.2 Seismic and Acoustic Environment of the Squeezer
Table

The seismic and acoustic hardware of the squeezer table are presented in Fig.10.3.
The squeezer was elevated on optical table tripod legs, so as to obtain the necessary
height (relative to the interferometer beam path) for injecting squeezed light into the
interferometer. For additional seismic damping, the tripod legs were grouted to the
floor. A measurement of the background displacement motion spectra is presented
in Fig. 10.4.

The squeezer table was covered with an enclosure. The enclosure panels were
made from lightweight plastic board with a thin metal outer layer. A sample of
the enclosure material is also shown in Fig. 10.3. The panels, approximately 5mm

Fig. 10.3 Left The squeezer optical bench, mounted on grouted tripod legs to obtain the needed
beam height for squeezing injection into the interferometer. Right Small sample of the Squeezer
Enclosure panelling.

Fig. 10.4 Background
displacement motion
spectrum of the Squeezer
table, as measured with the
on-table accelerometers
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in thickness, were effective for their primary objectives of dust minimisation and
stray-beam containment. However, it provided only limited air-current mitigation
and minimal (at best) acoustic isolation.

10.4 Evidence of the Backscattered Light Mechanism

The backscattered light noise coupling mechanism has an identifiable signature in
a readout spectrum. As backscattered light propagates to the readout photodetec-
tor, the light is imparted in phase with the displacement spectrum of objects in the
beam path. Shown in Fig. 10.5, when applying a single frequency driven vibration,
‘wing’ structures were observed in the readout spectrum around that applied single
frequency. The wing spectral shape can be compared with the motion spectrum of a
test mass. There is similarity between the spectra, particularly the existence of side-
band peaks at ∼0.75Hz, the pendulum frequency of the suspended test mass optics.
This is evidence of the backscattered light noise coupling mechanism.
Further evidence of the backscattered light mechanism includes

i. when black glass beam dumps were placed into the squeezed light injection path
with driven-vibration present, features in the interferometer readout spectrum
were eliminated [10], and

ii. the disappearance of peaks in readout spectrum when the vibration unit was
lifted slightly off the squeezer table while activated. This indicates the peaks
were caused by the vibration motion, not other effects like stray magnetic fields
of the active-vibration unit [10].

With evidence of the backscattered light mechanism present, the displacement mea-
surements made to characterise the backscattered-light impact are now presented.
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Fig. 10.5 a Spectrum around a single frequency vibration injection at 270Hz, showing ‘wing’
structures. b Comparison of wing structure spectrum (top panel) with a test mass position error-
signal spectrum (bottom panel). The similarity between spectra indicates that the wing structure is
a result of backscattered light sampling the motion of test masses before reaching the readout.
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10.5 Large Displacement Measurement

The contribution of large displacements to backscatter noise arises from motion
whose magnitude is comparable to the optical wavelength (X ∼ λ), such as micro-
seismic ground motion. Nonlinear noise upconversion [1] can result from motion of
this scale, appearing as a “shelf” in the readout spectrum2 [3]. This shelf-structure
was not observed during the LIGO H1 Squeezed Light Injection Experiment when
the interferometer and squeezer were operating under standard environmental condi-
tions. However, we can induce a shelf-structure in the interferometer readout that will
allow the backscattered light power level Ps reaching the interferometer photode-
tector to be inferred. This technique was used previously to measure the backscatter
influence of the interferometer Output Mode Cleaner cavities [11].

Using Eq.10.4(i), the relative intensity noise spectrum for the backscatter signal
RINs is given by

RINs = 2

√
Ps

P̄c
cos

(
4π Xs

λ

)
(10.7)

We intentionally modulate the backscatter optical path length with a known large-
magnitude modulation. This is of the form X = Xdr sin(2π fdrt), with large drive-
magnitude Xdr and drive frequency fdr, we can induce a shelf-structure in the RIN
spectrum. The RIN spectrum is now described as

RINdr = 2

√
Ps

P̄c
cos (Msin 2π fdrt) (10.8)

where the modulation depth M is given by

M = 4π

λ
Xdr (10.9)

With known modulation depth M and drive frequency fdr, we can determine the
backscatter-to-carrier power ratio (Ps/P̄c), and subsequently the backscatter power
reaching the interferometer readout photodetector.

As shown in Fig. 10.1, a piezo-electric transducer (PZT) placed in the squeezing-
injection path was used to modulate the optical path length. A sinusoidal modulation
of known large modulation depth, M = 173 rad, and drive frequency, fdr = 1Hz,
was applied. Shown in Fig. 10.6 is the induced shelf-structure in the measured inter-
ferometer RIN spectrum, and the modelled fit.

The data shown in Fig. 10.6 is corrected for the measured suppression of the
interferometers control system loop [12]. A consistency check is the frequency of
the shelf-structure cutoff, or knee frequency fknee [11]. This knee frequency should
be equal to the drive frequency scaled by the modulation depth, or

2A derivation showing the shelf-structure characteristic can be found in Appendix C.
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Fig. 10.6 Large
displacement measurement
result a Relative-intensity
noise of the interferometer
readout, with induced
shelf-structure from applied
known backscatter
pathlength modulation, and
b modelled Eq.10.8(i), using
known parameters and fitting
for Ps/P̄c. c Interferometer
readout with no applied
modulation. Reprinted with
permission from [4],
copyright (2013) by IOP
Publishing 10050
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fknee = M fdr (10.10)

The knee frequency for this measurement is fknee = 173Hz. This is consistent with
the drive frequency scaled by the modulation depth.

From the modelled fit, the backscatter-to-carrier power ratio was found to be
Ps/P̄c = 1.7 ± 0.2 × 10−11. The backscatter power of the squeezer reaching the
interferometer readout photodetector is therefore determined to be Ps = 2.6±0.4×
10−13 W, calculated using the measured carrier power of 16.1mW.

10.6 BSDF of the H1 Optical Parametric Oscillator

Using the abovemeasurement of Ps, wemake an estimate of the bi-directional scatter
distribution function (BSDF) for the LIGO OPO. Similar to the process in Chap.7,
we again assume that the reflection occurs solely at the OPO nonlinear crystal.

The steps needed to estimate the BSDF are to first estimate of the power that is
coupled into the reverse-propagating direction of theOPO, then estimate the forward-
propagating scattered field just after the OPO. This provides us with the intrinsic
isolation value Rr . Lastly correcting for the OPO cavity waist andOPO cavity finesse
provides us with the BSDF estimate. Each step of the estimation is detailed next,
with variables of interest presented in Table10.1 and in Fig. 10.7.

• Estimation of the power coupled into the reverse-propagating direction of
the OPO—The optical power incident on the squeezer table Ps-inc was measured
[13]. This is then corrected for the measured proportion of the carrier power in the
AS port ρC-AS [14] and the modematching of the field to the OPO, ηsc-MM. The
modematching is 11± 3%, estimated by an OPO path length scan measurement.
Together, the power incident on the OPO that can be backscattered is

http://dx.doi.org/10.1007/978-3-319-17686-4_7
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Fig. 10.7 Simplified schematic showing variables of interest of the squeezed interferometer and
backscattered-light path. The variables are defined in Table10.1. This Figure is similar to Fig. 10.1

Table 10.1 Variables for calculating the BSDF of the H1 Optical Parametric Oscillator.

Variable Symbol Value

Squeezing detection efficiency ηdet 38%

Classical OPO nonlinear gain G 12

Carrier/AS port power ratio ρC-AS 1/5

Total scatter power on OPO PSC 3µW

Scatter modematching to OPO ηsc-MM 11%

Psc = Ps-inc × ρC-AS × ηsc-MM (10.11)

• Calculating the power leaving the OPO—The measurement of backscatter
power reaching the interferometer photodetector is firstly corrected for the squeez-
ing detection efficiency ηdet . This is then corrected for the known OPO parametric
gain G, assuming the backscatter field is being deamplified. The forward reflecting
field is thus

PBSC = Ps

ηdet

(
1 + x

1 − x2

)−2

(10.12)

The intrinsic isolation is derived by dividing Eq.10.12 by Eq.10.11

Rr−H1 = Ps

PSC × ηdet

(
1 + x

1 − x2

)−2

(10.13)

Calculation results in an estimated intrinsic isolation of Rr−H1 = 47± 3dB. Calcu-
lating the BSDF using the known OPO cavity finesse (Sect. 8.4) and beam waist size
of 34µm at the nonlinear crystal gives an estimated BSDF of 5 ± 2 × 10−4 str−1.

http://dx.doi.org/10.1007/978-3-319-17686-4_8
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The BSDF and intrinsic isolation values for the H1 OPO have uncertainty arising
in particular from OPO mode matching and the OPO nonlinear gain. However, the
BSDF value is better than the BSDF of the DB-OPO at ANU. This is credited to
the use of superpolished and coated mirrors for the H1 OPO, reducing the surface
scattering centres present.

10.7 Small Displacement Measurement

Small-displacement motions have displacement magnitudes much smaller than the
optical wavelength (δxs � λ). Within the gravitational-wave detection frequency
band, backscattered light noise from small displacement motion contributions cou-
ple linearly to the readout noise spectrum [2, 3]. This linear coupling characteristic
was verified in experiment,3 and can also be used to infer the backscatter noise level
below the sensitivity spectrum.

From Eq.10.4(ii), the RIN spectral density of the background backscatter noise
can be written as

R̃INs = 2

√
Ps

P̄c

4π

λ
δ̃xbg (10.14)

where δ̃xbg is the amplitude spectral density (ASD) of the background displacement
motion. If we purposely drive the small-displacement motion δ̃xdr of the squeezer
table above the background motion ASD δ̃xbg, so that a noise signal RINs-in appears
in the interferometer readout,we can then infer the backgroundRINof the backscatter
RINs-bg. Explicitly

R̃INs-bg

R̃INs-dr

= δ̃xbg
δ̃xdr

→ R̃INs-bg = R̃INs-dr × δ̃xbg
δ̃xdr

(10.15)

To obtain a measure of the backscatter ASD from background table motion, the
background (δxbg) and driven squeezer table motions (δxin) were measured by three
orthogonally-mounted accelerometers (ACC—Wilcoxon Research,Model 731-207)
on the squeezer optical table. In the driven measurement, small-magnitude squeezer
table motion was induced by a piezo-shaker unit (SH—Piezo Systems Inc, Model
IVBI-003-E). Figure10.1 shows both equipment. Five single-frequency sinusoid
shaker injections were made within the 50–300Hz Fourier region. These injections
were made at 75, 130, 155, 213, and 270Hz.

3Shown in Appendix C.
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Fig. 10.8 Small displacement measurement result—Inferred background backscatter RIN level
for the five single-frequency small vibration injections. These injections were made within the
50–300Hz detection region, chosen at 75, 130, 155, 213, and 270Hz. The background backscatter
RIN level is inferred to be greater than a factor of 10 below the interferometer readout RIN (trace
a). This result shows that the backscatter impact of this installed squeezer does not detrimentally
limit the interferometer sensitivity in the 50–300Hz detection band

The resulting inferred noise level for injections is shown in Fig. 10.8. The inferred
RIN level due to backscatter from small-displacement background motion is greater
than a factor of 10 below the interferometer readout RIN. This result demonstrates
that the backscatter impact of this installed squeezer does not detrimentally limit the
interferometer sensitivity in the 50–300Hz detection band. The injection at 75Hz
represents an upper limit to the backscatter noise, as no peak in the interferometer
readout RIN was observed with the injection active.

10.8 Consistency Between Large Displacement and Small
Displacement Measurements

To check the consistency between the large displacement and small displacement
measurements, a backscatter RIN level can be calculated using Eq.10.4(ii), Ps
obtained from the large displacement measurement and the ground motion spec-
trum shown in Fig. 10.4. This can then be compared to the inferred points from the
small displacement measurement. The result of this consistency calculation is shown
in Fig. 10.9.

The calculated backscatter RIN level agrees with the inferred points from the
small displacement measurement. This indicates that the large displacement and
small displacement measurement results are consistent.
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Fig. 10.9 Comparison between backscatter RIN results for the two displacement measurements.
Circles Inferred backscatter RIN level from the small displacement measurement. Trace a is the
interferometer readout RIN. Trace b is the result of Eq.10.4(ii) using Ps from the large displacement
measurement, the ground motion shown in Fig. 10.4 and carrier power P̄c. Trace c is the clearance
level for Advanced LIGO readout, discussed in Sect. 10.9

10.9 Backscatter Improvements for Future
Gravitational-Wave Detectors with Squeezing

The measurements reported have confirmed that backscattered light impacts repre-
sents a technical challenge, not a fundamental detriment to interferometer readout.
However, future gravitational-wave detectors such as Advanced LIGO will place
stricter tolerances to backscatter, due to increased gravitational-wave sensitivity,
increased carrier power in the AS port, as well as higher detection efficiencies for
applied squeezing [15]. We would like a clearance level of 10 below the RIN of
Advanced LIGO readout. This clearance level is shown in Fig. 10.9. The backscatter
RIN for the LIGO H1 squeezer is ∼200 times above the Advanced LIGO clearance
level below 50Hz, and ∼7 times above the clearance level from 50Hz.

Further mitigation of the impact of backscatter is needed in future gravitational-
wave detectors. The backscatter RIN equation (Eq.10.4) highlights the mitigation
options:

• Reducing the beam path displacement motion X—Technology options for
reducing the beam path displacement motion are currently available. For sec-
ond generation detectors, environmental isolation with acoustic enclosures and
specialised optical table tripods can be deployed to gain the required reduction
factor of 200. For third generation detectors and beyond, active seismic-isolation
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platforms such as those being installed for the Advanced LIGO Output Mode
Cleaners [16], and in-vacuum operation are possible isolation options.

• Reducing the backscatter power Ps—Reducing the backscatter power will
involve improving the optics in the injection and AS port beam paths. As an
example, increasing the isolation of both the Squeezed Faraday isolator and Out-
put Faraday isolator to a more nominal 35dB attenuation will provide a factor
of ∼20 improvement alone, relaxing the motion-isolation required. Development
work into improved optics and optical coatings will be beneficial here.

Reductions in the beampath displacementmotion and the backscatter power reaching
the interferometer readout photodetector are obtainable, to reduce the impact of
backscattered light in Advanced LIGO and beyond.

10.10 Summary

It is shown that from a backscattered-light perspective, the presence of a squeezer
represents a technical challenge, not a fundamental detriment, to the sensitivity
of a gravitational-wave detector. The large displacement measurement inferred
the backscatter light power incident on the readout photodetector to be Ps =
2.6 ± 0.4 × 10−13 W. The bi-directional scatter distribution function of the LIGO
H1 Optical Parametric Oscillator was estimated to be 5 ± 2 × 10−4 str−1, a value
better than the BSDF of the DB-OPO at ANU, credited to the use of the superpol-
ished cavity mirrors. The small displacement measurement inferred the backscat-
ter RIN level to be at least a factor of 10 below the interferometer readout curve,
demonstrating the backscatter noise from the installed squeezer did not detrimentally
limit the LIGO interferometer sensitivity. Suggested improvements to help mitigate
the backscattered light impact of an installed squeezer in future gravitational-wave
detectors include technology to reduce squeezer table motion and improved optical
components for isolation.
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Chapter 11
Results Summary, Recommendations
and Future Work

Abstract The technology to generate and implement quantum squeezed states to
enhance gravitational-wave detector sensitivity has been the focus of this thesis.
This chapter presents a brief summary of the findings from the work presented in
this thesis. From these results, a number of future investigations are proposed.

11.1 Summary of Squeezed-Light Source Apparatus
Development Results

• TheANU-developedOptical ParametricOscillator (OPO) and its design reasoning
was presented. Measurements of squeezing demonstrated the first observation of
greater than 10 dB squeezing across the audio gravitational-wave detection band
(11.6± 0.4 dB above 200Hz), and 5900s of continuously controlled squeezing at
7.5 ± 0.5 dB. This result was characterised in terms of measurement efficiencies
and squeezing ellipse phase noise, resulting in an inferred squeezing magnitude
level exiting the OPO of 17.0 ± 0.3 dB.

• A modified coherent sideband locking scheme used for squeezing ellipse phase
control was introduced. This modified technique led to an increase of unity-gain
bandwidths of control loops, from 10s/100s of Hz to 10s of kHz.

• The tolerance of a bow-tie OPO to backscattered light was modelled, and exper-
imentally verified using the homodyne detector. An intrinsic isolation of 41 ± 2
dB was measured, at least comparable to off-the-shelf Faraday isolators, and an
additional suppression of approximately 40 dB over an equivalent standing-wave
cavity. The bi-directional scatter distribution function (BSDF) of the OPO was
determined to be 1.7 ± 0.3 × 10−3.

© Springer International Publishing Switzerland 2015
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11.2 Summary of LIGO Squeezed Light Injection
Experiment Results

• The LIGO Squeezed light Injection Experiment was introduced. This included
the project background, the Enhanced LIGO interferometer with the hardware
modifications made for this Experiment, and the squeezed light injection optical
path. The squeezed light source and the ANU-contributed OPO were presented.

• The first observation of squeezing-enhancement of a 4km gravitational-wave
detector was presented. The squeezing surpassing the quantum shot noise by up to
2.15 ± 0.05 dB down to 150Hz detection frequency. Above 250Hz, this result
represents the best sensitivity in a gravitational-wave detector yet achieved. The
presence of a squeezed-light source added no noise to low frequency sensitivity.
The capability of squeezing to recover sensitivity using lower interferometer input
power was also demonstrated.

• The parameters of the LIGO Squeezed Light Injection Experiment that impact
the observed squeezing-enhancement were identified and quantified. The results
of squeezing ellipse phase noise, originating from contributions of the squeezer
apparatus, interferometer control sidebands, and inferred beam pointing phase
noise were reported. The squeezing detection efficiency was measured, then ver-
ified using two characterisation methods. The expected squeezing enhancement
was inferred from the squeezing level generated by the OPO, correcting for the
squeezing detection efficiency and squeezing ellipse phase noise. The measured
squeezing enhancement and the expected squeezing enhancement were found to
be in good agreement.

• From a backscattered-light perspective, the presence of a squeezer represents a
technical challenge, not a fundamental detriment, to the sensitivity of a
gravitational-wave detector. The results of two different experiments were pre-
sented, resulting in the inferring of the backscatter RIN level to be a factor of 10
below the interferometer readout RIN, and the backscatter light power incident
on the readout photodetector to be Ps = 2.6 ± 0.4 × 10−13 W. The BSDF of the
LIGO Optical Parametric Oscillator was then estimated to be 5± 2× 10−4 str−1,
a value better than the BSDF of the DB-OPO at ANU. This is credited to the use
of the superpolished cavity mirrors in the H1-OPO.

11.3 Summary of Recommended Development Work
Towards Squeezed-Future Gravitational-Wave
Detectors

11.3.1 Improving Squeezing Detection Efficiency

• Component optical loss—Improving optical loss in components of the squeez-
ing injection path will be a considerable research/ development undertaking.
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Increasing the transmission efficiency of critical components such as Faraday
isolators, and increasing the Output Mode Cleaner (OMC) throughput will be
needed in order to access higher levels of applied squeezing.

• Spatial Modematching to the OMC—The first improvement is to increase the
OMCoptical path length scan rate. This then allowsmanymore iterations to assess
the modematching of the squeezed beam to the OMC cavity mode. The improve-
ment is part of Advanced LIGO OMC design specifications [1].

The second improvement is to replace the fixed modematching lens system with
a tunable modematching system as part of the squeezing injection path. A tunable
modematching system potentially offers the ability to precisely modematch the
squeezed beam to the OMC, and the ability to in-situ alter the modematching to
compensate for changes from thermal heating of the full interferometer.

11.3.2 Reducing Sources of Squeezing Ellipse Phase Noise

• From the squeezer apparatus—Phase noise on the squeezer table is dominated
by path length fluctuations of optical beams. Mechanisms for these fluctuations
include acoustic noise and air currents. Possible methods to improve the phase
noise include enclosing critical beam paths, covering the squeezer apparatus with
airtight enclosures, and moving the squeezer OPO into the interferometer vacuum
envelope.

• From the interferometer control sidebands—Minimising the proportion of con-
trast defect field power in the interferometer readout will minimise the interfer-
ometer sidebands contribution to phase noise.

• From beam pointing fluctuations—An active alignment scheme should be
installed to minimise beam pointing fluctuations. Readout of the beam alignment
can be achieved using quadrant photodiodes measuring the relative beam pointing
between the interferometer carrier field and squeezing coherent control sidebands.
Actuation on the squeezed beam can be fed back to the two PZT steering mirrors
on the squeezer table (Sect. 8.3).

11.3.3 Reducing Backscattered Light

There are several avenues to pursue in order to reduce the backscattered light impact.

• Reducing the beam path displacement motion X—Technology options for
reducing the beam path displacement motion are currently available. For sec-
ond generation detectors, environmental isolation with acoustic enclosures and
specialised optical table tripods can be deployed to gain the required reduction
factor of 200. For third generation detectors and beyond, active seismic-isolation

http://dx.doi.org/10.1007/978-3-319-17686-4_8
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platforms such as those being installed for the Advanced LIGO Output Mode
Cleaners [2], and in-vacuum operation are possible isolation options.

• Reducing the backscatter power Ps—Reducing the backscatter power will
involve improving the optics in the injection and AS port beam paths. As an
example, increasing the isolation of both the Squeezed Faraday isolator and Out-
put Faraday isolator to a more nominal 35 dB attenuation will provide a factor
of ∼20 improvement alone, relaxing the motion-isolation required. Development
work into improved optics and optical coatings will be beneficial here.

11.4 Future Work

In addition to the development recommendations in the previous section, these areas
of future research are proposed:

• In-vacuum squeezed light sources—Installing, characterising and operating a
squeezed light source in-vacuum raises new challenges. These technical chal-
lenges include the need for new procedures to optimise nonlinear crystal position
and phase matching temperature, as well as work in specifying experiment para-
meter tolerances.

• All-glass Optical Parametric Oscillator—An all-glass Optical Parametric Oscil-
lator is the next engineering development to the OPO design. An optical cavity
with glass-bonded mirrors will provide stability and robustness for inclusion into
future gravitational-wave detectors, particularly when squeezed light sources are
housed inside vacuum chambers.

• Phase matching temperature readout—Current readout of the temperature for
phase matching rely on temperature sensors away from the optical nonlinear inter-
action zonewithin the crystal. This can lead to drifts in temperature actuation away
from optimum phase matching. Developing a method to measure the phase match-
ing temperature at the nonlinear interaction region will make long-term squeezer
operation more stable.

• Integration with filter cavities—In order to obtain frequency-dependent squeezed
states, current knowledge advises that the squeezed state needs to be integrated
with optical filter cavities (Chap.4, and [3]). The demonstration of optical filter
cavities providing squeezing ellipse rotation in the audio detection band is yet to
be achieved. Research is on going into the design and construction of suitable filter
cavities for frequency dependent squeezing (for example [4]).
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Appendix A
Quantum Noise and Squeezing
in Dual-Recycled Michelson Interferometers

Abstract This appendix adds to the theory covered in Chap.4—Quantum noise in
Gravitational-wave Detectors and Applied Squeezed States, reviewing the quantum
noise equations for Dual-recycledMichelson Interferometers, and the improvements
from injected squeezed states. These equations are from the works of Buonanno and
Chen [1, 2].

A.1 Quantum Noise in a Lossless Dual-Recycled Michelson
Interferometer

The power spectral density of a lossless Dual-recycled Michelson with arm cavities
is given by [1]

Sζ

h−DR = Q × [(C11 sin ζ + C21 cos ζ )2 + (C21 sin ζ + C22 cos ζ )2] (A.1)

with

Q = (hISQL)2

2K Iτ 2|D1 sin ζ + D2 cos ζ |2 (A.2)

and

D1 = −(1 + ρe2i(β+Θ)) sin φ (A.3)

D2 = −(−1 + ρe2i(β+Θ)) cosφ (A.4)

C11 = (1 + ρ2)

(
cos 2φ + K I

2
sin 2φ

)
− 2ρ cos (2β + 2Θ) (A.5)

C12 = −τ 2(sin 2φ + K I sin2 φ) (A.6)

C21 = τ 2(sin 2φ − K I cos2 φ) (A.7)

C22 = C11 (A.8)

Recall ζ being the detection angle, andK I and hISQL being the modified parameters
from the presence of arm cavities. The other variables are the amplitude reflectivity
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Fig. A.1 a Strain sensitivity of a lossless Dual-recycled Michelson and the (free-mass) SQL. The
trace shown is with a non-zero SR cavity detuning offset of δφ = 0.2 rad. The quantum noise beats
the SQL within a narrow frequency band, a feature gained due to signal recycling. b The enhanced
strain sensitivity with squeezing at various squeezing angles, superimposed with the non-squeezed
strain trace

ρ and transmittivity τ of the signal-recycling mirror (SRM), the SR cavity detuning
φ and the SR cavity single-pass phase shift Θ . FigureA.1 shows the quantum noise
limited strain sensitivity

√
Sh−DR, utilising the values in TableA.1, as well as the

SQL hISQL . By choosing an appropriate SR cavity detuning, the quantum noise can
be lower than the SQL at certain frequencies [1].

A.1.1 Lossless Dual-Recycled Michelson with Squeezing

The injection of squeezing into lossless Dual-recycledMichelson gravitational-wave
detectors have been analysed in [2–4]. The power spectral density of the quantum
noise with squeezing is given by [2]

Sζ
h−DRSQZ = Q × [e−2R(Cθ

11 sin ζ + Cθ
21 cos ζ )2 + e2R(Cθ

21 sin ζ + Cθ
22 cos ζ )2]

(A.9)

The C-coefficients are now a combination of the original C-coefficients, weighted
by the projection with the squeezing angle θ , namely

Cθ
11 = C11 cos θ + C12 sin θ (A.10)

Cθ
12 = C12 cos θ − C11 sin θ (A.11)

Cθ
21 = C21 cos θ + C22 sin θ (A.12)

Cθ
22 = C21 cos θ − C22 sin θ (A.13)
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Table A.1 Table of values for quantum noise calculations of the Dual-recycled Michelson

Parameter Symbol Value Units

Laser frequency ω0 1.77 × 1015 rad/s

Detection Fourier frequency Ω 10–10,000 Hz

Detection phase ζ π/2 rad

Photodetection loss λPD 0.1 –

Laser power at beamsplitter I0 5067 W

Mirror mass m 40 kg

ITM transmission T 0.014 –

Arm length L 3995 m

Arm cavity half-bandwidth γ Tc/(4L)

≈ 2π × 40 Hz
rad

Arm cavity round trip loss (per cavity) λAC 38 × 10−6 –

Arm cavity loss coefficient ε 2λAC/T –

SRM transmission amplitude τ
√
0.2 –

SRM reflection amplitude ρ
√
1 − τ 2 − λSR –

SR cavity loss λSR 2 × 10−3 –

SR cavity length l 55 m

SR cavity detuning offset δφ 0.2a, 0 rad

SR cavity detuning φ (π − δφ)/2 rad

SR cavity single-pass phase shift Θ (lΩ/c)mod2π rad
aOnly for the lossless Dual-recycled Michelson to illustrate sub-SQL performance

FigureA.1b shows the enhanced strain sensitivity with squeezing at various squeez-
ing angles. With optimal frequency-dependent squeezing, the resulting strain sensi-
tivity is the non-squeezed strain sensitivity scaled by a factor of

√
e−2R = e−R [4].

A.1.2 Dual-Recycled Michelson with Optical Losses

FigureA.2 shows the loss (and hence vacuum-entrance) points for the generalised
Dual-recycled Michelson with optical loss. Combined with the recycling of the out-
put noise (along with the signal), this greatly complicates the calculation of quantum
noise at the interferometer output, with more coefficients (indicated with super-
script L) to be accounted for.

From Eq.5.13 of [1], the quantum-noise-limited strain sensitivity is given by

hDR−L =
√

Sζ

h−DRL (A.14)
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with

Sζ

h−DRL = QL × [ |CL
11 sin ζ + CL

21 cos ζ |2 + |CL
12 sin ζ + CL

22 cos ζ |2
︸ ︷︷ ︸

A

+ |PL
11 sin ζ + PL

21 cos ζ |2 + |PL
12 sin ζ + PL

22 cos ζ |2
︸ ︷︷ ︸

B

+ |NL
11 sin ζ + NL

21 cos ζ |2 + |NL
12 sin ζ + NL

22 cos ζ |2
︸ ︷︷ ︸

C

+ |QL
11 sin ζ + QL

21 cos ζ |2 + |QL
12 sin ζ + QL

22 cos ζ |2
︸ ︷︷ ︸

D

] (A.15)

The coefficients in the above equation correspond to Eqs. 5.8–5.12 in [1], reproduced
below for completeness. The quotient term is

QL = (hISQL)2

2K Iτ 2|DL
1 sin ζ + DL

2 cos ζ |2 (A.16)

with denominator D-terms

DL
1 = √

1 − λPD

{
− (1 + ρe2iβI

) sin φ

+ ε

4
[3 + ρ + 2ρe4iβI + e2iβI

(1 + 5ρ)] sin φ + λSR

2
e2iβI

ρ sin φ

}
(A.17)



Appendix A: Quantum Noise and Squeezing in Dual-Recycled … 197

DL
2 = √

1 − λPD

{
(1 − ρe2iβI

) cosφ

+ ε

4
[−3 + ρ + 2ρe4iβI − e2iβI

(1 − 5ρ)] cosφ + λSR

2
e2iβI

ρ cosφ

}
(A.18)

TheC-coefficients for the vacuumnoise entering theASport (NoiseAof Fig.A.2) are

CL
11 = √

1 − λPD

{
(1 + ρ2)

(
cos 2φ + K I

2
sin 2φ

)
− 2ρ cos 2βI

− ε

4

[
−2(1 + e2iβI

)2ρ + 4(1 + ρ2) cos2 (βI) cos 2φ

+ (3 + e2iβI
)K I(1 + ρ2) sin 2φ

]

+ λSR

[
e2iβI

ρ − 1

2
(1 + ρ2)

(
cos 2φ + K I

2
sin 2φ

)]}
(A.19)

CL
12 = √

1 − λPDτ 2
(
−(sin 2φ + K I sin2 φ) + ε

2
sin φ[(3 + e2iβI

)K I sin φ + 4 cos2 (βI) cosφ]

+ λSR

2
(sin 2φ + K I sin2 φ)

)
(A.20)

CL
21 = √

1 − λPDτ 2
(
(sin 2φ − K I cos2 φ)

+ ε

2
cosφ[(3 + e2iβI

)K I cosφ − 4 cos2 (βI) sin φ] + λSR

2
(− sin 2φ + K I cos2 φ)

)

(A.21)

CL
22 = CL

11 (A.22)

The P-coefficients for the vacuum noise entering due to loss in the SR cavity
(Noise B) are

PL
11 = 1

2

√
1 − λPD

√
λSRτ(−2ρe2iβI + 2 cos 2φ + K I sin 2φ) (A.23)

PL
12 = −√

1 − λPD

√
λSRτ sin φ(2 cosφ + K I sin φ) (A.24)

PL
21 = √

1 − λPD

√
λSRτ cosφ(2 sin φ − K I cosφ) (A.25)

PL
22 = PL

11 (A.26)

The N-coefficients for the vacuum noise entering due to loss in the arm cavities
(Noise C) are

NL
11 = √

1 − λPD

√
ε

2
τ

[
K I(1 + ρe2iβI

) sin φ

+ 2 cosβI(e−iβI
cosφ − ρeiβI

(cosφ + K I sin φ))
]

(A.27)

NL
12 = −√

1 − λPD
√
2ετ(e−iβI + ρeiβI

) cosβI sin φ (A.28)
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Fig. A.3 a Strain sensitivity of a Dual-recycled Michelson with optical losses and the contribution
of the dominant C-coefficient terms. These plots use the values in TableA.1 at the end of this
Appendix, with zero SR cavity detuning offset δφ = 0. The total quantum noise is the form plotted
for the quantumnoise contribution inGwinC v3 [5] (see Fig. 4.6 for comparison).bStrain sensitivity
with injected squeezing at various squeezing angles

NL
21 = √

1 − λPD

√
ε

2
τ [−K I(1 + ρ) cosφ + 2 cos2 βI(e−iβI + ρeiβI

) sin φ] (A.29)

NL
22 = −√

1 − λPD
√
2ετ(−e−iβI + ρeiβI

) cosβI cosφ (A.30)

Lastly, the Q-coefficients for the vacuum noise entering due to imperfect
photodetection (Noise D) are

QL
11 = QL

22 = √
λPD

{
e−2iβI + ρ2e2iβI − ρ(2 cos 2φ + K I sin 2φ) + ε

2
ρ

[
e−2iβI

cos 2φ

+ e2iβI
(−2ρ − 2ρ cos 2βI + cos 2φ + K I sin 2φ) + 2 cos 2φ + 3K I sin 2φ

]

−λSR

2
ρ(2ρe2iβI − 2 cos 2φ − K I sin 2φ)

}
(A.31)

QL
12 = QL

21 = 0 (A.32)

These coefficients are simplified by the sideband-phase gain in the SR cavity being
set to zero (Φ = 0). FigureA.3 shows the strain sensitivity of a Dual-recycled
Michelson with optical losses, calculated using the values in TableA.1 at the end of
this Appendix, with zero SR cavity detuning offset δφ = 0. Also plotted are traces
of the contribution of the AS port vacuum fluctuations (C-coefficient terms) that
dominate the total quantum noise. This is the form plotted for the quantum noise
contribution in GWINC v3 [5] (see Fig. 4.6 for comparison) (Fig.A.4).

http://dx.doi.org/10.1007/978-3-319-17686-4_4
http://dx.doi.org/10.1007/978-3-319-17686-4_4


Appendix A: Quantum Noise and Squeezing in Dual-Recycled … 199

10 10 10

10
−24

10
−23

10
−22

2

Frequency [Hz]

S
tr

ai
n 

[1
/

H
z]

 

 

31

Quantum noise
Seismic noise
Gravity Gradients
Suspension Thermal noise
Mirror Coating Brownian noise
Total noise

Fig. A.4 Figure4.6 repeated—the predicted noise budget of Advanced LIGO, showing the contri-
butions of the various limiting noise sources. Plot made using GwinC v3 [5]

A.2 Dual-Recycled Michelson with Losses and Squeezing

In a similar way to the derivation in the lossless case, the power spectral density
of the dual-recycled Michelson with losses and injected squeezing can be derived,
given by [2]

Sζ
h−DRLSQZ = QL×

[
e−2R|CLθ

11 sin ζ + CLθ
21 cos ζ |2 + e2R|CLθ

21 sin ζ + CLθ
22 cos ζ |2

+ |PL
11 sin ζ + PL

21 cos ζ |2 + |PL
21 sin ζ + PL

22 cos ζ |2
+ |NL

11 sin ζ + NL
21 cos ζ |2 + |NL

21 sin ζ + NL
22 cos ζ |2

+ |QL
11 sin ζ + QL

21 cos ζ |2 +|QL
21 sin ζ + QL

22 cos ζ |2
]

(A.33)

The squeezing-angle projection weighted C-coefficients are

CLθ
11 = CL

11 cos θ + CL
12 sin θ (A.34)

CLθ
12 = CL

12 cos θ − CL
11 sin θ (A.35)

CLθ
21 = CL

21 cos θ + CL
22 sin θ (A.36)

CLθ
22 = CL

22 cos θ − CL
21 sin θ (A.37)

with optimal squeezing angle, Eq.A.33 becomes

http://dx.doi.org/10.1007/978-3-319-17686-4_4
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Sζ

h−DRLSQZ = QL×
[
e−2R(|CL

11 sin ζ + CL
21 cos ζ |2 + |CL

21 sin ζ + CL
22 cos ζ |2)

+ |PL
11 sin ζ + PL

21 cos ζ |2 + |PL
21 sin ζ + PL

22 cos ζ |2
+ |NL

11 sin ζ + NL
21 cos ζ |2 + |NL

21 sin ζ + NL
22 cos ζ |2

+ |QL
11 sin ζ + QL

21 cos ζ |2 +|QL
21 sin ζ + QL

22 cos ζ |2
]

(A.38)

FigureA.3b shows squeezing-enhanced strain sensitivity of the Dual-recycled
Michelson with optical losses, with injection at various squeezing angles.

A.3 Parameters Used in Calculations for the Dual-Recycled
Michelson

The parameter values used in the quantum noise calculations for the Dual-recycled
Michelson are from nominal parameters for the Advanced LIGO interferometer
[6–8]. These are listed in TableA.1.



Appendix B
Initial Analysis and Repair of the Enhanced
LIGO H1 Output Mode Cleaner

Abstract This Appendix details the initial diagnostic tests and repairs performed
on the Enhanced LIGO H1 Output Mode Cleaner. After a brief introduction to the
role and schematic of the Output Mode Cleaner (from [9]), the tests and resulting
findings are reported. This initial work was completed by the author, in collaboration
and under the supervision of Sam Waldman, and reported in LIGO Technical Note
T1100562 [10].

B.1 DC Readout and the Role of the OMC

The first generation detectors used a RF-readout technique to successfully achieve
their design strain-sensitivities [11, 12]. The RF-readout mixes the gravitational-
wave signal with RF sidebands to make a heterodyne-type measurement. However,
imperfections in the interferometer optics leads to the production of higher-order
spatial modes, particularly evident for the RF sidebands used for detection [13].
These higher order spatial modes are detrimental to interferometer performance,
contributing additional photon shot noise, increasing the power that needs to be
detected and noise couplings, without contributing to gravitational-wave signal.

DC readout creates a homodyne-type local oscillator, by putting a small
Michelson-length offset tomove slightly off the dark fringe point (fromChap.9—the
dark fringe offset). The resulting carrier light at the AS port acts as a Local Oscillator
field, noise-filtered by the response of the interferometer coupled-cavities. This is
an improvement over using the un-filtered RF sidebands in RF-readout. An installed
Output Mode Cleaner filters higher-order spatial modes before the signal is detected.
The OMC also removes the RF sidebands, which are still needed to control the
interferometer, but would only be detrimental to the DC readout signal. More crucial
to the work of this thesis, squeezed vacuum injection is more feasible in conjunction
with DC readout than with RF readout, since it requires squeezing in only the audio
band rather than at both audio and RF frequencies [14].

© Springer International Publishing Switzerland 2015
S.S.Y. Chua, Quantum Enhancement of a 4km Laser Interferometer
Gravitational-Wave Detector, Springer Theses,
DOI 10.1007/978-3-319-17686-4
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Fig. B.1 Schematic layout of the OMC glass breadboard. M1 Flat input coupler, T = 8368ppm;
M2 PZT mirror with ROC = 2m, T = 25ppm; M3 Flat output coupler, T = 8297ppm; M4 OTAS
mirror with ROC = 2m, T = 33ppm; SM Steering mirror, T = 3000ppm; BS 50/50 beamsplitter;
QPD Quadrant photodetector; DCPD DC photodetector, BD Beam dump. Adapted from [15]

B.2 Construction and Design of the OMC

FigureB.1 shows the schematic of the OMC [15]. The OutputMode Cleaner consists
of a four-mirror cavity in bow-tie configuration, chosen to prevent direct reflection
of rejected light back into the interferometer.

The cavity is constructed by rigidlymounting the cavity optics and photodetectors
to a baseplate. The baseplate is a slab of Corning ULE glass, with the components
bonded using UV-cure epoxy. Two of the cavity mirrors have cavity-length actua-
tors: a fast, short-range (<0.1µm) PZT, and a slow, long-range (∼20µm) thermal
actuator, consisting of a 1 in. long segment of aluminum tube warmed by a resistive
heater. The slow actuator is named the OMC Thermal Actuator System (OTAS).

To isolate the output mode cleaner from environmental disturbances, the glass
slab bench was hung from an actively-damped double-pendulum suspension system
[16, 17], which was in turn was mounted on an in-vacuum isolation system.

B.3 Transmission Loss of the H1 OMC and the Effect
on Realised Squeezing Magnitude

The transmission of the H1 OMC dropped suddenly during the joint science run
[18], by approximately 25% lower transmission. The power drop was correlated
with a electric power outage at the Hanford Observatory, and finally connected with
a decrease in the OMC Finesse, from the originalF = 367 toF = 297 [19]. In this
condition, the OMC only transmitted 66% of the input light. This became a limiting
optical loss source, a problem for the LIGO Squeezed Light Injection Experiment,
limiting the observable squeezing to 1dB [20].
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B.3.1 LIGO Squeezed Light Injection Experiment—OMC
Swap-Out

With the OMC from LIGO Livingston Observatory interferometer (L1) at hand in
Hanford, it was undertaken to swap out the H1 OMC with the L1 OMC. After mea-
surement of the L1 OMC to have a Finesse of 369.8 [21] in a bench-top experiment,
the LIGO Squeezed Light Injection team replaced the H1 OMC with the L1 OMC
[22]. After the swap-out, the H1 OMC was tested in a bench-top experiment to
determine the cause of the additional loss.

B.4 Experiment Setup

Two sets of data are needed to diagnose the OMC. Firstly, the OMC transmission and
mode matching is required. Secondly, the OMC finesse is needed. The transmission
measurements were performed with a laser locked to the OMC, while the Finesse
measurements were made by sweeping over cavity resonances via two techniques.

B.4.1 Test Setup

The experiment schematic is shown in Fig.B.2. The laser (Lightwave 126NPRO)was
locked to the OMC using a PDH locking loop, feeding back into the “Fast” input ac-
tuator. The phase modulation was generated by a resonant EOM (New Focus), driven
by a RF amplifier. The modulation frequency was 21.5MHz. The OMC reflected and
transmitted signals were measured with photodetectors (Thorlabs PDA10CS). The
reflected signal was demodulated and low pass filtered. The low-passed signal was
then boosted and further filtered by a pre-amplifier unit (Stanford Research Systems
SR560), before feeding into the servo controller (New Focus LB1005). The error
signal had a range of ≈±10Vpp. To match the 0–10V Thorlabs piezo controller unit
input, the servo controller output was summedwith a 9V battery and a 10 k� resistor,
housed in a electronics box (Pomona). The resistor, in combination with the 10k�
input impedance of the piezo controller unit, converted the ±10V servo controller
output to the 0–10V piezo controller input signal range.

B.4.2 Transmission Measurements

The transmission measurements were made with the laser locked to the cavity.
Photodetectors were installed at the input (via a pickoff mirror), in reflection and in



204 Appendix B: Initial Analysis and Repair of the Enhanced LIGO H1 …

λ
2

EOM

WFG

Mixer

LPF

OMC

PZT-C

SV-C P-Amp

Laser

PD-R

PD-T
PD-I

EB

R

Fig. B.2 Experiment configuration for the H1 OMC test. Laser NPRO laser; EOM Electro-optic
modulator; R = 98% mirror (for low power measurements); PD-(I, R, T) Photodetector-(Input,
Reflection, Transmission); WFG Waveform generator; LPF Low-pass filter; P-Amp Pre-amplifier
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transmission of the OMC. All three photodiode readings were recorded while the
OMC was both on and off resonance, to measure the power transmission.

B.4.3 Finesse Measurements

The finesse was measured via two methods, named (for this work) slow and fast
methods. In the slow method, the laser temperature was stepped by a large amount
so that the OMC would sweep through multiple resonances. The resonance signal
was recorded and the fringes fitted offline using aMatlab program. In the fastmethod,
the laser PZT was swept at 1, 10 or 100Hz with a ramp waveform across a single
resonance and PDH sidebands. The time between the carrier and RF sidebands was
read off directly from an oscilloscope, as was the FWHM of the carrier resonance.
Together, these allow for a calculation of the OMC finesse using the previously
measured FSR of 278MHz [15].

The slow method had a systematic error source. Digitisation noise of the oscil-
loscope limited the resolution of the voltage measurements that were taken. This
gave skewed finesse values—mostly low readings. Instead, the spacing between the
carrier and RF sidebands, as well as the width of the FWHM, must be measured as
a time measurement, using the fast method as described above.

B.4.4 Power Scaling

The power incident on the OMC was controlled using a waveplate and a polarising-
beam-splitter (PBS) cube. For small power levels, a 98% beamsplitter was used to
divert most of the light.
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B.5 Measurement Results

B.5.1 Transmission/Throughput

The data taken for the transmission measurement is summarised in TableB.1. Thus
the power transmitted through the cavity is 0.36/0.38 = 95%.

B.5.2 Cavity Finesse

The finesse was measured with 0.5 mW incident on the OMC. The Finesse was
measured using the ‘fast’ method with a ramp of 1 and 10Hz, and comparable
values found for both measurements. For the 10Hz sweep, the time between the
sideband resonances was 17.68ms, while the FWHM of the resonance was 336µs.
Using the sidebands as a frequency calibration, the FWHM is thus 0.336/17.7 ×
2× 21.5MHz = 0.82MHz. With a free spectral range of 278 MHz, the finesse was
determined to be F = 278/0.82 = 340.

B.5.3 Power scaling

The OMC transmission was measured as a function of the input power, presented
in Fig.B.3. This shows the transmission having a clear dependence on the input
power. The measurement setup was adjusted to ensure no other experimental effects
were the cause (such as changes in alignment or modematching), and measurements
repeated multiple times across different optical input powers. However, the overall
result remained consistent.

Table B.1 Transmission/
throughput data

Parameter Value (mW)

Input power 0.55

Transmitted power 0.36

Reflected power (locked) 0.16

Reflected power (unlocked) 0.54
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Fig. B.3 OMC power scaling experiment data. a Normalised reflected power as a function of
incident input power, indicating the input beam is ∼83% spatially modematched to the OMC.
b Throughput measurement (comparing measured power entering and exiting the OMC) as a func-
tion of the incident input power. The OMC throughput/transmission depends strongly on the power
incident on and circulating in the cavity

B.6 Discussion and Further Work

The finesse and transmission are related by

PT

P0
=

(
TF

π

)2

(B.1)

The H1 OMC had a coupler transmissivity of T = 8300 ppm [15]. Using Eq.B.1

• For the Finesse of 340, the calculated transmission is only PT /P0 = 80%.

• Alternatively, the transmission of 95% implies a Finesse of 370.

Although these numbers are in contradiction, it is likely that the FWHM reported
above is an overestimate due tomotion of the laser frequency during themeasurement
sweep, and the Finesse is, in practice, closer to 370 than to 340.

The loss of a cavity is calculated from the finesse and transmission by

l = 1 −
(

1

1 − T

(
1 − π

F

)2)
(B.2)

As shown in Fig.B.4, 95% transmission corresponds to a round trip loss of 400ppm,
while 84% transmission corresponds to 1400ppm. The power dependence of the loss
is possibly due to beam clipping changing with temperature. One source candidate
of such a loss (both the static and power dependent), is beam clipping at the thermal
actuator (OTAS). To account for such an increase in loss via this mechanism, this
would require:
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• Translating a hard edged aperture by almost 100µm.With the OTAS tube made of
aluminum, the coefficient of thermal expansion of Aluminium is 23ppm/K [23].
Assuming a 1mm zone of influence, the temperature rise required to cause such a
hard-edge translation is an unfeasible and unphysical 4600K.

• A change in cavity-mode mismatching of 10%. The cavity mode would require a
change in thewaist size from≈150µmwith respect to the nominal≈500µmwaist
size. This would require a change in the PZT and OTAS mirror radii-of-curvature
from R = 2m to R = 1m, also unfeasible and unphysical.

The origin of the increased loss in the H1 OMC at high incident optical power
remains an open question, however, the initial analysis and test setup reported here
have confirmed the findings made during the joint science run. The next stage is to
reconstruct the testing rig used to initially characterise the OMC. This testing setup,
detailed in Sect. 3.3 of [24], will allow Finesse and transmission measurements with
greater precision via using a well-controlled acousto-optic modulator to sweep input
beam frequencies.



Appendix C
Supplementary Information for the
Backscatter-Light Experiments at LIGO

Abstract This Appendix provides supplementary information for Chap.10—Back-
scattered-light impact in a squeezing-enhanced gravitational-wave detector. Details
of intermediate hardware improvements and additions to the squeezer apparatus that
reduced backscattered-light coupling are covered. The small-displacement measure-
ment results made before the intermediate improvements are then presented. The
demonstration of the driven RIN equation used in the large displacement measure-
ment as a spectrum, and calculation for themodulation depth conclude thisAppendix.

C.1 Hardware Improvements to Reduce
Backscattered-Light Coupling

Intermediate improvements and additions were made to the LIGO squeezer
experimental setup during the Experiment window. They aimed to reduce both the
vibrational motion of squeezing injection path optics, as well as the (DC) optical
power of the backscattered beam, for backscattered light mitigation.

C.1.1 Optics Motion Reduction

Squeezing injection path optics were in-situ tested for resonances. This was achieved
by observing the interferometer readout spectrum in real time while the optical
mounts were bowed to individually excite angular and flagpole-type motions. Of
the twenty individual optics in the injection path investigated, only the 2′′ steer-
ing mirror mounts produced peaks in the readout. The other optics, including the
transmissive elements (lenses, half-wave plate) did not produce peaks.

Assuming flagpole resonances were the dominant motion, clean foam pads
weighted with metal bolts were placed on top of and supported by multiple optics
[25]. This damping of optics is shown Fig.C.1a.

Shown in Fig.C.1b, measurements of the interferometer readout with applied
damping foam (blue traces) and without (red traces) were made in repeat-cycle.
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Fig. C.1 a Weighted damping material placed upon mirror mounts in the squeezing injection
path. b Improvement in the interferometer readout spectrum with damping (red) versus without
damping (black)

Peak reduction was seen, particularly evident at 195, 203, 267 and 320Hz. Peaks at
230, 240, and 250Hz, caused by steering mirrors undamped during the repeat-cycle
measurement, were subsequently damped in a similar fashion.

C.1.2 Scattered Beam Power Reduction

The presence of scatter-beam retro-reflections retain DC light power that would be
otherwise lost to the propagation mode. Sources of retro-reflections include mirror
mount back surfaces, silvered reverse-side mirror backs, and coincidental normal
incidence on reflective or scattering surfaces.

To search for possible retro-reflection, an Optical Parametric Oscillator with no
pump beam and no auxiliary beam incident was cavity-length scanned while observ-
ing the interferometer readout. This caused peaks at the scanning frequency to be
generated in the readout spectrum. A black glass plate was then used to probe the
squeezed-light input path in reverse-injection direction. This platewas systematically
placed after each optical element.

The main retro-reflection found occurred where scattered light coming from the
interferometer up the injection chain was reflecting off the OPO, then retro-reflecting
on an on-table IR Camera via the dichroic beamsplitter in the OPO pump injection
path [26]. This is illustrated in Fig.C.2a.

To block this retro-reflection, a small black glass ‘V’ beam dump was placed in
front of the IR Camera. The reduction in the generated peak heights in the readout
spectrum with the blocked retro-reflection is shown in Fig.C.2b. All measurement
conditions were kept constant, while the beam dump was placed into and removed
from the retro-reflection beam path. This process was cycled three times with similar
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Fig. C.2 a Simplified schematic of the squeezing injection beam path. The scattered-light retro-
reflection is shown by the thick double arrow. A small black glass beam dumpwas used to block the
retro-reflection. b Generated peaks in the readout spectrum with retro-reflection unblocked (red),
and reduced peak heights with retro-reflection blocked (black)

reduction results, thus confirming the real effect of removing DC power from the
backscattered-light beam.

C.1.3 Reduced Backscattered-Light Noise Coupling to Readout

A comparison of readout spectrum and correlation measurements made before and
after the improvements is shown in Fig.C.3. The readout spectra (with injected
squeezing blue traces versus no-squeezing reference red traces) after the improve-
ments shows a reduction of structures that introduce noise over the reference trace,
particularly between the 200 to 300 Hz frequency region.

Noise correlation data was measured between the interferometer readout
signal and each of the on-table accelerometers (X, Y, Z) signals, using environmental
vibrations. An approximate reduction in coherence between 200 and 300Hz of 25%,
confirms the reduction of structures is a real effect.

These improvements and additions were made during the LIGO Squeezed Light
Injection Experiment Window. One backscatter measurement were made prior to
these improvements—a small displacement measurement with both shaker and
acoustic injections. Due to time constraints in the Experiment Window scheduling,
the acoustic small displacement measurement were not repeated after these improve-
ments were made. The result is presented next, but due to the differing Experiment
conditions, they cannot be compared to the final backscatter measurements presented
in Chap.10.

http://dx.doi.org/10.1007/978-3-319-17686-4_10
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Fig. C.3 Left column Interferometer readout spectra before and after the improvements weremade,
with feature reduction evident in the 200–300Hz region. Right column Correlation between the
readout signal and on-table accelerometers signals, taken with ambient vibration only

C.2 Small Displacement Measurement with Shaker
and Acoustic Injections

This small displacement measurement has the same concepts behind the measure-
ment reported in Chap.10, but included different types of shaker injections, as well
as an Acoustic injection [27]. The inferred backscatter noise level for this test is
shown in Fig.C.4. The various data points are as follows:

• Acoustic 10 Hz comb injection: This was accomplished by broadcasting a 10
Hz comb signal using a loud speaker near the squeezer table. The displacement
readout was a microphone placed near the squeezer table. The inferred noise levels
are shown by the red-circle points above 100 Hz (not every 10 Hz comb point is
displayed, for clarity).

• Piezo shaker 10 Hz comb injection: A 10 Hz frequency comb signal was
injected by the piezo shaker on the squeezer table, with the motion readout by
the accelerometers. The inferred noise levels for these injections are shown by the
square-points below 100 Hz.

http://dx.doi.org/10.1007/978-3-319-17686-4_10
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Fig. C.4 Small-displacement measurement prior to intermediate backscatter improvements. This
data is presented in units of interferometer readout displacement, not normalised RIN. Circles
Acoustic 10Hz comb injection, above 100Hz (not every 10Hz comb point has been displayed for
clarity); Squares Piezo shaker 10Hz comb injection, below 100Hz; Crosses Single frequency PZT
shaker injections at 270Hz. The three data points weremadewith three different shaking amplitudes
varying by a factor of about 10.

• Single frequency PZT shaker injections: These are the three black-cross points
at 270 Hz frequency. The three data points were made with three different shaking
amplitudes varying by an order of magnitude.

Two important features are shown by Fig.C.4. Firstly, prior to the intermediate hard-
ware improvements, certain inferred backscatter noise level points were compara-
ble to the interferometer readout spectrum. This characteristic is consistent with
the coherence measurements showing correlated features. Secondly, the single-
frequency PZT shaker injections (black-cross points at 270Hz) result in inferred
values that vary by a factor of 2, despite the change in driving amplitude to vary
by an order of magnitude. This verifies, to within measurement error, that small
displacements scale linearly.

C.3 The Large Displacement Measurement
Equation—A ‘Shelf’ Spectrum

This section demonstrates the large displacement measurement equation is a ‘shelf-
spectrum’. This derivation follows the work presented by Fricke [28]. We first define
the angular drive frequency from the linear drive frequency fdrive:

Ωdr = 2π fdr (C.1)
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Fig. C.5 Block
diagram/schematic for
the large displacement
measurement

Es fdr, A
θΙ

Ec

Backscatterer

E0 = Es+Ec
2 2

r

We also define the modulation depth M:

M = 2π

λ

2A

cos θI
(C.2)

where A is the applied motion in metres and θI is the angle of incidence onto the
driven optic.

The electric field of the backscattered beam Es and the un-scattered field Ec can
be described by:

Es = rE0 exp{iMsin(�drt)} (C.3)

Ec = (1 − r)E0 (C.4)

where E0 is the total field incident onto the photodetector, and r is the proportion of
E0 in the backscattered field. FigureC.5 shows the block diagram/schematic and the
different variables. The photodetector detects the power of incident field, thus:

P = |Es + Ec|2
= |Es|2 + |Ec|2 + 2ReEsE

∗
c

= P0 + 2ReEsE
∗
c (C.5)

Substituting Eqs.C.3 and C.4 into Eq.C.5 gives:

P = P0 + 2[(1 − r)E∗
0 ]rE0Re exp{iMsin(�drt)}

= P0 + 2(1 − r)rP0Re exp{iMsin(�drt)} (C.6)

We now substitute the Bessel function expansion of exp{iMsin(�drt)}, thus:

P(f ) = P0 + 2r(1 − r)P0Re
∞∑

n=−∞
Jn(M)ein�drivet (C.7)

Utilising the Bessel function symmetry property J−n(z) = (−1)nJn(z) (Eq. 6,
Sect. 2.11 of [29]), we can rearrange the summation term to the following:
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∞∑

n=−∞
Jn(M)einΩdr t = J0(M) +

−1∑

n=−∞
Jn(M)einΩdr t +

∞∑

n=1

Jn(M)einΩdr t (C.8)

= J0(M) +
∞∑

n=1

Jn(M)
(
(−1)ne−in�drt + ein�drt

)

︸ ︷︷ ︸
Q

(C.9)

This is a power spectrum. The spectrum is made of a comb of peaks at multiples of
Ωdr, with the peak amplitudes given by Bessel functions Jn(M) where n = f /fdr.
Any noise on the field will get superimposed on each of the peaks, smoothing out
the spectrum, creating a plateau.

The ‘shelf’ cutoff occurs because the amplitude of Bessel functions Jn(M) rolls
off steeply with n when n > M. This creates the ‘shelf’ structure used in the Large
displacementmeasurement in Chap.10. The cutoff frequency, or knee frequency fknee
is where n ≈ M. Thus, the knee frequency will be

N = fknee
fdr

= M

⇒ fknee = Mfdr (C.10)

which corresponds to Eq.10.10. Returning to Eq.C.9, focussing on the Q term, for
odd integers of n:

Jn(M)(einΩdr t − e−inΩdr t) = i × 2Jn(M) sin(nΩdrivet) (C.11)

while for even integers of n:

Jn(M)(einΩdrivet + e−inΩdrivet) = 2Jn(M) cos(nΩdrt) (C.12)

Hence, evaluating the real component gives:

Re exp{iMsin(Ωdrivet)} = J0(M) + 2
∞∑

n=1

J2n(M) cos(2nΩdrt) (C.13)

Now, using Jacobi-Anger Identity (Eq.4, Sect. 3.11 of [29]):

cos(x sin y) = J0(x) + 2
∞∑

n=1

J2n(x) cos(2ny) (C.14)

where x → M and y → Ωdrt, and further simplifying by noting:

lim
r→0

(1 − r)r = r (C.15)

http://dx.doi.org/10.1007/978-3-319-17686-4_10
http://dx.doi.org/10.1007/978-3-319-17686-4_10
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and

r = Es

E0
≈ Es

Ec
(C.16)

The power spectrum expression of Eq.C.6 now becomes:

P(f ) ≈ P0 + 2
Es

Ec
P0 cos(Msin�drt) (C.17)

Thus

P(f ) = P0 + 2

√
Ps

Pc
P0 cos(Msin�drt) (C.18)

It then follows that the relative intensity noise (RIN) is given by:

RIN = dP(f )

P0
= 2

√
Pn

Pc
cos(MsinΩdrt) (C.19)

which is the Large displacement measurement Equation (Chap.10, Eq. 10.4(i)). As
a final note, one can bypass the Bessel function expansion and Jacobi-Anger Identity
by using Euler’s Formula:

exp{iMsin(Ωdrt)} = cos(Msin(Ωdrt)) + i sin(Msin(Ωdrt))

Re exp{iMsin(Ωdrt)} = cos(MsinΩdrt) (C.20)

thus going from Eqs.C.6 to C.17, however, the Bessel function expansion method-
ology explicitly demonstrates that it is indeed a power spectrum.

C.4 Calculation of the Modulation Depth for the Large
Displacement Measurement

The calculation of the modulation depth (M) from known parameters is summarised
in TableC.1.

Table C.1 Summary of modulation depth calculation

Name Variable Value Derivation

PZT response SpecPZT 30µm/10,00V Product specifications

TREK output/input drive SpecTREK 100V/V Product specifications

PZT drive DrivePZT 3µm/V SpecPZT × SpecTREK
Path length change/input
drive

ΔL/V 3.1µm/V DrivePZT × (cos(50))−1

Applied drive voltage Vapplied 3Vpp Experiment value

Modulation depth M 173 rad Vapplied × ΔL/V × 4π/λ

http://dx.doi.org/10.1007/978-3-319-17686-4_10
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