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Abstract

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 as-

tronomy. First generation ground-based interferometric gravitational-wave detectors have

achieved strain sensitivities of order 10−21, at 100 Hz detection frequency. A new gener-

ation of detectors are 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 fluctuations 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 firstly details the development of a squeezed light source that produces

squeezed states applicable for enhancing interferometric gravitational-wave detectors. A

doubly-resonant, travelling-wave bow-tie cavity squeezed light source is presented. For

the first time, greater than 10 dB of quantum noise suppression across the gravitational-

wave detection band is directly observed, and 11.6± 0.4 dB of quantum noise suppression

is observed above 200 Hz. This squeezing cavity design also has benefits with intrinsic

isolation to backscattered light. Experiments that quantify this isolation are reported.

The properties affecting squeezing magnitude and low-frequency squeezing measure-

ment are discussed. In addition, a modified squeezing-ellipse-phase control technique for

squeezed vacuum states is presented.

This thesis secondly presents results from the LIGO Squeezed Light Injection Experi-

ment, undertaken to test squeezed light injection into a 4 km interferometric gravitational-

wave detector. The results of the experiment show the first measurement of squeezing-

enhancement in a 4 km gravitational-wave detector, with 2.15± 0.05 dB measured above

250 Hz. This represents the best sensitivity to gravitational waves yet achieved at these

frequencies by any single gravitational-wave detector to date.

An unknown area was whether the addition of a squeezer would introduce noise cou-

plings that degrade the crucial low frequency sensitivity. The results demonstrate that

injected squeezed states are compatible with low frequency gravitational-wave measure-

ment. The characterisation of squeezing-injection optical losses and fluctuations of the

squeezing angle are also reported.

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.
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Chapter 1

Introduction

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 [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 J. Weber [2]. Contemporary to this, the field of quantum

optics was beginning, with the formalism work of R. J. Glauber in 1963 [3]. The

cross-over between these fields began from the foundation work in quantum-noise-limited

measurement that was being driven by the gravitational-wave detection field [4,5], as reso-

nant 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 M. E. Gertsenshtein and V. I. Pustovoit [6]. The first in-depth scientific

study into the construction of these interferometric gravitational-wave detectors came

in 1972 by R. Weiss [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 sensitivity1. It is this quantum-optic enhancement scheme

that is the focus of this thesis.

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 Chapter 3, and its

application in interferometric gravitational-wave detectors in Chapter 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

1Other quantum measurement schemes being developed include variational interferometer readout [8,9],
‘speed-meter’ designs [10–14], which are acknowledge but not presented.
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Figure 1.1: Plot of previous measured squeezing magnitudes and measurement Fourier frequen-

cies. 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) 12.6 dB Squeezing at 5.5

MHz - Eberle et al. [44] (B) 12.3 dB at 1550nm - Mehmet et al. [45] (C) Khalaidovski et al. [46]

(D) Chua et al. [47] (E) This thesis (F) 11.6 dB at 200 Hz, >10 dB across the Audio GW

Band - Stefszky et al. [48]

for gravitational-wave detector enhancement has been steady. This development is

charted in Figure 1.1.

1.1.1 Squeezing magnitude

Measured squeezing magnitude has steadily increased over time from refinements in ex-

perimental technique and optical components. The largest magnitudes in squeezing yet

achieved have been with the squeezing apparatus that use nonlinear optical media. A

squeezing magnitude of 12.6 dB 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 requirement 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
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gravitational-wave detection band. In 2004, McKenzie et al. made the first measurement

of squeezing within the detection band by connecting the relationship 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 surrounding 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 10 dB 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 prototype

interferometers in gravitational-wave-detector configuration have been made.

• Bench-top Interferometers - The first experiment with squeezing-enhanced signal

detection from a simple michelson interferometer with power-recycling was reported

by McKenzie et al. [50], where the demonstrated enhancement was ∼3 dB with an

injected 5.46 MHz 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 2.8 dB.

• Prototype Interferometer - A milestone 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 3 dB at the kHz frequencies.

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 Hannover,

Germany was the first to implement squeezed state injection as part of baseline design

and operation. An improvement of 3.5 dB above 700 Hz was reported in 2011 [53].

• The LIGO H1 Squeezed Light Injection Experiment, undertaken at the LIGO Han-

ford Observatory in Washington State, USA, confirmed the sensitivity-enhancement

capability of squeezing around the 100 Hz audio detection frequency.

1.2 Thesis Overview

The development of the doubly-resonant, travelling-wave squeezed Light source resulting

in greater than 10 dB squeezing magnitude measured across the audio detection band,

and the results of the LIGO H1 Squeezing Light Injection Experiment, form the major

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.
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• Chapter 2 provides an introduction to gravitational waves and their detection. An

overview of gravitational-wave sources, current and future gravitational-wave detec-

tors, and an overview into sensitivity-limiting noise sources is presented. Pitkin et.

al [54] is recommended for further detail.

• Chapter 3 presents the basics of quantum states of light and their pictorial represen-

tations, along with the quantum descriptions of optical components such as mirrors,

optical cavities and photodetection. This chapter is based on the comprehensive text

of Walls and Milburn [55].

• Chapter 4 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 con-

figuration. The calculations presented are heavily based on the works of Kimble et.

al. [8], and Buonanno and Chen [56,57]

• Chapter 5 gives an overview of a ‘generic’ squeezed-light source used for interferomet-

ric gravitational-wave detector enhancement. The various key parts are canvassed,

including the laser inputs, nonlinear optics, measurement, stabilisation and control

stages. The reference material for further detail are the works of B. Buchler [27], K.

McKenzie [36] and H. Vahlbruch [41].

In Part 2, the development work and results from the doubly-resonant, travelling-wave

squeezed light source are presented.

• Chapter 6 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 mea-

surement are then presented. The progression of upgrades to the squeezed light

source, reflecting the progression of knowledge gained into these properties, are out-

lined. Results of up to 11.6 dB squeezing in the audio gravitational-wave detection

band (Curve (E) of Figure 1.1), and 5900 seconds of continuous 7.5 dB squeezing,

down to 1 Hz (Curve (D) of Figure 1.1) are reported.

• Chapter 7 presents the measurement of the immunity of the travelling-wave Optical

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.

• Chapter 8 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.

• Chapter 9 presents the main results of the LIGO H1 Squeezed Light Experiment,

particularly the sensitivity enhancement of the 4km Enhanced LIGO interferometer

using squeezed states. This includes the first measurement of squeezing-enhancement

below 300 Hz detection frequency in an interferometric gravitational-wave detector,

and the best sensitivity to gravitational waves above 250 Hz.
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• Chapter 10 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.

Chapter 11 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] and [48].

I led the Optical Parametric Oscillator tolerance to backscatter, medium-term length

squeezing, and squeezing ellipse phase noise measurement work. Squeezing 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, Hannover 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 Experiment window

were myself, S. Dwyer, L. Barsotti and D. Sigg, with invaluable contributions from M.

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 K. Kawabe, with invaluable

support from M. 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,

S. Dwyer and L. 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
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and K. Kawabe. Squeezing phase noise work on LIGO was led by S. Dwyer, with input

from myself, L. Barsotti, and D. Sigg.
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Kawabe, K., Evans, M., Meadors, G. D., Factourovich, M., Gustafson, R., Vorvick,

C., Landry, M., Khalaidovski, A., Stefszky, M. S., Schnabel, R., Mavalvala, N., and
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Chapter 2

Gravitational Waves and the

Quest for their Direct Detection

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 [54].

Section 2.1 presents the basics of gravitational waves and potential sources of such

waves in our Universe. Section 2.2 presents an introduction to current, second generation

and future ground-based interferometric detectors. Section 2.3 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 [58], the gravitational force

exists due to the curvature of space-time. This curvature implies that space-time is a

flexible medium, and allows the existence of propagating waves of space-time known

as gravitational waves. Gravitational waves are oscillations of space-time itself. This

is intrinsically different to the more familiar electromagnetic waves, which propagate

through space-time [1].

Some of the predicted astrophysical sources of gravitational waves include:

• Inspiral / Coalescing Binary Systems [59,60] - Binary systems of compact ob-

jects, 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 dis-

tance decays. Asymptoting to coalescence, the emitted gravitational waves increase

in both strength and frequency, resulting in a chirp signal.

• Spinning Massive Objects [59] - 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.

• Stochastic Background [59,61] - 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 Figure 2.1.

11
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Figure 2.1: Predicted sources of gravitational waves - adapted from [59]. Symbol meanings: MO

- solar mass, ε - ellipticity, Ω - stochastic background energy density.

• Supernovae [62, 63] - The non-symmetric dynamics of these stellar explosions are

predicted to emit gravitational waves. Detecting these emissions will be a potential

source of direct information about these events that are currently not well under-

stood.

Propagating at the speed of light, gravitational waves interact very weakly with matter.

This characteristic means that detecting gravitational waves may offer a relatively unhin-

dered 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 seconds after the Big Bang, or approximately 300000 years

earlier than electromagnetic-based astronomy is capable of [61], as well as dynamics of

Supernovae core collapses [63] (above). Furthermore, gravitational waves are generated

from these phenomena directly, thus carry direct information about the characteristics of

these objects/events [64].

The lowest mode of gravitational-wave oscillation is the quadrapole, and can be

best described by their effect on a region of space-time [65]. Figure 2.2 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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Figure 2.2: The effect of the two basic gravitational wave polarisations (h+ and h×) passing into

the page on free-falling test particles, where ∆d 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 gravitational wave is measured 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 extraordinarily small

strains, of order h ≈ 10−21 and lower [65].

Observations by R. A. Hulse and J. H. Taylor [66, 67] on a binary neutron star-

pulsar system, 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 consistent with the predicted loss of energy from system via the emission of gravita-

tional waves [68].

2.2 Ground-based Gravitational-wave Interferometric De-

tectors

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 [69, 70], resonant mass de-

tectors [71–74], as well as pulsar timing arrays [75–79]. These efforts and methods are

acknowledged but are not discussed.

2.2.1 Interferometers for Direct Detection

Ground-based interferometric gravitational-wave detectors are based on a Michelson In-

terferometer topology. For the remainder of this thesis, references to “gravitational-wave

detectors” will specifically refer to such devices. A basic Michelson Interferometer is
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Figure 2.3: (a) A basic Michelson interferometer, showing the effect of a gravitational wave

passing into the plane of the page. Details found in section 2.2.1, (b) A Michelson 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.

shown in Figure 2.3(a). 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 rela-

tive 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 interfer-

ence signal at the beamsplitter. A gravitational 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 sen-

sitivity. These include resonating optical cavities for the Michelson arms, optical recycling

mirrors, as shown in Figure 2.3(b). The first generation gravitational-wave detectors

included LIGO [80], Virgo [81], GEO600 [82] and TAMA300 [83] interferometers. All first

generation detectors broadly reached their design sensitivities by 2006.

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 [85] - The Enhanced Laser Interferometer Gravitational-wave

Observatory (also known as eLIGO) were two Michelson 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.
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Figure 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 [84].

• Virgo+ [86] - The Virgo+ Interferometer was also a power-recycled Michelson in-

terferometer, 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+ [87] was con-

cluded in October 2010. The start of the second-generation upgrade/installation programs

for Enhanced LIGO and Virgo+ then immediately followed. The estimated development

timelines from Generation 1.5 to second generation detectors are shown in Figure 2.5. The

work presented in the later chapters of this thesis were undertaken on the Enhanced LIGO

interferometer at Hanford, thus greater detail about the Enhanced LIGO interferometer

will be covered in Chapter 8.

2.2.3 Second Generation Detectors

The locations of the gravitational-wave detectors comprising the second generation net-

work described below, are shown in Figure 2.4(a).

• Advanced LIGO [88] - 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 [89]). These interferometers will have arm cavities and use dual

recycling, 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

observational reach of 1000 in volume space compared to LIGO, pictorially shown

in Figure 2.4(b).



16 Gravitational Waves and the Quest for their Direct Detection

• Advanced Virgo [90] - The Advanced Virgo interferometer will be a 3km dual-

recycled interferometer with arm cavities, with increased operating laser power and

improved mirrors and mirror coatings to augment their advanced seismic isolation

system. The target sensitivity improvement is also an order of 10 in magnitude

relative to first generation Virgo.

• KAGRA (LCGT) [91] - Located underground at Kamioka, Gifu Prefecture,

Japan, construction of KAGRA Large-scale Cryogenic Gravitational-wave Telescope

(LCGT) began in January 2012. KAGRA will be a 3km power-recycled interferome-

ter 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 [92] - Operated by the British-German GEO collaboration, GEO-HF is

the second generation upgrade of GEO600 [82] interferometer, whose main upgrade

took place during the S6/VSR2-3 Science Run. The sole interferometer in opera-

tion during the second generation detector upgrade/installation phase (labelled ‘As-

trowatch’ in Figure 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 [42] as

part of its baseline operation.

2.2.4 Third Generation Detectors

• Einstein Telescope [94,95] - Design studies for a third generation European detec-

tor called the Einstein Telescope have been undertaken. This interferometer looks to

combine dual-recycled Michelsons with arm cavities, squeezed states and cryogenics,

along with being housed within a deep-underground facility.

• Third Generation LIGO [96] - 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 LIGO designs being discussed

is the use of squeezed states.

2.2.5 Strain Sensitivities and Development Timelines

For the second generation and third generation detectors, their estimated development

timelines are shown in Figure 2.5, and their respective design/predicted sensitivities have

been graphically presented in Figure 2.6.
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Figure 2.5: Development timelines for ground-based gravitational-wave detectors - adapted [93].
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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 Figure 2.6. This presents a great challenge within the audio

frequency detection band of interest (10Hz to 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 Figure 2.7.

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 source manifests through both measurement 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 measure-

ments. 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 that make up the components. This includes

the thermal noise from mirror coatings [98], surface vibration modes of the test mass

mirrors [99], internal modes of the test mass mirrors [100], thermal noise from the

suspension wires, and thermo-refractive noise [101] through input-test-mass transmission.
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Figure 2.7: The predicted noise budget of Advanced LIGO, showing the contributions of the

various limiting noise sources. Plot made using GWINC v3 [97].

The current approach for mitigating thermal noise is to use low mechanical loss

materials for test masses, optics and suspensions [65]. However, the choice of such

materials is limited, complicated by key requirements such as their material absorption

properties. Other approaches being considered include cryogenic test masses [102, 103]

and exotic test mass surface structures that reduce the need for mirror coatings [104].

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 [105].

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 uncorrelated dis-

placement 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) [106, 107]. The

Einstein Telescope looks toward deep-underground facilities 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.
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2.3.5 Other Noise Sources

Other noise sources affecting the sensitivity of gravitational-wave detectors include feed-

back control noise, electronic component noise, photothermal noise [108], residual gas

[65,109] and stray light [110–112]. These noise sources are not expected to limit detection-

sensitivity.

2.4 Chapter Summary

An overview of gravitational waves and the quest for their direct detection has been pre-

sented. The nature of gravitational waves, and astrophysical sources predicted to emit

gravitational waves were reviewed. Generation 1.5 and second generation ground-based

interferometric detectors were then introduced. The sensitivity-limiting noise sources af-

fecting gravitational-wave detector measurement were covered. Quantum noise 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

Quantum optics addresses the phenomena that can only be formalised by treating light as

streams of discrete quanta of energy, or photons [113]. Important for the work contained

in this thesis, 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 [55].

The basic quantum states of light (section 3.2) and their pictorial representations

(section 3.3) are presented, followed by the quantum optical descriptions of mirrors and

photodetection (section 3.4), and optical cavities (section 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

√
h̄ωk

2ϵ0
[âkuk(r)e

−iωkt − â†ku
∗
k(r)e

iωkt] (3.1)

where ωk is the mode angular frequency, h̄ is the reduced Planck constant, ϵ0 the per-

mittivity 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 [55]. 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 Equation 3.1 in writing the Hamiltonian Ĥ
for the total energy of the electromagnetic field. The results is

Ĥ =
∑
k

h̄ωk

(
â†kâk +

1

2

)
(3.3)

The Hamiltonian is of the form of an ensemble of simple harmonic oscillators with quan-

tised energy levels.
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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 + iX̂2

2
(3.4)

â† =
X̂1 − iX̂2

2
(3.5)

with the Hermitian (and thus observable) 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 quantum mechanics, the Heisenberg Uncertainty

Principle defines the intrinsic uncertainty for two non-commuting observables, where pre-

cise information for both observables simultaneously is not possible [114]. Explicitly, for

two observables that are related by the commutation relation

[Ôi, Ôj ] = δij (3.9)

their Uncertainty relation will be described by

∆Ôi∆Ôj ≥
1

2
|δ| (3.10)

where ∆Ô is the standard deviation of the respective operator. The standard deviation is

calculated from the Variance V (Ô)

V (Ô) = (∆Ô)2 =

√
⟨Ô2⟩ − ⟨Ô⟩2 (3.11)

The boson commutation relations (Equation 3.2) translates the Uncertainty Principle to

quantum optics. Using the creation and annihilation operators, this results in a commu-

tation relation and uncertainty relation of

[â, â†] = 1 (3.12)

∆â∆â† ≥ 1

2
(3.13)
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and subsequently using the amplitude and phase quadratures, converts to

[X̂1, X̂2] = 2i (3.14)

∆X̂1∆X̂2 ≥ 1 (3.15)

Therefore, it is not possible to precisely measure amplitude and phase quadratures simul-

taneously. It is this uncertainty that is referred to as the quantum noise of the electro-

magnetic field. If the fluctuations of a state satisfy the lower bound of the Uncertainty

principle, namely ∆X̂1∆X̂2 = 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 [113]

by

N̂ = â†â (3.16)

Calculating the mean photon number N̄ = ⟨N̂⟩ gives, via multiplication with energy per

photon h̄ω, the mean optical power within the mode.

Popt = N̄ h̄ω (3.17)

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 section

3.3.

3.2.1 The Coherent State

Light generated by a frequency and intensity stabilised laser source can be well approxi-

mated by a coherent state [55], thus making them important states of light for quantum

optics experiments.

Coherent states, denoted by |α⟩, are both left eigenstates of the annihilation oper-

ator

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)
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hence the term α is known as the coherent amplitude of the state [113].

Coherent states have fluctuations equally distributed across both quadratures and

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

states.

∆X1 = ∆X2 = 1 (3.21)

For measurements using unmodified coherent states, this minimum uncertainty represents

the greatest accuracy in measurement that can be achieved. This limit is often described

as the quantum noise limit.

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

Equation 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

∆X1 = ±1 (3.22)

and similarly for the phase quadrature

∆X2 = ±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 (Equation 3.3) via the
1
2 h̄ωk term per oscillator.

3.2.3 The Squeezed State

Consider two generic operators Ĵ and K̂ that follows the commutator relation [Ĵ , K̂] = iL̂.

From the Heisenberg Uncertainty Principle, it follows that

⟨∆Ĵ2⟩⟨∆K̂2⟩ ≥ 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

⟨∆Ĵ⟩2 < 1

2
|⟨L̂⟩| or ⟨∆K̂⟩2 < 1

2
|⟨L̂⟩| (3.25)
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but not simultaneously (else Equation 3.24 is violated), the state is then said to be

squeezed [55]. Thus a squeezed state refers to a state where the uncertainty of one quadra-

ture 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 [55]

Ŝ(ζ) = exp (1/2(ζ∗â2 − ζâ†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

⟨∆X̂θ⟩ = e−R (3.27)

⟨∆X̂θ+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 + sinh2R (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 Equation 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

Sideband Diagram of squeezed vacuum states (section 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

∆X1 > 1, ∆X2 > 1 (3.30)

Examples of such states include squeezed states mixed with additional noise, and lasers

with excess classical noise. Noise suppression techniques are used (for example with lasers

[115,116]) 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) = E0e
iω0t (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

Figure 3.1(a). 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 [117]

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 [117]. First consider a field with amplitude modulation at modulation frequency

ωm and modulation depth M , described by [118]

Ea−mod(t) = E0e
iω0t(1 +M cos (ωmt))

= E0e
iω0t(1 +

M

2
eiωmt +

M

2
e−iωmt) (3.32)

From Equation 3.32, the amplitude modulated field is decomposed into a carrier field and

two sidebands at frequencies ω0 ± ωm. This is shown pictorially in Figure 3.1(b1), 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) = E0e
i(ω0t+M cos (ωmt)))

≈ E0e
iω0t(1 + iM cos (ωmt)) (3.33)

= E0e
iω0t(1 + i

M

2
eiωmt + i

M

2
e−iωmt) (3.34)

and shown in Figure 3.1(b2). The approximation in Equation 3.33 is valid for small values

of the modulation depth - the complete description utilises Bessel Functions of the First

Kind (Jn) [118]. The pictorial representation of a field with a carrier and sidebands is

called the classical sideband diagram. The links between classical sideband and classical

phasor are demonstrated with the time-evolution series of diagrams of Figure 3.1(c) and

3.1(d) (amplitude and phase modulation respectively) and how the sum of the carrier and

sidebands changes the classical phasor.
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Figure 3.1: (a) Classical phasor diagram with phasor with amplitude α and phase ϕ, (b) Classical

sideband diagram for amplitude and phase modulation described by Equations 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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3.3.2 Quantum Phasor Diagram

From the Heisenberg Uncertainty Principle, there is uncertainty in the amplitude and

phase quadratures (section 3.1.3), thus with a coherent state as an example, at a mea-

surement frequency of Ω, there are now many different phasors of varying amplitudes and

phases possible, as shown in Figure 3.2(a). These many phasors can be equivalently de-

scribed by a single phasor with an added non-deterministic, time-varying amplitude/phase

uncertainty vector, as shown in Figure 3.2(b). As the uncertainty in both quadratures are

equal (∆X1 = ∆X2 = 1), we can illustrate the uncertainty vector with a two-dimensional

gaussian distribution, thus realising the quantum phasor diagram shown in Figure 3.2(c).

This diagram is a hybrid diagram in quadrature space (X1, X2) that illustrates both clas-

sical and quantum properties of the state. Quantum phasor diagrams of various states

are shown in Figure 3.3. The states with squeezed quadratures are distinctive with an

elliptical distribution.
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X
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X
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X
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X
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Ω Ω Ω

Figure 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”.
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Figure 3.3: Quantum phasor diagram representations of various quantum light states
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Figure 3.4: (a) Progression from the Quantum Phasor Diagram to the Quantum Sideband Dia-

gram. Quantum Sideband Diagrams for the (b) Coherent State and (c) Vacuum State.

3.3.3 Quantum Sideband Diagram

Consider the progression illustrated in Figure 3.4(a). We begin by returning to the quan-

tum phasor description of the form of a single phasor and an added uncertainty vector

(Figure 3.2(b)). Utilising the classical sideband picture, we can represent the added vector

as quantum sidebands at frequency ω0 ± Ω, and the amplitude/phase uncertainty is en-

compassed 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 quantum sideband

diagram. These sidebands are a visualisation of the 1
2 h̄ωk energy terms of the Hamiltonian

(Equation 3.3). The quantum sideband diagrams of the coherent state and vacuum state

are shown in Figure 3.4(b) and (c) respectively.

For a squeezed state, we recall that from Equation 3.29, the state contains photons, de-

pending on the squeezing factor r. These photons replace the (unsqueezed) vacuum state,

and this can be visualised with correlated sideband pairs. The magnitude of squeezing

determines how well these sideband pairs are correlated. In the quantum sideband dia-

gram, 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 Figure 3.5.
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Figure 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 (Equation 3.29) in (b) indicate a stronger magnitude of squeezing. The result

is a measured phasor with a more elongated squeezing noise ellipse.

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 [119].

When linearised, an operator Ô is now separable into two components and is de-

scribed as follows:

Ô(t) = Ō + δÔ(t), Ô†(t) = Ō∗ + δÔ†(t) (3.35)
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Figure 3.6: Partially transmissive mirrors. The fields A, 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.

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 component

from the fluctuations. The second assumption allows the simplification of making a

first order approximation, as higher order terms now have negligible contributions. The

commutation relations thus no longer have any bearing and a complete semiclassical,

analytical expression of a quantum operator/variable is accessible [55].

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)

δX̂1(t) = δâ(t) + δâ†(t) (3.40)

δX̂2(t) = i(δâ(t)− δâ†(t)) (3.41)

3.4.2 A partially transmissive mirror

Figure 3.6(a) 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
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mirror, C and D, can be related to the input fields via

C =
√
1− εA+

√
εB (3.42)

D =
√
εA−

√
1− εB (3.43)

(3.44)

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 Figure 3.6(a). With normal incidence as shown in Figure 3.6(b), 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 Figure

3.7.

As a consequence of the Photoelectric Effect, photons incident onto a photosensitive

medium produce a source of freely moving electrons [117]. The produced photocurrent i,

is given by

i = ρPopt =
e ηpd
h̄ω

Popt (3.45)

where ρ is the responsivity of the photodetector (in units of A/W), ηpd is the quantum

detection efficiency of the detection medium, h̄ω 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 (section 3.1.4) and combined

with the linearisation formalism (section 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(δXA
1 ) (3.46)

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

i =
e

h̄ω
Popt

=
e

h̄ω
Nh̄ω

= e(|A|2 +A(δXA
1 )) (3.47)
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Figure 3.7: Photodetection: (a) Light field A incident onto a perfect, noiseless photodetector (b)

A real-world photodetector, with quantum detection efficiency ηpd

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(δXA
1 ) (3.48)

The analysis has proceeded thus far assuming perfect photodetection. In physical experi-

ments 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 Figure 3.7. The photocurrent

becomes:

i = e⟨A′|â†â|A′⟩ = e
(
⟨√ηpdA

† +
√

1− ηpdδv
†|â†â|√ηpdA+

√
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

)
(3.49)

Therefore, the photocurrent components are

⟨i⟩ = eηpd|A|2, δi = eA

(
ηpdδX

a
1 +

√
ηpd(1− ηpd)δX

v
1

)
(3.50)

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 beam-

splitter. The second effect is that optical losses are accompanied by fluctuations 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.
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Figure 3.8: A generic optical cavity with the quantum Langevin formalism, described in section

3.5.1.

3.5.1 Quantum Langevin equations of an optical cavity

A generic optical cavity is shown in Figure 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
(3.51)

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 Rj and transmissivity Tj are defined by

Rj = r2j , Tj = t2j = 1− Rj (3.52)

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

(3.53)

where Ri is the power reflectivity of mirror i.

The coupling rate κj for each mirror is defined from the transmissivity and round trip

time, namely:

κj =
tj
τ

=

√
Tj

τ
(3.54)
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The total decay rate κ of the cavity is the sum of the individual decay rates

κ =
∑

κj (3.55)

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

section 3.1.4, the optical power of an external cavity field AZ with angular frequency ωZ

is given by:

PZ = h̄ωZ |AZ |2 (3.56)

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

Pz =
h̄ωz|z|2

τ
(3.57)

with the factor of the cavity round trip time (τ) making Pz unit-consistent (photons/s).

Using the formalism developed by Gardiner and Collett [120], the quantum Langevin

equation of motion for the cavity mode, using the above defined parameters, is given by:

ȧ = −(κ+ iω0)a+
√
2κinAine

−iωAt +
√
2κoutδAv +

√
2κlδAl (3.58)

with Ain denoting the coherent field at frequency ωA, ω0 the cavity resonant frequency, and

the other input fields being vacuum states δAv and δAl. Equation 3.58 can be rewritten

in the rotating frame of ωA, becoming:

ȧ = −(κ+ i∆)a+
√
2κinAin +

√
2κoutδAv +

√
2κlδAl (3.59)

with cavity detuning∆ = ω0−ωA, the difference between coherent field and cavity resonant

frequency. Setting the cavity detuning to zero (i.e. ∆ = 0), which is now experimentally

readily achievable, the Fourier transform of Equation 3.59 gives:

iωã = −κã+
√
2κinÃin +

√
2κoutδÃv +

√
2κlδÃl (3.60)

⇒ ã =

√
2κinÃin +

√
2κoutδÃv +

√
2κlδÃl

iω + κ
(3.61)

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 [120] are used, given

by

Ãref =
√
2κinã− Ãin (3.62)

Ãtrans =
√
2κoutã− δÃv (3.63)

which via substitution of ã results in:

Ãref =
(2κin − κ− iω)Ãin +

√
2κinκoutδÃv +

√
2κinκlδÃl

iω + κ
(3.64)

Ãtrans =

√
2κinκoutÃin + (2κout − κ− iω)δÃv +

√
2κoutκlδÃl

iω + κ
(3.65)
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Figure 3.9: The magnitude and phase transfer functions of an optical cavity in reflection and

transmission. Cavity parameters chosen are L = 1 m, λ = 1 µm, Tin = 0.05, Tout = 0.04, Tl = 0

We can now consider the steady-state and fluctuating outputs of the cavity by applying

the linearisation formalism.

3.5.2 Reflected and transmitted fields

From Equations 3.64 and 3.65, the steady-state transfer functions in reflection and trans-

mission are

R(ω) =
¯̃Aref

¯̃Ain

=
(2κin − κ− iω)

iω + κ
(3.66)

T (ω) =
¯̃Atrans

¯̃Ain

=

√
2κinκout
iω + κ

(3.67)

The transfer function magnitude response (|R(ω)|2, |T (ω)|2) and phase response ( ̸ R(ω),
̸ T (ω)) are shown in Figure 3.9. This shows the response of a cavity to an 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 Equations 3.64 and 3.65, the fluctuating components in reflection and trans-

mission are

δÃref =
(2κin − κ− iω)δÃin +

√
2κinκoutδÃv +

√
2κinκlδÃl

iω + κ
(3.68)

δÃtrans =

√
2κinκoutδÃin + (2κout − κ− iω)δÃv +

√
2κoutκlδÃl

iω + κ
(3.69)

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

V ref
1,2 =

((2κin − κ)2 + ω2)V in
1,2 + 4κinκoutV

v
1,2 + 4κinκlV

l
1,2

ω2 + κ2
(3.70)

V trans
1,2 =

4κinκoutV
in
1,2 + ((2κout − κ)2 + ω2)V v

1,2 + 4κoutκlV
l
1,2

ω2 + κ2
(3.71)
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Figure 3.10: Example noise response of an optical cavity in reflection and transmission. The

cavity parameters are the same as those used in Figure 3.9

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 Figure 3.10,

the reflection and transmission noise response is plotted for an input amplitude 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.

3.6 Chapter Summary

This chapter provides a background to the framework of quantum optics formalism. The

basics of quantum states of light and their pictorial representations were reviewed. The

quantum optical descriptions of mirrors, optical cavities and photodetection were also

covered. These concepts will be utilised throughout the remainder of this thesis.
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Chapter 4

Quantum Noise in Gravitational -

Wave Detectors and Applied

Squeezed States

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 enhancements possible with

squeezed state injection. The calculations presented are heavily based on the derivations

from the works of Kimble, Levin, Matsko, Thorne and Vyatchanin [8], and Buonanno

and Chen [56, 57]. Cited frequently throughout this chapter, these works use estimated

experiment parameters for LIGO and Advanced LIGO detectors.

Section 4.1 provides an introduction of the influence of quantum noise in measurement,

followed by a brief discussion in the main source of quantum noise in gravitational-wave

detection (section 4.2). Subsequently, the quantum noise of three Michelson configu-

rations are explored: a simple Michelson interferometer (section 4.3), a power-recycled

Michelson with Fabry-Perot arm cavities (section 4.4), and a Dual-recycled Michelson

with Fabry-Perot arm cavities (section 4.5). In each of the configurations, the effect of

injected squeezed states is also explored. Section 4.6 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 measurement,

as a result of the amplitude and phase quadrature uncertainties.

4.1.1 Amplitude quadrature uncertainty - Radiation Pressure Noise

Photons transferring their momentum onto an incident object gives rise to a force acting on

the object that causes mechanical motion. Aptly called radiation pressure [117], the greater

the incident optical power, the greater the number of photons present, the greater the

radiation pressure. However, uncertainty in the amplitude quadrature ∆X1 translates into

uncertainty in the photon number at a particular time/ measurement point. Therefore,

the amplitude quadrature uncertainty gives rise to radiation pressure noise, which scales

39
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Figure 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.

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 mea-

surement point and is the manifestation of the uncertainty in the phase quadrature ∆X2

in measurement. This noise source 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 experi-

ments, 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 optical

power, but in opposite regimes. The combination of these two noises are their quadrature

sum, and is the Quantum Noise curve in Figure 4.1

σtotal =
√

σ2
rad + σ2

shot ∝

√(
1

Popt

)2

+ P 2
opt (4.3)
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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 dominates. 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 Figure

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 [65]. 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 Figure 4.2(a).

Caves [121] published the first complete argument of quantum noise in gravitational-wave

detection readout arising from the vacuum field entering the AS port. This argument was

reaffirmed by Braginsky et al. [122], who showed that the quantum limits in 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 section 4.4.5.

4.3 Simple Michelson Interferometers

A Michelson interferometer is the basic configuration for gravitational-wave detectors (in-

troduced in section 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 [65]. 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 Figure 4.2(a)), the output amplitude quadrature, b1,

and phase quadrature, b2 is given by [8]

b1 = ∆b1, ∆b1 = a1e
2iβ (4.4)

b2 = ∆b2 +
√
2K h

hSQL
eiβ , ∆b2 = (a2 −Ka1)e

2iβ (4.5)

bζ = b1 sin(ζ) + b2 cos(ζ) (4.6)
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Figure 4.2: (a) A simple Michelson interferometer (section 4.3). Quantum phasor diagrams

depict the propagating direction of the input laser field and input vacuum field of the two ports

of the Michelson. (b) Michelson with power-recycling mirror (PRM) and Fabry-Perot arm cavities

(section 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.

where ∆b1 and ∆b2 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 [8]

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 =

√
4h̄

mΩ2L2
(4.9)

is the standard quantum limit for the square root of the gravitational-strain single-sided

power spectral density [8]. This is the manifestation of the SQL described in section 4.1.3

in a simple Michelson interferometer. As in Equation 4.5, of primary importance is the

output phase quadrature b2, as it contains the gravitational wave signal. The quantum

noise contribution (∆b2) consists of a shot noise component, from input phase quadrature

noise a2, and a radiation pressure noise component, from input amplitude quadrature
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Figure 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 θ. With squeezing, the SQL can be surpassed. Values used to calculate are ω0 = 1.77×1015

rad/s, I0 = 1× 104 W, m = 40 kg, L = 3995 m. All traces are normalised to the SQL (hSQL(Ω)).

noise a1 scaled by −K. The single-sided power spectral density can be described by [8]

Sh =
h2SQL

2

(
1

K
+K

)
(4.10)

and the strain sensitivity is h =
√
Sh. Figure 4.3(a) shows the strain sensitivity of a

simple Michelson interferometer, normalised to the strain-equivalent SQL (hSQL(Ω)), with

traces for radiation pressure and shot noise contributions, the SQL and the total quantum

noise. Increasing or decreasing the input laser power will map the total quantum noise

curve to the SQL at different sideband frequencies. It should be noted that Figure 4.3(a)

illustrates strain sensitivity versus sideband frequency, thus it is a spectrum. This is

different to Figure 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 [15]. With an appropriate squeezing angle θ, an injected squeezed

state can reduce the quantum noise below the SQL [16,17].

The power spectral density of a simple Michelson interferometer with injected squeezing

is given by [8]

Sh−SQZ =
h2SQL

2

(
1

K
+K

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

where R is the squeeze factor, and Φ = arccot(K). Figure 4.3(b) shows the strain

sensitivity of a simple Michelson with injected squeezing at various squeezing angles. An



44 Quantum Noise in Gravitational - Wave Detectors and Applied Squeezed States

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 limited 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 fre-

quencies, a frequency-dependent squeezed state is needed. This would entail an amplitude

squeezed state (θ = 0) in the radiation-pressure-noise-limited low frequency regime,

rotated to θ = −π/4 around the SQL frequency, then rotated further to a phase squeezed

state θ = −π/2 in the shot-noise-limited high frequency regime. The optimal squeezing

angle is given by [8]

θoptm(Ω) = −arccot(K) (4.12)

With optimal squeezing angle, Equation 4.11 simplifies to

Sh−SQZoptm =
h2SQL

2

(
1

K
+K

)
e−2R (4.13)

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

Sh−SQZoptm

is shown in Figure 4.3(b). The injection of squeezing can be achieved with an optical

circulator, shown in Figure 4.2(b). The workings of the optical circulator will be explored

in Chapter 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

(section 2.2.2). Known as Power-recycled Michelsons for the rest of this thesis, this con-

figuration was used in the LIGO Squeezed Light Injection Experiment.

4.4.1 Additions to the simple Michelson configuration

A Power-recycled Michelson is shown in Figure 4.2(b). The additions to the simple

Michelson configuration are the power-recycling mirror (PRM) and optical arm cavities,

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 beamsplitter.

The addition of optical cavities in the Michelson arms primarily allows an enhancement of

the effect of a gravitational-wave signal [65]. The optical power is stored within each arm,

resonantly building and effectively sampling the position of the ETM many times. This

multiplies up the effect of the change in test mass position due to passing gravitational

waves.
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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 (Equations 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

βI = arctan (Ω/γ) (4.14)

where γ = Tc/(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

KI =
2(I0/ISQL)γ

4

Ω2(γ2 +Ω2)
(4.15)

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

ISQL =
mL2γ4

4ω0
(4.16)

The strain at the standard quantum limit is now given by

hISQL =

√
8h̄

mΩ2L2
(4.17)

The strain sensitivity is thus given by

hI =
√

SI
h =

√
(hISQL)

2

2

(
1

KI
+KI

)
(4.18)

which is square-root of the power spectral density, Equation 4.10, with K → KI, hSQL →
hISQL. Figure 4.4(a) shows the total quantum noise, SQL and contributions from radiation

pressure and shot noise for a Power-recycled Michelson.

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 Figure 4.4(a) 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 KI term. This

shaping will be expanded on in section 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 reference [8]).

Power-recycling resonantly enhances the optical power incident on the interferome-

ter beamsplitter. This resonant enhancement acts on the quantum noise limit of the

interferometer via increasing the power incident on the interferometer beamsplitter, I0.
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Figure 4.4: (a) Strain sensitivity of a Power-recycled Michelson, calculated using parameters

found in Table 4.4.4 and (b) Strain sensitivity of a Power-recycled Michelson with injected squeezing

at various squeezing angles.

4.4.4 Squeezing enhancement of a lossless Power-recycled Michelson

Figure 4.4(b) shows the enhancements possible with the injection of squeezing. These

traces are calculated identically to the simple Michelson case (section 4.3.2), except with

the optimal squeezing angle now calculated with the modified radiation-pressure back-

action coupling constant (Equation 4.12 with KI). 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 [8]

b1 = ∆b1, b2 = ∆b2 +
√

2K(∗)
h

hISQL

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)

where ϵ is the arm cavity loss coefficient. The radiation-pressure back-action coupling

constant is modified to

K(∗) = KI

(
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)
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Parameter Symbol Value Units

Laser Frequency ω0 1.77× 1015 rad/s
Detection Fourier frequency Ω 10 - 10000 Hz
Detection Phase ζ π/2 rad
Photodetection loss λPD 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 Tc/(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 -

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

Michelson. Apart from the fractional photon loss in output train EOT , these are the Enhanced

LIGO interferometer parameters.

The power spectral density of the Power-recycled Michelson with optical losses can be

written as [8]

SI
hL =

(hISQL)
2

2

E + EOT

KI︸ ︷︷ ︸
i

+
ϵ

2
KI︸︷︷︸
ii

+

(
1− 1

2
E
)(

1

KI
+KI

)
︸ ︷︷ ︸

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 from the losses in the arm cavities and the interferometer

optical output train. The entrance of these vacuum fluctuations affect the shot noise

contribution to quantum noise.

ii The backaction coupling of arm cavity loss vacuum from the amplitude quadrature into

the phase quadrature. The entrance of these vacuum fluctuations affect the radiation

pressure contribution.

iii The entrance of vacuum fluctuations entering the AS port of the interferometer, de-

creased by the losses in the reflecting Michelson (from arm cavity loss).

As expected, if the loss terms in Equation 4.23 were zero, we return to the lossless power

spectral density (Equation 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.
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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 [8]

SI
hL−SQZ =

(hISQL)
2

2

[
E + EOT

KI
+

ϵ

2
KI +

(
1− 1

2
E
)(

1

KI
+KI

)
× {cosh 2R− cos (2(θ +Φ)) sinh 2R}

]
(4.24)

With optimal squeezing angle, the power spectral density becomes [8]

SI
hL−SQZopt =

(hISQL)
2

2

[
E + EOT

KI
+

ϵ

2
KI +

(
1− 1

2
E
)(

1

KI
+KI

)
e−2R

]
(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 injec-

tion 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 Michelson

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 [123]. The Dual-recycled Michelson configuration will be used in second

generation gravitational-wave detectors (section 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 complete-

ness. The quantum noise of a Dual-recycled Michelson with optical losses is shown in

Figure 4.5(a), corresponding to quantum noise curve as plotted by the GWINC software

of Figure 4.6. The effect of injected squeezing at various squeezing angles is shown in

Figure 4.5(b). The full quantum-noise equations for Dual-recycled Michelsons can be

found in Appendix A.
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Figure 4.5: (a) Strain sensitivity of a Dual-recycled Michelson with optical losses. The contribu-

tion 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 [97] (see Figure 4.6 for comparison). (b) Strain sensitivity with injected

squeezing at various squeezing angles.
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Figure 4.6: Figure 2.7 repeated - The predicted noise budget of Advanced LIGO, showing the

contributions of the various limiting noise sources. Plot made using GWINC v3 [97]



50 Quantum Noise in Gravitational - Wave Detectors and Applied Squeezed States

4.6 Implications and Assumptions

This section discusses some of the assumptions used in the above calculations. The impli-

cations and limitations of injecting squeezed states are also discussed.

4.6.1 Signal-to-Noise Ratio

The shot noise is spectrally flat, as introduced in the the shot noise section of Chapter

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, via KI (see Equa-

tions 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 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 interferom-

eter readout. Figure 4.6 shows that quantum noise broadly limits the predicted

strain sensitivity of second-generation detector Advanced LIGO. However, other noise

from hardware and environment sources (section 2.3) contribute in limiting the sensitivity.

Squeezing injection only affects the quantum noise contribution and does not re-

duce other noise contributions should they begin to dominate the quantum noise. For

example, thermal Brownian noise of mirror coatings is a noise source comparable in

contribution as the quantum noise around 100 Hz1. Figure 4.7 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.

4.6.3 Squeezing injection optical losses

The calculations for the quantum noise have also assumed perfect squeezing injection.

However, optical losses degrade squeezing magnitude, returning the state back to the

vacuum state. To factor in squeezing injection with optical loss, the effective squeezing

magnitude should be reduced in a similar fashion. Optical loss in squeezing measurement

will be discussed in section 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 Heisenberg

Uncertainty Principle is being violated as there appears to be simultaneous improvement

in shot noise and radiation-pressure noise limited regimes. The Heisenberg Uncertainty

1Coating thermal noise is an active area of research [98].
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Figure 4.7: Strain sensitivity of a dual-recycled Michelson with applied squeezing, accounting

for quantum noise and coating brownian thermal noise. The total improvement potential from

injected squeezing is masked by the coating brownian thermal noise.

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 [124], and suggestions for methods to obtain such squeezed

states in the gravitational-wave detection band have been proposed.

Kimble et al. [8] 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 rotation. 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 appropriate detection frequency where

the radiation-pressure-noise limited and shot-noise limited regimes crossover (i.e. around

the SQL intersection point). These requirements place stringent tolerances on the optical

cavity, and are currently-active areas of investigation [125–127].

Another proposal is to use cavities as Amplitude filter cavities [128, 129]. This

method does not give optimised frequency-dependent squeezing. Instead, the optical

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 vacuum fluctu-

ation level. The advantage of using Amplitude filter cavities is that the requirements for
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these filter cavities are relaxed considerably, both in terms of cavity loss tolerances and

cavity length.

4.7 Chapter Summary

This chapter introduces the calculations for obtaining the strain-sensitivity limited quan-

tum 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 implications for squeezing injection into

future gravitational-wave detectors were discussed.



Chapter 5

Squeezed State Generation for

Gravitational-wave Detection

The Heisenberg Uncertainty Principle manifests itself in many different parameter-pairs.

Squeezed states of those parameter-pairs and their diverse generating apparatus have

been and are being developed. Examples include number squeezing with atoms [130],

atomic spin squeezing [131], optical polarisation squeezing [132, 133], and ponderomotive

squeezing [134–136].

This chapter reviews the type of squeezed vacuum generator that is currently ap-

plicable 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 the works of B. Buchler [27], K.

McKenzie [36] and H. Vahlbruch [41].

5.1 Squeezed light source overview

The type of squeezed state generator, or squeezer, currently applicable to gravitational-

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 [137] and teleportation [138].

Figure 5.1 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: The Second Harmonic Generator and Optical Parametric

Oscillator (Green sections)

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

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 - section 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 - section 5.3.3), while a small tapoff beam, after spatial mode filtering

53
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Figure 5.1: A simplified schematic of a squeezed light source. The dashed optical beam ‘SQZ’

represents 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.

by the mode cleaner (MC - section 5.5.1) is used as part of the Balanced Homodyne

Detector (HD - section 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 - section 5.5.2), to

the Optical Parametric Oscillator (OPO - section 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) - section 5.6.1] is used to control

the Mach-Zehnder arm length. The offset frequency locking loop [Loop (2) - section 5.6.2]

controls the relative frequency offset between the main and auxiliary (AUX) lasers. The

Pound-Drever-Hall locking technique [Loops (3) - section 5.6.3] is used to maintain optical

cavities on resonance. The auxiliary laser is sent to the 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 Homodyne Detector Local Oscillator phase.

The Coherent Sideband locking technique will be explored in Chapter 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
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Figure 5.2: Illustration of the two degenerate χ2 nonlinear optical processes.

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 [139]. In dielectric media, the response of the material to an incident optical

field E is an induced polarisation potential P that can be written as

P = ε0(χ1E + χ2E
2 + χ3E

3 + . . .) (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.

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 [117]. 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 harmonic

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 Figure 5.2.
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5.3.1.2 Phase matching

The relationship between the high and low energy photons partaking in the interaction

process must satisfy the Law of Conservation of Energy, that is∑
in

Ei =
∑
out

Ej ⇒
∑
in

h̄ωi =
∑
out

h̄ωj

⇒
∑
in

ωi =
∑
out

ωj (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.

h̄
∑
in

ki = h̄
∑
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 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 ∆k as the difference between

input and generated field wave-vector magnitudes

∆k =
∑
in

ki −
∑
out

kj (5.4)

The expression for the generated field power versus phase mismatch for the sum-frequency

generation case is given by [139]

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

Figure 5.3 shows Equation 5.5 as a function of phase mismatch. Moving away from perfect

phase matching (∆k = 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 - a material’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 re-

fractive 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)

Example materials include Type I magnesium-oxide-doped lithium niobate

(MgO:LiNbO3) and Type II potassium titanyl phosphate (KTiOPO4, known com-

monly as KTP).
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Figure 5.3: Change in generated second-harmonic power as a function of phase mismatch ∆k. The

nulls of the Sinc-squared function (for a fixed length) appear when the phase mismatch ∆k = nπ

where n is an integer

• Quasi-phase matching - Quasi-phase matching [140] is a technique where the non-

linear coefficient is inverted periodically by modulating the material crystal domain

structures. This is referred to as periodic poling and this technique counters the

effect of material dispersion. Therefore it allows for the phase of the newly gener-

ated field to be quasi-phase matched with existing generated field. Although not as

conversion-process efficient as the non-poled materials, quasi-phase-matched mate-

rials 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) [141].

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 section

3.6 are now modified. Figure 5.4 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.

The nonlinear quantum Langevin equations of motion for the fundamental and pump
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Figure 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

fields are defined as [139]

ȧ = −(κa + i∆a)a+ εa†b+
√
2κainAin +

√
2κaoutδAv +

√
2κal δAl (5.9)

ḃ = −(κb + i∆b)b−
ε

2
a2 +

√
2κbinBin +

√
2κboutδBv +

√
2κbl 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 interdepen-

dence, accounting for the flow of photons between one field to the other. As in section

3.6, these equations can be similarly simplified by assuming that the cavity is held on

resonance (∆a = ∆b = 0).

5.3.3 Second Harmonic Generator (SHG)

The Second Harmonic Generator or SHG is a device that resonantly converts photons

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⟩+
√

2κainAin

˙⟨b⟩ = −κb⟨b⟩ −
ε

2
⟨a⟩2 (5.11)

Using the cavity output relation (equation 3.63), the steady state solution for the output

harmonic field is given by

Bout =

√
2κboutε⟨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 second harmonic field

is used to drive the Optical Parametric Oscillator, thus the name of ‘pump’ field.



§5.3 Nonlinear optical stages 59

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.

The Langevin equations for an OPO are given by

ȧ = −κaa+ εa†b+
√

2κainAin +
√

2κaoutδAv +
√

2κal δAl (5.13)

ḃ = −κbb+
√

2κbinBin +
√

2κboutδBv +
√

2κbl δBl (5.14)

Compared to Equations 5.9 and 5.10, the above Equations have a further simplification

employed, that is, the term ε
2a

2 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 [55], which nullifies the pump field dependence on 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† +
√

2κainAin (5.15)

ȧ† = −κaa+ g∗a+
√

2κainA
†
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 (P 0
out where g = 0) can be expressed as

Pout

P 0
out

=
(1 + g/κa)

2

(1− |g|2/κ2a)2
(5.17)

The term g/κa, also known as the normalised pump parameter x [142], is equivalent to

the ratio of the pump field amplitude B to the pump field amplitude at threshold Bthr [27]

x =
g

κa
=

B

Bthr
(5.18)

thus equation 5.17 can be re-written as

Pout

P 0
out

=
(1 +B/|Bthr|)2

(1− |B/Bthr|2)2
(5.19)
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Figure 5.5: OPO Nonlinear Gain curves, showing the behaviour in both amplification and deam-

plification regimes. As the input pump power approaches threshold, the amplification curve asymp-

totes to +∞. This is a result of the assumption of no pump depletion breaking down at (and above)

threshold powers.

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 Equation 5.19 can be re-written as

P±
out

P 0
out

=
[1 + Υ1/Υ2]

2

[1∓ (Υ1/Υ2)2]2
(5.22)

Figure 5.5 shows a plot of the gain expressions versus input pump power (normalised

to threshold power Pth = |Bthr|2). 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. By injecting 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.

1This is the low-power field from section 5.2
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5.3.6 Semiclassical behaviour of the OPO

Focussing on squeezing generation, we return to Equation 5.13, with semiclassical pump

(εb = g). Consider the fluctuating components, given by

δȧ = (−κa + g)δa+
√

2κainδAin +
√

2κaoutδAv +
√

2κal δAl (5.23)

δȧ† = −(κa + g)δa† +
√

2κainδA
†
in +

√
2κaoutδA

†
v +

√
2κal δA

†
l (5.24)

Calculating the quadratures gives

δẊa
1 = (−κa + g)δXa

1 +
√

2κainδX
A−in
1 +

√
2κaoutδX

A−v
1 +

√
2κal δX

A−l
1 (5.25)

δẊa
2 = (−κa − g)δXa

2 +
√

2κainδX
A−in
2 +

√
2κaoutδX

A−v
2 +

√
2κal δX

A−l
2 (5.26)

Solving in the Fourier domain thus results in

δX̃a
1,2 =

√
2κainδX̃

A−in
1,2 +

√
2κaoutδX̃

A−v
1,2 +

√
2κal δX̃

A−l
1,2

iω + κa ∓ g
(5.27)

Applying the transmission input-output relation (Equation 3.63), we find the transmitted

noise quadratures

δX̃out
1 =

(2κaout − iω − κa + g)δX̃A−v
1 +

√
4κainκ

a
outδX̃

A−in
1 +

√
4κal κ

a
outδX̃

A−l
1

iω + κa − g
(5.28)

δX̃out
2 =

(2κaout − iω − κa − g)δX̃A−v
2 +

√
4κainκ

a
outδX̃

A−in
2 +

√
4κal κ

a
outδX̃

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 +

κaout
κa

4(g/κa)

ω2/κ2a + (1− g/κa)2
(5.30)

V out
2 = 1− κaout

κa

4(g/κa)

ω2/κ2a + (1 + g/κa)2
(5.31)

Figure 5.6 shows the noise variances as a function of frequency (from cavity resonance).

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 mag-

nitude 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 = κaout/κa (5.32)

is the measure of the efficiency that squeezing may exit the OPO cavity. Rewriting Equa-

tions 5.30 and 5.31 with the escape efficiency and normalised nonlinear gain parameter x,
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Figure 5.6: Ouput 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.

gives

V out
1 = 1 + ηesc

4x

ω2/κ2a + (1− x)2
(5.33)

V out
2 = 1− ηesc

4x

ω2/κ2a + (1 + x)2
(5.34)

To increase the escape efficiency, one can either:

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

κaout ≫ κain, κ
a
l → κa ≈ κaout, or

• Decrease the other contributions to the total decay rate so that the (fixed) output

coupler decay rate dominates, i.e. κain, κ
a
l ≈ 0 → κa ≈ κaout.

The usual method 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 equation 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.

5.4 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. Bal-

anced detection schemes “amplify” up low-power signals to levels above technical noise

sources. To measure squeezed vacuum states, and their noise quadratures, balanced de-

tection methods are used.
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Figure 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+.

5.4.1 Balanced Detection Schemes

The general schematic for a balanced detection setup is shown in Figure 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.

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 de-

tection. This form of detection scheme is used in telecommunications, spectroscopy

and astronomy [143–145].

• 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. Applications

for balanced homodyne detectors include measurements in Quantum Cryptography

and Magnetic Resonant Imaging [146,147].

The choice of which particular detection scheme depends on characteristics of the signal

field of interest. We focus on the balanced homodyne detector, known for remainder of

this thesis simply as the homodyne detector. This method is routinely used in detecting

quadrature noise properties of signal fields, thus making it ideal for detecting quadrature

squeezed states.
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5.4.2 Balanced Homodyne Detection (HD)

Utilising the beamsplitter convention (section 3.4.2) and linearisation formalism (section

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)

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 LO mean 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− = 2ĀB̄ cosϕ+ B̄(δXA
1 cosϕ+ δXA

2 sinϕ) (5.38)

The difference current contains information about the signal field amplitude (δXA
1 ) and

phase (δXA
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 the measurement of squeezed vacuum quadratures. 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 + ĀδXA
1 + B̄2 + B̄δXB

1 (5.39)

≈ B̄2 + B̄δXB
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 profile, and provide
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Figure 5.8: Block diagram of a generic active feedback control loop

a reference origin-point for the beam. This component is necessary for low-frequency

detection of squeezed states. The role of the mode cleaner for low-frequency detection of

squeezed states is expanded further in Chapter 7 - Properties affecting Squeezing Magnitude

and Audio-frequency Measurement. Optical 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 squeeze,r via

the stabilisation of transmitted pump power by controlling the relative interferometer arm

lengths. The Mach-Zehnder was first utilised for pump power stabilisation in a squeezer

by Khalaidovski et al. [148], while other interferometer types had been used in other

experiments for power stabilisation (for example in [149]).

5.6 Control Stages

Driving an experiment parameter to a reference value, and maintaining that parameter

at that reference value (within a specified accuracy) is often needed in experiments. An

active feedback control system measures 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.

Figure 5.8 shows a generic control loop diagram of an active feedback control system.

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 approx-

imately equal, the error signal value is small and thus the Plant output is as required [150].

The squeezer uses four feedback control loop scheme-types. Three feedback control

loop types [Loops (1), (2) and (3) of Figure 5.1] are now briefly introduced. The fourth,

the Coherent Sideband locking technique will be explored in Chapter 6 (section 6.3).
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Figure 5.9: An example loop diagram and error signal for the DC voltage subtraction locking

technique. The loop actuates on the Mach-Zehnder such that photodetector output voltage (from

incident optical power) matches the reference voltage.

5.6.1 DC voltage subtraction locking

Figure 5.9 shows an example loop diagram and error signal for the DC voltage subtraction

locking technique. This techique is used for controlling the Mach-Zehnder output, hence

the Plant is a Mach-Zehnder in Figure 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 technique 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 Figure 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 reference 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

Error Signal

V

δf
0

Laser 1

Laser 2

WFG

Mixer LPF

f

f
0

Figure 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.
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Figure 5.11: Example schematic and error signal for the Pound-Drever-Hall locking technique.

The schematic is detailed in section 5.6.3. The cavity resonance point is located at the origin.

The central locking point in distinguished from the other zero-crossings by their opposite-signed

(negative/positive) slopes.

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.

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 cavities to maintain

resonance with an incident laser field [151], or (II) the optical frequency of an incident

laser field to the resonance of a stable optical reference cavity [152, 153]. 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, [153] is a

recommended source.

Shown in Figure 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. 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 proportional to displacement

of the cavity path length from resonance, or the cavity detuning ∆. This is then fed

back to the cavity length actuator to correct the displacement, returning the cavity

to resonance. On cavity resonance, the detuning is zero (∆ = 0). This validates the

simplifying assumption of ∆ = 0 used in the quantum Langevin equations.

5.7 Chapter 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 - The Second Harmonic Generator (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

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 10 dB

squeezing measurement across the audio gravitational-wave detection band (10 Hz - 10

kHz). This squeezing level was generated using a doubly resonant, travelling-wave optical

parametric oscillator (OPO) with a wedged nonlinear 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. Sections 6.1 and 6.2 present the design choices

and parameters of the OPO. Section 6.3 introduces the coherent sideband locking

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 catergorised into properties affecting squeez-

ing magnitude measurement (section 6.4), and properties affecting low frequency

squeezing measurement (section 6.5).

3. Upgrades of the squeezed light source resulting from the understanding of the above

properties are then detailed in section 6.6. The upgraded squeezed light source

configuration is presented in section 6.7.

4. Lastly, the results of measurements from the squeezer are presented and characterised

in section 6.8. This includes the first measurement of greater than 10 dB squeezing

across the audio gravitational-wave detection band (11.6 ± 0.4 dB above 200 Hz),

and 5900 seconds of continuously controlled squeezing.

6.1 Design properties of the Optical Parametric Oscillator

Squeezed states have been generated from optical parametric oscillators with differing

cavity configurations and optical properties [38, 40, 44]. The reasoning for the design

choices of the doubly resonant, travelling-wave OPO are presented in this section. This

71
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Figure 6.1: Optical cavity configurations Left: Travelling-wave ‘Bow-tie’ cavity. Right: Standing-

wave ‘Fabry-Perot’ cavity.

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 [117]. 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. Figure 6.1 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 backscattered

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 Chapter 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 [117]. The ‘bow-tie’ configuration has minimal beam

astigmatism for a travelling-wave geometry, as all beam incident angles within the cavity

are small, typically around 6 to 8 degrees from normal incidence.

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 ra-
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Figure 6.2: Illustration of the OPO nonlinear crystal of PPKTP, with angle-polished wedge in

non-poled KTP material. Poling domains are not scale.

tio of the beam waist sizes is
√
2, which is the ratio that satisfies the Boyd-Kleinman

condition for optimal second-order nonlinear interaction [154].

• 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 man-

agement. 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 [155]. Management of the crystal

temperature can minimise such effects.

• The intra-cavity dispersion of the fundamental and harmonic fields causes the reso-

nance 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 [139]. To com-

pensate 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 [32,156]. However, the presence of a compensa-

tion plate introduces two additional optical surfaces within the optical cavity, increasing

optical losses. In lieu, dispersion compensation can be achieved by modifying the nonlin-

ear crystal geometry such that an angled-wedge is polished for one of the surfaces [157,158].

Figure 6.2 illustrates such a wedged crystal. By lateral translation of the crystal posi-

tion 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 found where dispersion compensation can be achieved. Dual resonance for

the nonlinear process, along with no introduction of additional optical surfaces, is realised

simultaneously.
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Figure 6.3: Schematic and photo of the doubly resonant, travelling-wave OPO Cavity. The

bow-tie optical path has been highlighted in the photo.

6.2 The Doubly Resonant, Travelling-Wave OPO Cavity

The layout of the doubly resonant, travelling-wave OPO cavity is shown in Figure 6.3. The

cavity design is based on the OPO cavity used in work completed by Nicolai Grosse [159],

with modifications to improve cavity portability and ease of cavity construction. The

OPO cavity parameters are summarised in Table 6.1.

The OPO cavity consists of four half-inch mirrors with reflective coatings at 532 nm and

1064 nm to form a doubly resonant cavity in travelling-wave, bow-tie configuration. The

reflective coatings of the mirrors were manufactured for an angle of incidence of 6 degrees,

resulting in 12 degree cavity-vertex angles. The cavity-vertex angles provided the smallest

angle of incidence possible for minimising astigmatism without intra-cavity beam clipping

from cavity mirror mounts. The round-trip optical path length was approximately 28 cm,

so that the cavity benchtop footprint was minimised 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 section 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 (section 5.3.1.2)

PPKTP crystal, anti-reflection coated at both wavelengths, with a wedge of angle-

polished non-poled material (section 6.1.3). PPKTP was chosen for its high nonlinear

gain coefficient and low phase matching temperature [160]. 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 Figure 6.4. The pump threshold power (section 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.
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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) ∆νa 31.2 MHz

Full-width-half-maximum (Pump) ∆νb 65.3 MHz

Escape Efficiency ηesc 98.5± 0.3 -

Threshold Power Pthr 108± 5 mW

Table 6.1: Optical and cavity parameters of the DB Optical Parametric Oscillator
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Figure 6.4: The DB-OPO Cavity - Nonlinear Gain as a function of Input Pump Power. The

fitted threshold pump power is 108± 5 mW.
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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

section 5.6, the squeezing ellipse phase needs to be controlled relative to the measurement

quadrature. Various techniques for controlling the squeezing ellipse phase have been

developed [38,161], with the technique currently used for squeezed-vacuum phase control

called Coherent Sideband Locking. This technique is used for the GEO squeezed-light

source [148], as well as the LIGO H1 Squeezed Light Injection Experiment.

This section first introduces the Coherent Sideband locking technique. This is fol-

lowed by details of a modified technique based on Coherent Sideband locking to control

the squeezing ellipse phase.

6.3.1 Coherent Sideband Locking

The Coherent Sideband locking technique was proposed by Chelkowski et. al [162] and

experimentally demonstrated by Vahlbruch et al. [33]. The simplified schematic and pha-

sor diagrams are shown in Figure 6.5. For this technique, a second bright optical field

of amplitude αΩ at an offset frequency (Ω) from the fundamental frequency (omegac), is

injected into the OPO [Point (a)]. This coherent sideband field undergoes the same nonlin-

ear interaction as the squeezed state generation process, being amplified 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 (Equation 9 of [162])

ECL ∝ 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 (section 3.2.3), A is the relative amplitude

of the two coherent locking sidebands1, 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 (Equation 12 of [162])

SCL ∝
(−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 (Equation 17 of [162])

SLO ∝
√
2αLOα2

Ω(−1 + g)
√
g

sin(2ϕ+Φ) (6.3)

1From Equation 9 of [162], A is calculated as A = 1−g
1+g
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Figure 6.5: Coherent sideband locking schematic, and phasor diagrams corresponding to specific

optical field points within the schematic. Mach-Zehnder interferometer and mode cleaner are

removed from the schematic for clarity. Details discussed in section 6.3.1. Loop numbering (2, 4a

and 4b) reflect the same numbering as Figure 5.1 of Chapter 5.

which in combination with the first coherent sideband locking loop, can then control the

relative phase Φ of the coherent sideband field and the LO field. The two demodulating

signal generators are electronically phase locked together, thus the squeezing ellipse is

controlled.

The implementation of the coherent sideband locking scheme involves firstly gener-

ating the offset sideband field. Initial demonstration of the technique [33] 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 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 Figure

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) frequency, 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 Figure 6.6.

• The modified scheme firstly involves the single-pass frequency-doubling of the Aux-

iliary laser beam to form a co-propagating auxiliary second harmonic with auxiliary

field [Point (A) in Figure 6.6]. This was done using a standalone SHG (SHG2). After

attenuation of the auxiliary field, these two beams are now interfered with the pump
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Figure 6.6: Modified coherent sideband locking schematic, and phasor diagrams corresponding

to specific optical field points within the schematic. Details discussed within section 6.3.2.

beam on a dichroic beamsplitter (High reflection HR at 1064 nm, anti-reflection AR

at 532 nm) (DBS) in the pump field path.

• 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 in-

put 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 ho-

modyne 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 Table 6.2. 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 Figure 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 200 Hz (trace b) to

∼ 40 kHz (trace d) was obtained. Futher, with the auxiliary field having greater coupling

to the nonlinear interaction, this also enabled a larger signal-to-noise ratio and hence an

increase in unity-gain bandwidth of 45 Hz to ∼ 25 kHz for the second coherent locking loop.

The disadvantages are the requirement of a second SHG, as well as the extra care

needed with auxiliary laser field. The promptly reflected auxiliary field now co-propagates

with the squeezed field, thus can potentially impact on the squeezing measurement.

6.4 Properties affecting squeezing magnitude measurement

Observation of squeezing magnitude provides certainty in the squeezing being generated

and available for quantum-noise enhancement. Various properties can adversely affect

the measurement of squeezing magnitude. These are optical loss, homodyne spatial mode

mismatch and squeezing ellipse phase noise. These properties are presented in this section,
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Figure 6.7: Coherent sideband locking control loop bandwidths Left: Original scheme with 140

µW of 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 < 10 µW 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.

as an understanding of their impact was crucial to measuring greater than 10 dB magnitude

squeezing.

6.4.1 Optical Losses

Similarly to the photodetector with losses (section 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 measurement, 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′ =
√
ηlA+

√
1− ηlδv (6.4)

A′†A′ =
(
ηl(|A|2 +AδXa

1 ) +
√

ηl(1− ηl)AδXv
1

)
(6.5)

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 inci-
dent on the OPO

Table 6.2: Comparison between original and modified coherent sideband locking schemes. Ad-

vantages and disadvantages are denoted with (A) and (D) respectively.
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Figure 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.

The variance of the photon number relative to quantum noise limit can be calculated as

V out
A′ =

ηl|A|2(ηlV in
A + (1− η)V v

A)

ηl|A|2

= ηlV
in
A + (1− η)V v

A

= ηlV
in
A + (1− ηl) (6.6)

with the variance of the vacuum field being unity. This illustrates that presence of opti-

cal 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. Figure 6.8 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, 5 dB generated

squeezing becomes 1.8 dB measured squeezing, a reduction of 3.2 dB squeezing. This

is compared with 40 dB generated squeezing becoming 3 dB measured squeezing, an

attenuation of 37 dB.

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.

6.4.2 Spatial Mode Mismatch

Spatial mode mismatch between the squeezed field and the homodyne Local Oscillator

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 Figure 6.9(a). 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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Similar to the calculation presented for the perfect homodyne detector in section

5.4.2, we can write the difference photocurrents for each of the signals (A, δvH). This

gives

i−A = 2Ā
√
ηhB̄ cosϕ+

√
ηhB̄(δXA

1 cosϕ+ δXA
2 sinϕ) (6.7)

i−v =
√

1− ηhB̄(δXvH
1 cosϕ+ δXvH

2 sinϕ) (6.8)

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

i− = 2(
√
ηhĀ)B̄ cosϕ

+B̄
(
(
√
ηhδX

A
1 +

√
1− ηhδX

vH
1 ) cosϕ

+(
√
ηhδX

A
2 +

√
1− ηhδX

vH
1 ) sinϕ

)
(6.9)

Comparing Equation 6.9 to Equation 5.38 for the perfect balanced homodyne, the conse-

quence 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)
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Figure 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.

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 Equations 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 = V2.

6.4.3 Squeezing Measurement Efficiency

To characterise the overall impact of optical loss on squeezing magnitude measurement, 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 Equations 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/κ2a + (1∓ x)2
(6.16)
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Figure 6.11: Squeezing and Antisqueezing magnitude, as a function OPO nonlinear parametric

gain with different squeezing rms phase fluctuations, θ̃ = 0, 20 and 40 mrad. 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.

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 [26, 38, 142, 163]. As shown in Figure 6.10,

fluctuations of the squeezing ellipse couple noise from the anti-squeezed quadrature into

the squeezing measurement, thus a lower squeezing magnitude is measured than the true

squeezed quadrature. For root-mean-square (rms) phase fluctuations θ̃, the change in the

measured quadrature variance is given by [38]

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 Para-
metric Gain

Equations 6.16 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 measurement 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 40 milliradians) is illustrated in Figure 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.

Figure 6.11 shows the distinct variations between the curves of different squeezing ellipse

phase noise levels.
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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 incident pump

power. Once squeezing ellipse phase noise and measurement efficiency are determined,

the detection efficiency can also be obtained using knowledge of the OPO escape efficiency

(Equation 5.32 with measurements of the OPO cavity mirror reflectivities). Results of

such squeezing/antisqueezing quadrature measurement 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 fre-

quencies

The first measurements of squeezing and shot noise in the audio frequency band were

limited by a ‘roll-up’ in noise at low frequencies [31]. From these observations, an open

question arose - was the roll-up in noise caused by degradation in squeezed state generation

or in squeezing measurement. In subsequent work, it was determined that the degradation

was from issues with squeezing measurement [35]. Published work brought together the

many issues faced with low frequency measurement [48], 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 performance

at low frequencies. Flicker noise is an electronic noise source found in resistors [164]. 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 [165]. By replacing the resistor components with low flicker

noise metal-electrode-leadless-face (or MELF) type resistors, flat shot-noise homodyne

measurements down to 5 Hz were achieved.

Dark noise is the electronic noise of the detection system when no light is incident

on the photodiodes. Particularly at lower frequencies, the dark noise level may dominate

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 10 dB, and custom-designed

photodetectors, such as the homodyne detectors used in experiments within this thesis,

can have a dark-noise clearance of at least 20 dB.

6.5.2 Homodyne Detection Balancing

Perfect balanced homodyne detection has been previously described in section 5.4.2. How-

ever, 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 Figure 6.9(b), where the reflectivity of
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the homodyne beamsplitter is now εBS. Similar to the derivation found in section 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 +BδXB
1 )︸ ︷︷ ︸

(i)

+(1− 2εBS)(A
2 +AδXA

1 )︸ ︷︷ ︸
(ii)

+2
√

εBS(1− εBS)
[
2AB cosϕ+B(δXA

1 cosϕ+ δXA
2 sinϕ)

]︸ ︷︷ ︸
(iii)

(6.20)

The three terms of Equation 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 Equation 5.38.

Relative intensity noise of the Local Oscillator field can be greater than 30 dB

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 Equation 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

efficiency of any photodiode can vary across the photodiode active surface [165,166].

If the position of an incident beam on the photodiode changes, then via these inho-

mogeneous 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

components, such as low frequency acoustic vibrations and air currents. The

combination 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

pointing 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
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Figure 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.

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 [49]. 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 original beam

after reflection off an external object (such as another optical element), a backscattered

light interference or parasitic interference is formed [35]. 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 frequency noise measurement. In

particular, light backscattered from components in the squeezing signal path become spu-

rious signals that are amplified by the homodyne Local Oscillator. Figure 6.12 shows a

shot noise measurement with such backscattered light signals polluting the low frequency

spectrum measurement.

Possible backscatter objects in the squeezing path include optical mount surfaces, scatter-

ing 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
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May 2009: −5.9 dB
Jan 2010: −6.7 dB
Apr 2011: −8.6 dB
Nov 2011: −11.6 dB

Mar 2009: −4.4 dB

Figure 6.13: Improvement of the measured squeezed light source output. Dates correspond to

descriptions within section 6.6. November 2011 data measured over three frequency spans: 0-1.6

kHz (RBW = 2 Hz), 0-6.4 kHz (RBW = 8 Hz) and 0-102.4 kHz (RBW = 128 Hz). Remaining

traces measured over two frequency spans: 0-1.6 kHz (RBW = 2 Hz) and 0-12.8 kHz (RBW = 16

Hz). All traces have at least 50 rms averages. Dark noise has not been subtracted from any of the

data.

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.

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 pro-

gression, with the squeezing spectra measured shown in Figure 6.13.

• March 2009 - The early stage of the squeezed light source at ANU. The implemen-

tation of the unmodified coherent sideband locking (section 6.3.1) was completed,

together with a DB-OPO of the design in section 6.1. This was in preparation for

the commissioning work of the OPO to be used in the LIGO H1 Squeezed Light In-

jection Experiment. Squeezing was measured to be 4.4 dB above 2 kHz. 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 2 kHz.

• May 2009 - Considerable effort was undertaken in improving the stability of the

control loops, particularly the phase lock between Main and Auxiliary lasers. This

improved the squeezing magnitude through reduction of squeezing ellipse phase noise

(section 6.4.4). Electronic cabling was improved, reducing in the electric AC-mains

frequencies (and harmonics) coupling into measurements. An improvement in the
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CMR of the signal port was achieved, as it was observed that noise coupled at

low frequencies via the coherent sideband locking field. A reduction of coherent

sideband power, from ∼ 2 mW to 140 µW was also needed to reduce the coupling to

a level where low frequency measurement 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

new PPKTP crystal. These new crystals were processed by three companies: Raicol

Crystals Ltd. [167] provided the base crystal pieces, Photon LaserOptik GmbH [168]

undertook the optical surface and wedge polishing (with a micro-roughness < 0.2

Å rms), and LaserOptik GmbH [169] applied the anti-reflection coatings at the

two wavelengths (reflectivity < 0.1% at 1064 nm and < 0.5% at 532 nm). 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 Hen-

ning Vahlbruch from the Max Planck Institute for Gravitational Physics [41],

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 [170] 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

homodyne detection [48]. Electronic flicker noise, beam pointing, 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 spectrum was measured flat down to below 10

Hz 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 PP-

KTP crystals (and non-superpolished cavity mirrors), as well as a replacement

balanced homodyne detector based on the LIGO H1 Squeezer Homodyne. The

optical layout of the OPO and homodyne minimised the optical beam path between

these key components. Squeezing measurements were recommenced in October 2011.

Backscattered light interferences along the squeezing signal path were sus-

pected and later verified to be a major contributor to the low-frequency roll up
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in the spectrum. Careful hunting of scattering locations and mitigation using

IR-absorbing glass was undertaken. It was also suspected that beam pointing may

be playing 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 8.6 dB squeezing across the audio detection band.

• November 2011 - The homodyne photodiodes were replaced with photodiodes

with high quantum efficiency (quoted as ηpd > 99%). These new photodiodes were

measured to have a quantum efficiency approximately 4% greater than the previous

photodiodes. Once installed, the squeezing magnitude measurement reached greater

than 10 dB across the audio-band.

6.7 The DB-OPO Squeezed Light Source

The schematic of the November 2011 squeezer apparatus is shown in Figure 6.14. The

main laser (MAIN) is a continuous wave Nd:YAG, non-planar ring oscillator (NPRO) [171]

laser with operating wavelength at 1064 nm (1.2W Mephisto - Innolight GmbH [172]).

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 532 nm

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.

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 (section

5.6.3) with photodetector PDH-MCC as the control loop sensor.

The SHG is a custom built system from Innolight GmbH (Diabolo model [172]), including

a PDH cavity length controller. The nonlinear medium is a 5% magnesium-oxide doped

lithium niobate (MgO:LiNbO3) hemilithic crystal, combined with 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 (section 6.2) to drive the 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 photodetector

PDH-OPO. Once at resonance, the OPO transmission photodetector (OPO Trans) signal

is then used as a DC Voltage Subtraction (section 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 ∼1.9 mW,

resulting in the dark noise clearance of greater than 20 dB. The generated vacuum

squeezed state enters the homodyne detector signal port.
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Figure 6.14: Schematic of the DB-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.
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Parameter
Measurements

Cont. Time Phase Noise Spectrum

CMR (LO) 75± 5 dB 75± 5 dB 75± 5 dB
CMR (Signal) 45± 5 dB 45± 5 dB 45± 5 dB

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

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).

The efficiency values are listed in terms of percentages. Highlighted are the notable efficiency dif-

ferences between the measurements. The squeezing spectrum measurement had the best detection

efficiency of the three measurements.

The modified coherent locking scheme (section 6.3.2) was implemented. Light from

the Auxiliary laser (AUX - Mephisto Innolight GmbH), was single-pass frequency 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 1064 nm/ AR 532 nm) 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 (section

5.6.2), maintaining a Main-Auxiliary laser frequency offset of 29.8 MHz. The phase

relationship between the reflected auxiliary field and pump field was now fixed at the

dichroic beamsplitter. The attenuated auxiliary field entered the OPO cavity 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 different

experiments are listed in Table 6.3.

A common-mode rejection ratio of up to 80 dB was consistently achieved for the

homodyne LO port. With the CMR optimised for the local oscillator port, a CMR of
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Figure 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 ± 2 mrad.

The solid trace in the squeezing regime is a theoretical curve with no phase fluctuations (θ̃ = 0

mrad).

up to 50 dB was obtained for the homodyne signal port. This lower CMR 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 50 dB was adequate.

The variations in the measurement efficiencies are highlighted in Table 6.3. 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 squeez-

ing magnitude from the then maximum squeezing of 8.6 dB 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 (section

6.4.5) was undertaken to assess the total measurement efficiency and the squeezing ellipse

phase noise. The result is shown in Figure 6.15.
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Figure 6.16: Squeezing magnitude measurements over 5900 seconds, normalised to the shot noise

level. The measurement bins are 4±3 Hz, 75±20 Hz, 200±20 Hz and 500±20 Hz. The squeezing

level is 7.5± 0.5 dB, 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.

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 Table 6.3. From the squeezing

data, the squeezing-ellipse rms-phase noise is fitted to be 11± 2 mrad.

6.8.3 Time series measurement

The time-series measurement was undertaken to measure the medium-term stability of

the produced squeezing magnitude from the OPO. For the time series measurement, 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, minimising photothermal fluctuations

in the crystal temperature. The data signal was sampled at 3 kHz, and collected over

5900 seconds. Converting the data into the Fourier domain in data post-processing, the

squeezed time-series shown in Figure 6.16 were obtained.

From the 500 Hz measurement data, 5900 seconds of continuous data of squeezing
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Figure 6.17: Post-processed spectra from the Time-series measurement. All traces are averaged

over 100 seconds of data. Left: Non-stationary noise polluting squeezing measurement at low

frequencies Right: Flat squeezing of 7.5 dB down to 1 Hz. The peaks are due to coupling of AC

50 Hz electric mains harmonics.

at 7.5 ± 0.5 dB was obtained. The low frequency 4 Hz data band has prominent

spike-glitches, while the 500 Hz data is clean. This is due to non-stationary noise affecting

low frequency measurement (section 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 Figure 6.17, alongside a spectrum from a

period within the data run with no impact of non-stationary noise. This clean spectrum

presents flat squeezing of 7.5 dB down to 1 Hz measurement frequency.

Squeezed-light sources with demonstrated operation over 20 hours, and duty cycles over

97%, have been achieved. These sources use dedicated data acquisition, and specialised

electronic hardware for auto-relocking sequences [148]. Longer measurement runs with

the squeezer were beyond the available hardware at the time, however, with upgrades in

control electronics to similar as those in [148], the DB-OPO squeezed light source should

be operable on similar timescales.

6.8.4 First measurement of greater than 10 dB squeezing across the
audio gravitational-wave detection band

Figure 6.18 shows measurements of the electronic dark noise, shot noise, squeezing and

antisqueezing spectra between 10 Hz and 100 kHz, 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

Hz, 150 Hz and 250 Hz) and electronic ground loop coupling (20 kHz 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 20 dB.
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Figure 6.18: First measurement of greater than 10 dB squeezing across the audio gravitational-

wave detection band, with 11.6 ± 0.4 dB down to 200 Hz. 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 kHz to 6.4 kHz of 11.6 dB, consistent with the level 200 Hz and above. All traces are formed

from 3 FFT windows: 0-1.6 kHz, 0-6.4 kHz, 0-102.4 kHz with 800 FFT lines (resolution bandwidths

of 2 Hz, 8 Hz, and 128 Hz respectively). All traces taken with 100 rms averages. Dark noise has

not been subtracted from the other traces.

From the squeezing spectrum, 11.6 ± 0.4 dB of squeezing is measured down to 200 Hz,

and greater than 10 dB of squeezing is observed between 10 Hz and 200 Hz. This is the

first measurement of greater than 10 dB 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± 0.4 dB above the shot noise and is spectrally flat

The squeezing magnitude is reduced from 200 Hz 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 10 dB below the shot noise level.

6.8.5 Inferred squeezing magnitude

Using the measured squeezing and anti-squeezing levels of the spectrum measurement,

the squeezing level exiting the OPO can be inferred. This inferred value provides 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 Equation 6.17, and the measured values
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of squeezing phase noise (11± 2 mrad) and antisqueezing level (17.5± 0.4 dB).

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

The squeezing level corrected for dark noise and squeezing ellipse phase noise is 12.4± 1.0

dB. Correcting for detection efficiency, the inferred squeezing magnitude level exiting the

OPO is 17.0± 0.3 dB.

6.9 Chapter Summary

In this chapter, the doubly-resonant, travelling-wave Optical Parametric Oscillator, and

its design reasoning were presented, followed by the modified coherent sideband locking

scheme used for squeezing ellipse phase control. The properties that affect squeezing

magnitude and low-frequency measurement 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± 0.5

dB over 5900 seconds. This measurement highlighted the impact of non-stationary

noise in low-frequency measurement, and also provided a post-processed spectrum

of flat squeezing of 7.5 dB down to 1 Hz measurement frequency.

• A measurement of the squeezing ellipse phase noise from the squeezed light source

resulted in 11± 2 mrad rms-phase noise.

• the first measurement of greater than 10 dB squeezing across the audio gravitational-

wave detection band, 11.6± 0.4 dB above 200 Hz. The loss of squeezing magnitude

below 200 Hz in the spectrum measurement was due to the backscattered light

interferences that could not be suppressed.

• 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± 0.3 dB.



Chapter 7

Backscatter Tolerance of a

travelling-wave Optical Parametric

Oscillator

Backscattered light in the squeezing propagation path is a source of low frequency noise.

In a gravitational-wave detector with squeezing, this can potentially be a sensitivity-

limiting noise source1. A possible back-reflecting source in the squeezing path is the OPO

cavity itself. As stated in Chapter 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 [47], this is to the author’s

knowledge the first such measurement of its kind.

After defining backscattered light, the theoretical framework for calculating the

backscatter reflectivity of the OPO is introduced. The experiments performed to deter-

mine 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 [35,48].

Possible backscatter objects in the squeezing path include optical mount surfaces,

scattering centres, and the OPO cavity itself via direct back-reflection. For a standing-

wave cavity OPO (section 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 [53]). Even with current state-of-the-art components, Faraday isolators add optical loss

(section 6.4.1) to the squeezed field, typically between 2-10%, thus reducing the squeezing

1The influence of backscattered light with squeezed-interferometric readout will be covered in Chapter
10.
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Figure 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.

magnitude available.

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 interfaces 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 = PA
F /PA

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 Figure 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

(equation 3.5.1), considering only the steady-state terms. The cavity field equations can

be expressed as

ȧF = −κaF +
√
2κcaB −

√
2κcaF (7.1)

ȧB = −κaB +
√
2κinAB −

√
2κcaB +

√
2κcaF (7.2)
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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 Equation 7.3, we express∣∣∣∣ aFAB

∣∣∣∣2 = ( √
4κcκin

(κc +
√
2κc)2 − 2κc

)2

(7.5)

Now, recalling the definitions for power of external optical fields (section 3.5.1), and the

cavity input-ouput relations (Equations 3.63 and 3.63),

PA
F = h̄ωA2κin|aF |2 , PA

B = h̄ωA|AB|2 (7.6)

and substituting in Equation 7.5, the reflectivity of back-propagating light power incident

on the optical cavity to the foward-propagating direction Rr, is

Rr =
PA
F

PA
B

= 2κin

∣∣∣∣ aFAB

∣∣∣∣2 = 2κin

( √
4κcκin

(κc +
√
2κc)2 − 2κc

)2

(7.7)

We now need the intra-cavity coupling rate κc. From Equations 7.3 and 7.4, we can write

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 =

∣∣∣∣aFaB
∣∣∣∣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 Equation 7.7 results in

Rr =
4κ2inRcoup

κ2(1 + 3Rcoup)
(7.10)

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, Equation 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).
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Figure 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.

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 low optical power. To work 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 section 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 phase

∆ϕ 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 Figure 7.2(a).

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

Vtrans = i−R = 2AFB cos (∆ϕ)R (7.11)

PA
F = h̄ωAA

2
F = h̄ωA2κin|aF |2 = h̄ωA

(
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 PA
F is the cavity transmission
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Figure 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 (∆ϕ) over many cycles.

signal power. We note for the various parameters:

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

• cos2∆ϕ = 1/2, which results from the signal spending equal time in each measure-

ment 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 [164].

Thus applying the above parameters, and correcting for the cavity input/ output coupler

rate, a measurement of the forward intra-cavity mode power P a
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 Figure 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 2 Hz (SLOW), whilst the homodyne

detector Local Oscillator phase was modulated with a ramp signal at 2 kHz (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 Figure 7.4.
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Figure 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.

The slope of the data trend is the reverse-to-forward intra-cavity coupling reflectivity.

The value determined is Rcoup = (2.3± 0.3)× 10−5.

Using Equation 7.10 and the OPO cavity parameters listed in Table 6.1, the in-

trinsic isolation of the OPO to backscatter is determined to be Rr = 41 ± 2 dB. This

isolation value can be compared with:

• A standing-wave cavity with equivalent parameters for an input/ output coupler and

cavity mirror reflectivities. The reverse-to-forward intra-cavity coupling reflectivity

is Rcoup = 1. The intrinsic isolation to backscatter of an equivalent standing wave

cavity is calculated to be 0.03 dB. Therefore, this travelling-wave bow-tie cavity

configuration has approximately 40 dB greater intrinsic isolation than an equivalent

standing-wave geometry.

• Off-the-shelf Faraday isolators with a nominal isolation of ≥ 30 dB [173]. 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±2 dB 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 backscattered-

light reflectivity for a transmissive optic [174]. This section calculates a value for the

BSDF for the travelling-wave OPO. This is appropriate as from the theoretical treatment
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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

Table 7.1: Measured BRDF values for optical components. Reproduced from [177].

(section 7.2), the scatter reflectivity of the OPO is centralised at the nonlinear crystal of

the OPO. The BSDF is given by [174]

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 [175] 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 the OPO to backscattered light is related to

the BSDF by [176].

Rr = BSDF× Ω1/e ×
(

F
π
√
Rin

)2

(7.15)

Using the measured Rr value and OPO cavity parameters in Table 6.1, 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 [174]

BRDF ∼= BSDF (7.16)

Measurements of the BRDF for off-the-shelf optical components are shown in Table 7.1.

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 the multiple 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 of McKenzie et al. [31, 36] and Goda et al. [178], a forward seed beam

forms a mechanism for low frequency classical noise to couple into the squeezed field.

Removing the forward seed beam was the breakthrough in measuring squeezed states in

the audio-detection band [31]. This propelled the need for generating squeezed vacuum

states, and control techniques with no seed beam present, such as coherent sideband

locking (section 6.3.1).
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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

(Chapter 4 of [36]). The output noise variances of the OPO with classical noise coupling

is given by

V a−out−n
1,2 = V a−out

1,2︸ ︷︷ ︸
(i)

+
2κaoutā

2
F

ω2 + (κa ∓ ϵb̄)2

ε2V b
1,2︸ ︷︷ ︸

(ii)

+4κainκcV
a
s︸ ︷︷ ︸

(iii)

+4b̄2(Re[δϵ])2︸ ︷︷ ︸
(iv)

+4(Re[δ∆])2︸ ︷︷ ︸
(v)


(7.17)

where

V b
1,2 =

√
2κbinδBin +

√
2κboutδBout +

√
2κbl δBl + 4b̄2(Re[δ∆])2

ω2 + κ2b
(7.18)

The various components of Equation 7.17 are

i The quantum quadrature-variances, as per Equations 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

δ∆

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 ā2F .

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 ≫

[
4κainκcV

a
s , 4b̄2(Re[δϵ])2 , 4(Re[δ∆])2

]
(7.19)

Further, the forward-propagating field is the coupling of the reverse-beam into the forward-

propagating direction, thus using Equation 7.8

ā2F = Rcoup × ā2B (7.20)
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Figure 7.5: Schematic of the squeezer with injected reverse-beam. Similar to the setup of mea-

surement for Rcoup (Figure 7.3), except with fully operating OPO cavity and no SLOW/ FAST

modulation.

Therefore, simplifying Equation 7.17 using Equations 7.19 and 7.20, the output noise

variances of the OPO become

V a−out−n
1,2 ≈ V a−out

1,2 +
2κaoutε

2Rcoupā
2
BV

b
1,2

(κa ∓ ϵb̄)2
(7.21)

With measurements of the pump field noise, reverse-beam power and squeezing measure-

ment, the intra-cavity coupling reflectivity Rcoup can be verified.

7.5.2 Squeezing with injected reverse-beam field

The schematic of the squeezing measurement with an injected reverse-beam is shown

in Figure 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

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 balanced

homodyne detector had a homodyne efficiency of 93.1 ± 0.3%. Measured spectra are

shown in Figure 7.6, along with the shot noise level. Eight different incident 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 6 dB flat down to 80 Hz.

The spectrum shows features appearing below 150 Hz and around 600 Hz 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 Figure 7.7. This shows the integrated noise power

of the data in Figure 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 180 Hz, and panel (b) is the frequency band between 300 and

400 Hz. The ‘Total’ model line is the prediction of Equation 7.21, using the OPO cavity

parameters and independent measurements of the input pump noise and cavity detuning

(needed for Equation 7.18). The data follows the upward trend of the theoretical model

with the determined value of Rcoup.
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Figure 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 - 180 Hz frequency band and panel (b)

300 - 400 Hz frequency band. The ‘classical limit’ curves are discussed in section 7.6.
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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 digitisa-

tion 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 was made addresses this limitation.

Secondly there is uncertainty with the input reverse beam power. The variable at-

tenuator, a combination of polarisation optics (Glan-Taylor prism, half-wave and

quarter-wave plates) and optical neutral-density filters, is a non-trivial potential

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-beam measurement has uncertainty in the effective forward-

propagating beam power, due to the OPO nonlinear parametric gain. With the

relative 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 section 5.3.5 Equation

5.17, the output power accounting for OPO nonlinear gain is given by

P±
out

P 0
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 [142]

x = 1− 1√
G

(7.23)

With an operating (classical) OPO nonlinear gain of G = 10.6, the ‘Classical Limit’

curves in Figure 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.
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7.6.2 Improving the intrinsic isolation

The intrinsic isolation is dependent on all components of the OPO, not just the reflec-

tivity of the nonlinear crystal. Recall that the DB-OPO cavity at ANU consists of non-

superpolished mirrors (section 6.2). Further, any form of scattering centre, such as poor

optical coatings or the presence of dust particulates, will compromise the intrinsic iso-

lation. Improved mirror/ crystal surface polishing and optical coatings, as well as dust

particulate minimisation, will see this isolation value increase.

7.7 Chapter Summary

The tolerance of a bow-tie OPO to backscattered light was modelled, and experimentally

verified using the balanced 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 BSDF of

the OPO was determined to be (1.7±0.3)×10−3, approximately 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

The LIGO Squeezed Light Injection Experiment was a project that first injected squeezed

light into a LIGO 4 km interferometric gravitational-wave detector. This experiment was

a collaboration between the LIGO Hanford Observatory, ANU Centre for Gravitational

Physics, Massachusetts Institute of Technology, and the Max Planck Institute for

Gravitational Physics (Albert Einstein Insitute). The Experiment was co-led by the

thesis author from ANU, Sheila Dwyer and Dr. Lisa Barsotti from MIT, and Dr. Daniel

Sigg from LIGO Hanford Observatory, and aided by members of the LIGO Scientific

Collaboration (LSC).

After introducing the project background, an overview of the Enhanced LIGO in-

terferometer is presented. This includes the interferometer hardware and modifications

made for the LIGO Squeezed Light Injection 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 Chapter 4. In addition to this potential capability, the

reasoning to perform the Injection Experiment was three-fold.

The first reason was to perform a squeezing injection targeting the lower detection

frequencies below 300 Hz that future gravitational-wave detectors aim to measure1. The

gravitational-wave frequency band below 300 Hz is an important region for astrophysical

gravitational-wave sources [59]. This frequency region is susceptible to environmental

and technical noise sources, such as backscattered light (Chapter 7). An unresolved area

was whether an installed squeezer could potentially add noise to this important detection

frequency region. The LIGO Squeezed Light Injection Experiment 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 underway.
However, the GEO600 quantum-noise-limited sensitivity region is 700 Hz and above.
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Figure 8.1: Example of injected squeezing recovering quantum-noise sensitivity at a lower in-

terferometer optical power. This trace assumes a 6 dB squeezed state perfectly matched to the

readout quadrature.

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 [88].

At higher optical powers, the probability of waveform distortion due to deformation of

test masses via thermal absorption, and the excitation of parametric instabilities [179]

are greatly increased.

Figure 8.1 shows an example on how injected squeezing can recover quantum-noise

sensitivity with a lower interferometer optical power. An interferometer input laser power

of 31 W with 6 dB of squeezing injected will nearly recover the quantum-noise-limited

strain sensitivity of 125 W interferometer input power with no squeezing injection2. 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 125 W 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 reason was to investigate techniques for the future installation/ applica-

tion of squeezed-light sources with gravitational-wave detectors. All third generation

gravitational-wave detector designs utilize squeezed states (Chapter 2, section 2.2.4).

The LIGO Squeezed Light Injection Experiment, the first injection of squeezed light into

2The difference being the effect of vacuum fluctuations from optical loss sources separate to the AS
port vacuum fluctuations - see Appendix A for details
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a kilometre-scale gravitational-wave detector, would provide techniques, knowledge and

experience in the implementation of squeezing in future gravitational-wave detectors.

A window of opportunity in 2011 to use the 4 km ‘Hanford 1’ or ‘H1’ Enhanced

LIGO interferometer at the LIGO Hanford Observatory for such a squeezing experiment

became available. This window worked around the Advanced LIGO upgrade sched-

ule [180]. 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 interferometer.

• 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

The Enhanced LIGO (or eLIGO) gravitational-wave detector, and the hardware modifica-

tions made for the LIGO Squeezed-light Injection Experiment are described. This section

will call upon the interferometer component definitions from Chapter 4.

8.2.1 The Enhanced LIGO H1 detector

A simplified diagram of the eLIGO H1 interferometer is shown in Figure 8.2. The

interferometer’s light source is a Nd:YAG laser, producing 35 W 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 section 4.4. Table 4.1 lists the key parameters for the

eLIGO H1 interferometer. The core interferometer optical components (the PRM, BS,

ITMs and ETMs - Chapter 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 interfer-

ence at the AS port. With the dark fringe offset, a small amount of light is 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.
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Figure 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.

The AS port beams then pass through the Output Faraday Isolator (OFI), to prevent

reflected scatter from optics in the readout chain from re-entering the interferometer.

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 [181, 182]) 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.
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Figure 8.3: Representative strain-sensitivities for the eLIGO H1, eLIGO L1 and Virgo+ interfer-

ometers during the joint scientific run. Adapted from [87].

Figure 8.3 shows representative strain-sensitivity traces for the Enhanced LIGO

(H1, and Livingston Observatory ‘L1’) and Virgo+ interferometers achieved during their

last joint scientific run [87]. The eLIGO H1 interferometer had the greatest (unsqueezed)

strain sensitivity to gravitational waves yet achieved.

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

Figure 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 interferometer

that were incident on the squeezer table.

• On the ISCT, the Coherent Sideband locking photodetector (CSL), used for reading

out the relative phase between the coherent locking sideband and the AS port carrier

Local Oscillator, was installed.

• The Output Mode Cleaner of the H1 interferometer was swapped with the Output

Mode Cleaner of the LIGO L1 interferometer. This was necessary due to the sudden

increase in optical loss by the original OMC installed at Hanford [182]. Details

about the reasoning for the swap and measurements made to determine the increase

in optical loss, are presented in Appendix B.
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Figure 8.4: Squeezing injection using a Faraday isolator as an optical circulator. The polar-

isations are illustrated in the panels either side of the schematic. S-pol: s-polarisation, P-pol:

p-polarisation, FR - Faraday rotator, PBS: polarising beamsplitter, λ/2 - half-wave plate.

8.2.3 Squeezed-light injection path

Further shown in Figure 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 Chapter 4, the optical circulator

allows the injection of squeezing without additional loss to the interferometer field. Figure

8.4 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. Fara-

day isolators have previously been used as optical circulators in squeezing-interferometer

proof-of-principle experiments (see section 1.1.3).

The squeezing (and coherent locking sidebands) then become incident on the interferom-

eter 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

Figure 8.5 shows the interferometer readout spectrum, and the sources of limiting noise.

The mechanisms for these noise sources were presented in Chapter 2. The interferometer

readout spectrum represents the measurement sensitivity of the interferometric-detector

to gravitational waves. There are several important features contained in Figure 8.5.

• The region that is quantum shot-noise limited is approximately 200 Hz and above,

while thermal noise of the test mass suspensions and seismic noise, become dominant

at frequencies starting from 150 Hz and below. Squeezing improvement should be

observable above 200 Hz, and steadily degraded from 200 Hz and below.
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• 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, ∆L.

This is related to the strain via the arm-cavity length (Equation 2.1). For the

awareness of the reader, the interferometer readout spectrum will be presented in a

number of different units in subsequent Chapters.
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Figure 8.5: The eLIGO sensitivity curve and various noise levels contributions - Shot: Quantum

shot noise, RP: Quantum radiation pressure noise, Seismic: Seismic ground Motion, SusTherm:

Mirror suspension thermal noise, TMTherm: Test mass thermal noise, Total: Sum of contributing

noise sources, IFO meas: Measured interferometer sensitivity.

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 con-

tributions are listed in Table 8.1. Figure 8.6 shows the layout of the LIGO H1 squeezer.

The functions correspond closely with the ‘generic’ squeezer components of Chapter 5.

The two on-table lasers (MAIN and AUX) were Nd:YAG NPRO 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 photodetectors labelled ‘FSS1

PD’ and ‘FSS2 PD’ respectively. The LIGO H1 squeezer used the unmodified Coherent

Sideband Locking scheme (section 6.3.1), hence the presence of the second frequency sta-

bilisation loop.
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The Main laser was used to drive the Second Harmonic Generator (SHG), generating

the pump field at 532 nm. 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 SHG produced the pump beam used to drive the Optical Parametric Oscilla-

tor (OPO). The OPO cavity length was controlled using PDH locking with the reflected

pump beam, measured by the ‘OPO Refl’ photodetector. The squeezed beam produced

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 section 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 (section

5.5.1). The installed Mach-Zehnder interferometer for pump power stabilisation (section

5.5.2) was not used in the Experiment. After the ‘Squeezing Flipper Mirror’ (used to

direct the produced squeezing to the diagnostic homodyne detector), the half-wave plate

(HWP) was used to adjust the squeezing polarisation, and two remote-controllable PZT

steering mirrors allowed for squeezing beam alignment. The large range PZT was not

used in squeezing-enhancement measurements, but for backscattering measurements

reported in Chapter 10.

The unmodified coherent sideband locking technique (section 6.3.1) was implemented

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 reflection by the

‘CLF PD’ photodetector and was actuated using the PZT in the auxiliary 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.

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

Table 8.1: LIGO Squeezer component contributions from the partner institutions.
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Figure 8.6: Schematic of the LIGO H1 Squeezer. The key components correspond in function to

the ‘generic squeezer’ of Chapter 5, and are detailed in section 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 (Chapter 10).
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The electronics used for the control loops leveraged the designs of analog control electronics

being used in Advanced LIGO. These included analog electronic frequency 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 [183], interfaced with the interferometer computing system (EPICS

- [184, 185]) at the Observatory3. This allowed operation of the squeezer from the inter-

ferometer 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 (section 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 5 dB of squeezing

was measured from 100 Hz and above, and greater than 6 dB from 200 Hz and above (see

section 6.6 - Figure 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 [170]

with equivalent optical-coating reflectivities. This difference will be significant for the

backscatter measurements in Chapter 10. The H1 OPO cavity parameters are summarised

in Table 8.2.

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) ∆νa 25.8 MHz
Full-width-half-maximum (Pump) ∆νb 70.0 MHz
Escape Efficiency ηesc−H1 0.959 -
Threshold Power Pthr−H1 75 mW

Table 8.2: LIGO H1 Squeezer Optical Parametric Oscillator Parameters

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.



§8.5 Squeezing measurement with the diagnostic Homodyne detector 121

 

 

10
3

10
4

−25

−20

−15

−10

−5

0

5

10

15

20

Frequency [Hz]

N
o

is
e

 P
o

w
e

r 
 r

e
la

ti
v
e

 t
o

 S
h

o
t 
N

o
is

e
 [
d

B
]

(a)

(b)

(c)

(d)

Figure 8.7: 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 kHz to 12 kHz, measured at 6.2 ± 0.2 dB. Antisqueezing level is at

10.6 ± 0.2 dB above shot noise. All traces are measured with a single span 0-25.2 kHz with 800

FFT lines (resolution bandwidth of 32 Hz), and taken with 300 rms averages. Dark noise has not

been subtracted from the other traces.

8.5 Squeezing measurement with the diagnostic Homodyne

detector

Figure 8.7 shows a measurement of produced squeezing and antisqueezing on the diag-

nostic 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.

A squeezing magnitude of 6.2± 0.2 dB and antisqueezing magnitude of 10.6± 0.2 dB be-

tween 9 kHz and 12 kHz is observed. The features below 3 kHz in the squeezing spectrum

are due to backscattered light interferences from the diagnostic homodyne local oscilla-

tor, while the hump at 5 kHz was caused by oscillation of the pump-to-coherent sideband

control loop. Due to constraints on experiment time, the backscattered light interfer-

ences in the diagnostic homodyne detector were not investigated. The backscattered light

interferences of the homodyne do not impact the interferometer measurement, as the di-

agnostic homodyne is bypassed entirely. The 5 kHz oscillation was nullified by adjustment

of control electronic gains.

8.6 Chapter 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
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noise sources limiting the detector sensitivity were presented, particularly showing the

quantum shot-noise limited region to be 200 Hz and above, and seismic and suspension

thermal noise becoming then dominanting below 200 Hz. 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.



Chapter 9

Squeezing-enhancement of a 4km

LIGO gravitational-wave detector

This chapter presents the main results of the LIGO Squeezed-light Injection 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 parameters

are first reported. The results of measurements of squeezing ellipse phase noise are

presented in section 9.1, followed by measurements made to characterise the squeezing

injection detection efficiency in section 9.2.

The squeezing enhancement results are then presented:

• The squeezing-enhanced LIGO interferometer spectrum is shown in section 9.3, along

with a squeezing-improvement calculation, and the highlighting of the 150 Hz detec-

tion frequency region.

• The squeezing-enhanced LIGO spectrum is then compared with the sensitivity-data

from the joint scientific run in section 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 section 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 section 9.6, the squeezing magnitude generated from the OPO is inferred, then

forward-calculated for the expect squeezing-improvement in the interferometer sensi-

tivity. This is calculated from the squeezing measurement efficiency and phase noise

results.

Recommendations for improving the squeezing enhancement in future detectors conclude

the Chapter (section 9.7).

123
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9.1 Squeezing Ellipse Phase Noise

As previously detailed in Chapter 7 (section 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 interacting with 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 the ANU squeezed light source in

Chapter 7 (section 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 Analyzer. 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 propagation 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 Figure 9.1. The total measurement efficiency is 81 ± 4%

(Equation 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± 3 mrad.

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 Figure 9.2, for a fixed squeezing ellipse angle, a

fluctuating readout quadrature couples in the antisqueezing noise. 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 Figure 9.2 to

Figure 6.10).

Figure 9.3 illustrates the phasor diagram progression of the main fields in the interferom-

eter. The phasors in Figure 9.3 correspond to the variables listed in Table 9.1. We begin

with the input beam to the Michelson [Figure 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 [186]:
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Figure 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.

• 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 differ-

ences 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 photodetector 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 Table 9.1, corresponding with

the labelled phasors in Figure 9.3. The readout quadrature phase ϕrd due to the presence
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Figure 9.2: The effect of readout phase noise on the vacuum squeezing measurement. (a) No

readout 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.

of the contrast defect field is described by

ϕrd ≈ tan(ϕrd)

=
Ecd

Ec
(9.1)

This is the 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 modulation

(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 Chapter 3 (section 3.3.1, Equations 3.32 and

3.34) to calculate these contributions.

Firstly, the modulation depth Mcd is given by the proportion of total sideband

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 =
√

2P̄sb =
√

|Pu + Pl|
Sideband difference amplitude δE =

√
(δP ) =

√
|Pu − Pl|

Sideband (power) OMC transmission Tsb

Sideband modulation frequency ωsb

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

The variables are assigned with their phasors in Figure 9.3.
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Figure 9.3: Phasor diagrams of the interferometer output. Labels correspond to fields listed in

Table 9.1 and discussed in section 9.1.2. (a) The input field, showing the carrier and interferometer

control phase modulation (PM) sidebands. (b) The Michelson rotation of the carrier, and the

contrast defect field and interferometer sidebands (unbalanced with exaggeration), unchanged by

the Michelson. (c) Decomposition 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 unbalanced 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.

field relative to the total readout field

Mcd =
Esb−tot

Ec−tot
=

√
Tsb × 2P̄sb

Pc−tot
(9.2)

Using Equation 3.32, the amplitude modulated carrier, shown by Figure 9.3(d1), 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)
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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 Equation 9.1, the

change in phase is

∆ϕc−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 =

√
|∆ϕc−AM|2

=

√
Pcd

Pc
M2

cd ×
1

2

=

√
1

2

Tsb2P̄sbPcd

PcPc−tot
(9.6)

For the phase-modulated contrast defect field shown by Figure 9.3(e1), using Equation

3.34

Ecd−PM = Ecd(1 + iMcd cos(ωsbt)) (9.7)

∆ϕcd−PM =
Ecd(iMcd cos(ωsbt))

Ec
(9.8)

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

θ̃cd−PM =

√
|∆ϕcd−PM|2 =

√
(∆ϕcd−PM)∗(∆ϕcd−PM)

=

√
Pcd

Pc
M2

cd ×
1

2

=

√
1

2

Tsb2P̄sbPcd

PcPc−tot
(9.9)

Combining Equations 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

=

√
Tsb2P̄sbPcd

PcPc−tot
(9.10)

9.1.2.2 Unbalanced interferometer control sidebands

The effect of interferometer sidebands with unequal optical powers is shown in panels (d2)

and (e2) of Figure 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)
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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|

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

control sidebands. The OMC readout photodiode was used to measure all power values.

The rms-phase fluctuation of the PM carrier field is

θ̃c−PM =

√
|∆ϕc−PM|2

=

√
Pcd

Pc
M2

unb ×
1

2

=

√
1

2

Tsb(δP )Pcd

PcPc−tot
(9.12)

The rms-phase fluctuation of the AM contrast defect field is

θ̃cd−AM =

√
|∆ϕcd−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 the Output Mode Cleaner to each sideband. The resulting values used in calcula-

tions are summarised in Table 9.2.

The rms-fluctuations due to the contrast defect and unbalanced sidebands was calculated

to be θ̃cd = 20 ± 0.5 mrad and θ̃unb = 5 ± 0.5 mrad respectively. Combining Equations
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9.10 and 9.14, the total phase fluctuations due to the interferometer sidebands is

θ̃sb =

√
TsbPcd

PcPc−tot
(2P̄sb + δP ) (9.15)

and calculated to be θ̃sb = 21± 1 mrad.

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 interferometer

readout. Figure 9.4(a) shows the averaged squeezing level as measured by the inter-

ferometer in the 1.9 kHz to 3.7 kHz 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 be 85 ± 6 mrad. With a

combined phase noise contribution from the squeezer and interferometer control side-

bands of 30±5 mrad, 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

Figure 9.4, Trace (b). A phase fluctuation level of 108±6 mrad was inferred, substantially

different to the measurement of Figure 9.4(a). 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 demodulation phase, the

lowest squeezing level found corresponded to an inferred phase noise of 37± 6 mrad.

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 (Figure 8.2), the Coherent Sideband

locking photodetector for the LO loop was situated on the ISCT. The coherent locking

photodetector measurement would result in a photocurrent given by

iCSL−IFO ∝ |Ec + ECL|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, ECL is the Coherent Sideband locking field (Equation 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. Equation

9.16 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).
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Figure 9.4: Squeezing as a function of OPO nonlinear, using interferometer readout. Trace

(a): Squeezing quadrature measurement with varying OPO nonlinear gain operation, detection

efficiency of 38% and inferred phase noise of 85 ± 6 mrad. Trace (b): Pre-alignment adjusted

squeezing quadrature measurement, with OPO nonlinear gain = 88, detection efficiency of 44 ±
2%, and 108 ± 6 mrad phase noise. Trace (c): Post-alignment (optimised) squeezing quadrature

measurement with OPO nonlinear gain = 88, detection efficiency of 44 ± 2%, and 37 ± 6 mrad

phase noise.

Equation 9.16 is the ideal case where all optical power is contained within the co-

herent locking and carrier field TEM00 modes, with perfect spatial overlap. However,

higher order modes and/or misalignments between the fields modify Equation 9.16 to

become

iCSL−IFO ∝
∑
mn

ρcmnρ
CL
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 inci-

dent on the photodetector in the TEM m,n-th spatial mode, and ϕmn, the difference

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

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

2 (9.18)

SQ ∝
∑
mn

ρcmnρ
CL
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)



132 Squeezing-enhancement of a 4km LIGO gravitational-wave detector

10
0

10
110

-4

10
-3

10
-2

10
-1

Frequency (Hz)

S
q

u
e

e
z
in

g
 a

n
g

le
 [

ra
d

/ 
 H

z
]

(a)

(b)

Figure 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 (Trace (b)),

an indication of additional phase noise. Both signals are above the electronic noise floor of their

respective photodetectors.

away from optimum squeezing. For a set demodulation phase, the change in the squeezing

angle from beam pointing is given by

∆θbp ∝
Q

I
= −

∑
mn ρ

c
mnρ

CL
mn(αc[sin(ϕmn) +A sin(ϕmn)])

2∑
mn ρ

c
mnρ

CL
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 Figure 9.5. The

squeezing fluctuation spectrum at the interferometer output as measured by one 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 Table 9.3. The squeezing ellipse phase noise

for the LIGO Squeezed Light Injection Experiment is θ̃ = 37± 6 mrad. The contribution

of beam pointing for the three measurements shown in Figure 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±2

mrad measured, this mechanism can be the dominating source of phase noise.
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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
37± 6

Squeezer + Sideband + Beam pointing optimised

Table 9.3: Summary of squeezing ellipse phase noise results for the LIGO Squeezed Light Injection

Experiment.

9.2 Interferometer squeezing detection efficiency

The measurements made for assessing, then verifying, the squeezing detection efficiency

of the interferometer injection are presented here. This completes the parameter charac-

terisation 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 measurement

made with the interferometer readout. This was presented in Figure 9.4, and a squeezing

detection efficiency value of ηdet−IFO = 44± 2% was inferred. This value, measured with

a full operating interferometer, is the nominal value to compare/ verify.

9.2.2 Verification of the interferometer squeezing detection efficiency

To verify the squeezing detection efficiency inferred from the nonlinear gain measurement,

two methods were used. These were:

i Component measurement: Independent measurements of the optical losses of the com-

ponents in the squeezing injection path and AS port path were made. These were sub-

sequently combined together as a measure 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 Figure 9.6. The X-arm ITM acts as a 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 Table 9.4.

The results of squeezing efficiency in HAM4 and HAM6 chambers are presented next.

These results were measured using both component and single-bounce methods.
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Figure 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 mirror; OMC - Output Mode Cleaner; QPD - OMC reflection quadrant photodetector; PD -

interferometer readout photodetector, OPO - Squeezer Optical Parametric Oscillator; SW - Septum

(injection) window; ISCT - Interferometer Sensing and Control Table; HAM - Horizontal Access

Module vacuum chamber. Acronyms are the same as in Figure 8.2

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 Table 9.5, 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 Figure 9.6(a), a bright beam

of 6.5 mW was injected from the squeezer OPO. This resulted in 1.31 mW being regis-

tered on the OMC reflection photodiode. Factoring out the interferometer beamsplitter

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

Table 9.4: Additional interferometer parameters for single-bounce measurements
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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

Table 9.5: Parameters of the different HAM4 hardware components.

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

ηHAM4−sbm = PQPD/Pin = 0.83± 0.04 (9.22)

The single-bounce value is consistent with the HAM4 component measurement value

(Equation 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

The measurements of mode-matching and transmission throughput of the OMC were

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 [187]. This infers

that the mode-matching of the squeezed beam spatial mode to the OMC cavity mode is

ηMM = 74± 2%.

The OMC mode-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 section 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 section 9.2.6.

The throughput of the OMC was measured in single-bounce mode with a 2 W in-

put beam from the PSL. This single-bounce configuration is shown in Figure 9.6(b). This

resulted in 8.7 mW of light incident on HAM6. With the OMC locked on resonance,

the interferometer readout photodiode measured 6.43 mW of power. Including the
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nominal mode-matching coefficient Tnom−MM = 0.93 [188], and the Carrier AS port power

fraction ZSB = 0.965 [188], the throughput of the OMC ηOMC, including the readout

photodetector efficiency is

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 (section

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 optical

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 mW, 0.83 mW was measured on the readout photode-

tector. 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 squeezing

detection efficiency between measurement types is credited to the thermal 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 measurements 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
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Figure 9.7: Squeezing enhancement in LIGO’s most sensitive frequency band, between 150 Hz

and 300 Hz.

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 loops were active, controlling the squeezing ellipse

phase to the interferometer readout quadrature. The interferometer was operated with

20 W of input laser power from the PSL. This was the same amount of input power used

during the joint scientific data run [88]. The strain-sensitivity curve of the interferometer

with no squeezing is named the ‘Reference’ curve.

Figure 9.8 shows the measured Reference trace, and a trace with injected squeez-

ing 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 150

Hz. This represents the first measurement of squeezing in a 4km LIGO gravitational-wave

detector. Figure 9.7 shows the data of Figure 9.8, 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.

Figure 9.9 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 150 Hz.



138 Squeezing-enhancement of a 4km LIGO gravitational-wave detector

10
2

10
3

−2.5

−2

−1.5

−1

−0.5

0

Frequency [Hz]

S
q
u
e
e
z
in
g
 I
m
p
ro
v
e
m
e
n
t 
[d
B
]

Figure 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 150 Hz.
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Figure 9.8: 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.

9.4 Surpassing the joint-scientific data run sensitivity above

250 Hz

The Reference and Squeezing curves of Figure 9.8 have undergone a measurement-

calibration process. This process calibrates strain sensitivity data from a gravitational-
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Figure 9.10: Squeezing improvement compared to the joint scientific run sensitivity. The dif-

ference at the lower frequencies is due to the differing seismic environments. The Reference trace

broadly matches the scientific run trace above 250 Hz. Therefore the Squeezing trace broadly

surpasses the joint scientific run sensitivity above 250 Hz.

wave detector with applied calibration frequency signals. The joint scientific run data

(shown in Figure 8.3) is callibrated with the same process. We can therefore compare the

LIGO Squeezed Light Injection sensitivity curves with the Hanford Interferometer data

from the joint scientific run.

Figure 9.10 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 250 Hz, therefore represents the best sensitivity in a

gravitational-wave detector above 250 Hz yet achieved.

Comparing the LIGO Squeezed Light Injection Experiment data with the joint scientific

run data, there are differences in features. Firstly, below 150 Hz, 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 Experiment

was conducted in a seismically-noisier period than when 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.
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Figure 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 20 W input power) scaled

to be equivalent shot noise for 31 W input interferometer power. This shows the equivalence of

lower input power (20 W) with squeezing and higher input (31 W) with no squeezing.

9.5 Squeezing and interferometer input power

The squeezing improvement can be assessed in terms of equivalent interferometer input

power. This is shown in Figure 9.11. The Reference and Squeezing traces are as before.

The Scaled trace is the Reference data (at 20 W input power) scaled to be equivalent

shot noise for 31 W input interferometer power. The Squeezing and Scaled traces are now

superimposed. This shows the equivalence of lower input power (20 W) 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 quantum noise performance with

lower interferometer-operating laser powers if needed (section 9.1).

Squeezing injection was also applied to interferometer input powers below 20 W. Figure

9.12 shows the interferometer spectra and noise reduction due to squeezing when the

interferometer input power was at 8 W and 16 W 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 150 Hz.

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 squeez-

ing and antisqueezing data measured on the diagnostic homodyne detector, shown in

Figure 8.7. This is the inferred amount of squeezing being injected into the interferometer.

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
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Figure 9.12: Spectra with and without squeezing, with 8 W (top row) and 16 W (bottom row)

input power into the interferometer.

photodetector efficiency was 91±2%. Combining these efficiencies, the detection 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 section 9.1.1.

Firstly, correcting for the homodyne dark noise level, the squeezing magnitude be-

comes 6.3± 0.2 dB, while the antisqueezing level changes negligibly. Secondly, correcting

for squeezing ellipse phase noise using Equation 6.17 with 22 ± 3 mrad of squeezing

ellipse phase noise (section 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 Equation 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

We now 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 Equation 6.6

on both quadratures. This is then corrected for the squeezing ellipse phase noise of 37± 6

mrad (section 9.1.5), using Equation 6.17.
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The expected squeezing-improvement to be observed is calculated to be 2.15 ± 0.37

dB. With a measured squeezing improvement of up to 2.15 ± 0.05 dB shown in Figure

9.9, the interferometer readout measurement and predicted sensitivity improvement 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 detectors. This section

presents possible methods to improve these squeezing-injection parameters.

9.7.1 Reducing sources of squeezing ellipse phase noise

We divide 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 Equation 9.15 for the

interferometer sidebands contribution to phase noise

θ̃sb =

√
TsbPcd

PcPc−tot
(2P̄sb + 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 propor-

tion 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 in-

stalled 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 (section 8.3).

9.7.2 Improving squeezing detection efficiency

• Component optical loss - Improving optical loss in components of the squeezing

injection path will 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.
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• 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 [189].

The second improvement is to replace the fixed modematching lens system

with a tunable modematching system as part of the squeezing injection path. Tun-

able modematching have been demonstrated using heated-deformable mirrors [190].

This is also being developed for modematching the interferometer output beam to

the Output Mode Cleaner [191]. 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 Chapter 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 apparatus, interfer-

ometer 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 150 Hz. 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 250 Hz, 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 gener-

ated 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. 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

This chapter reports the investigations that concluded, from a backscattered-light

perspective, the presence of a squeezer does not fundamentally detriment the sensitivity

of a gravitational-wave detector.

The impact of backscattered light in gravitational-wave detector readout is first in-

troduced in sections 10.1 and 10.2. After overviews of the LIGO Squeezed Light

Injection Experiment environment conditions (section 10.3) and the evidence of the

backscattered-light mechanism (section 10.4), the results of two backscatter experiments

are presented. These are the large displacement (section 10.5) and small displacement

measurements (section 10.7). The bi-directional scatter distribution function of the H1

Optical Parametric Oscillator is estimated from the large displacement measurement

result (section 10.6), and the consistency between the two experiments is discussed in

section 10.8. Recommendations to further reduce the backscattered light impact of an

installed squeezer in future gravitational-wave detectors conclude the Chapter (section

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 300 Hz (section

2.1) . Backscattered light can create spurious signals that mask gravitational-wave

signals [192–194].

Figure 10.1 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 light1. This definition of backscattered

1Scattered light from other parts of the interferometer are also of concern, see [110,111,195]. However,
the focus is the AS port - the source of scattered light that can be backscattered by an installed squeezer.

145
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Figure 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.

light is similar to that in Chapter 7, with the measurement Local Oscillator being the

interferometer AS port field.

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

Es

Ec

φs
E

Ec

Es

φs

(a) (b)

Figure 10.2: (a) Simple illustration of beams incident on the readout photodetector. (b) Phasor

diagram showing the relationships of the various fields.

We begin 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 Figure 10.2(a), along with the equivalent phasor diagram

of the optical fields in 10.2(b). The carrier power can be expressed as steady-state and

fluctuating components Pc = P̄c + δPc, where δPc ≪ P̄c.
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The total power detected P is given by

P = E2 = E2
c + E2

s − 2EcEs cos(π − ϕs)

= Pc + Ps + 2
√

PcPs cos(ϕs)

≈ P̄c + 2
√

P̄cPs cos(ϕs) (10.1)

= P̄c + dS

where

dS = 2
√

P̄cPs 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 = 2kX =
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. Equation 10.2 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(2kXs) cos(2kδxs) + sin(2kXs) sin(2kδxs)]

≈ 2

√
Ps

P̄c
cos

(
4πXs

λ

)
︸ ︷︷ ︸

(i)

+

√
2Ps

P̄c

(
4πδxs
λ

)
︸ ︷︷ ︸

(ii)

(10.4)

Equation 10.4 is reached by approximating cos(2kδxs) ≈ 1, sin(2kXs) ≈ 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).

10.2.2 Scattered light and OPO Nonlinear Gain

Any scattered light back-reflected within the OPO will experience the OPO nonlin-

ear parametric gain, in the same was 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 deamplification will be determined by the relative phase between

the pump and the scattered fields. As in section 8.6, the OPO nonlinear gain effect on
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seed field optical power can be accounted for by

P 0
out = P±

out ×
(

1± x

1− x2

)−2

(10.5)

with P 0
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 intrinsic

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 same manufacturing run as the nonlinear

crystal contained within the DB-OPO at ANU. Further, the LIGO OPO was constructed

with cavity mirrors of higher-quality surface polishing and optical coatings (section 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 section 10.6.

The squeezing-injection Faraday isolator had a backscatter isolation of 37 dB,

when initially tested in a bench-top experiment. However, when installed into the

squeezing-injection path, a separate measurement of returning optical power provided

evidence that the isolation decreased to 23 dB [196]. 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 23 dB [197].

10.3.2 Seismic and Acoustic Environment of the Squeezer Table

The seismic and acoustic hardware of the squeezer table are presented in Figure 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 Figure

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 Figure 10.3. The panels, approximately 5 mm 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.
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Figure 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.

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 photodetector,

the light is imparted in phase with the displacement spectrum of objects in the beam

path. Shown in Figure 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 sideband peaks at

∼0.75 Hz, 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 elimi-

nated [198], 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. [198].

With evidence of the backscattered light mechanism present, the displacement measure-

ments made to characterise the backscattered-light impact are now presented.

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 microseismic ground

motion. Nonlinear noise upconversion [192] can result from motion of this scale, appearing
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Figure 10.4: Background displacement motion spectrum of the Squeezer table, as measured with

the on-table accelerometers.

as a “shelf” in the readout spectrum2 [194]. This shelf-structure was not observed during

the LIGO H1 Squeezed Light Injection Experiment when the interferometer and squeezer

were operating under standard environmental conditions. However, we can induce a

shelf-structure in the interferometer readout that will allow the backscattered light power

level Ps reaching the interferometer photodetector to be inferred. This technique was

used previously to measure the backscatter influence of the interferometer Output Mode

Cleaner cavities [182].

Using Equation 10.4(i), the relative intensity noise spectrum for the backscatter

signal RINs is given by

RINs = 2

√
Ps

P̄c
cos

(
4πXs

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(2πfdrt), with large drive-

magnitude Xdr and drive frequency fdr, we can induce a shelf-structure in the RIN spec-

trum. The RIN spectrum is now described as

RINdr = 2

√
Ps

P̄c
cos (M sin 2πfdrt) (10.8)

where the modulation depth M is given by

M =
4π

λ
Xdr (10.9)

2A derivation showing the shelf-structure characteristic can be found in Appendix C
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Figure 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.

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 Figure 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, and drive frequency, fdr = 1 Hz, was applied.

Shown in Figure 10.6 is the induced shelf-structure in the measured interferometer RIN

spectrum, and the modelled fit.

The data shown in Figure 10.6 is corrected for the measured suppression of the in-

terferometers control system loop [199]. A consistency check is the frequency of the

shelf-structure cutoff, or knee frequency fknee [182]. This knee frequency should be equal

to the drive frequency scaled by the modulation depth, or

fknee = Mfdr (10.10)

The knee frequency for this measurement is fknee = 173 Hz. 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 interfer-

ometer readout photodetector is therefore determined to be Ps = 2.6 ± 0.4 × 10−13 W,

calculated using the measured carrier power of 16.1 mW.

10.6 BSDF of the H1 Optical Parametric Oscillator

Using the above measurement of Ps, we make an estimate of the bi-directional scatter

distribution function (BSDF) for the LIGO Optical Parametric Oscillator. Similar to

the process in Chapter 7, we again assume that the reflection occurs solely at the OPO
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Figure 10.6: Large displacement measurement result (a) Relative-intensity noise of the inter-

ferometer readout, with induced shelf-structure from applied known backscatter pathlength mod-

ulation, and (b) modelled Equation 10.8(i), using known parameters and fitting for Ps/P̄c. (c)

Interferometer readout with no applied modulation.

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 3 µW

Scatter modematching to OPO ηsc−MM 11%

Table 10.1: Variables for calculating the BSDF of the H1 Optical Parametric Oscillator.

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 the OPO, 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 and OPO cavity finesse provides us with the

BSDF estimate. Each step of the estimation is detailed next, with variables of interest

presented in Table 10.1 and in Figure 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

[200]. This is then corrected for the measured proportion of the carrier power in the

AS port ρC−AS [201] 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

Psc = Ps−inc × ρC−AS × ηsc−MM (10.11)



§10.7 Small displacement measurement 153

LIGO 

Michelson

η
det

η
sc-MM

α
OFI

α
SFI

P
AS

P
SC

P
BSC

P
S
,P

C

φ
MICH

G

ρ
C-AS

Squeezer

Figure 10.7: Simplified schematic showing variables of interest of the squeezed interferometer

and backscattered-light path. The variables are defined in Table 10.1. This Figure is similar to

Figure 10.1.

• Calculating the power leaving the OPO - The measurement of backscatter

power reaching the interferometer photodetector is firstly corrected for the squeezing

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 Equation 10.12 by Equation 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 ± 3 dB. Calculating

the BSDF using the known OPO cavity finesse (section 8.4) and beam waist size of 34 µm

at the nonlinear crystal gives an estimated BSDF of 5± 2× 10−4 str−1.

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 op-

tical wavelength (δxs ≪ λ). Within the gravitational-wave detection frequency band,

backscattered light noise from small displacement motion contributions couple linearly to

the readout noise spectrum [193, 194]. This linear coupling characteristic was verified in
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Figure 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 Hz

- 300 Hz detection region, chosen at 75 Hz, 130 Hz, 155 Hz, 213 Hz, and 270 Hz. 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 Hz - 300 Hz detection band.

experiment3, and can also be used to infer the backscatter noise level below the sensitivity

spectrum.

From Equation 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 mo-

tion. 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 background RIN of 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

3Shown in Appendix C
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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).

Figure 10.1 shows both equipment. Five single-frequency sinusoid shaker injections were

made within the 50 Hz - 300 Hz Fourier region. These injections were made at 75 Hz,

130 Hz, 155 Hz, 213 Hz, and 270 Hz.

The resulting inferred noise level for injections is shown in Figure 10.8. The in-

ferred 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 Hz - 300 Hz detection band. The injection at 75

Hz 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 mea-

surements, a backscatter RIN level can be calculated using Equation 10.4(ii), Ps obtained

from the large displacement measurement and the ground motion spectrum shown in Fig-

ure 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 Figure 10.9.

The calculated backscatter RIN level agrees with the inferred points from the small dis-

placement measurement. This indicates that the large displacement and small displace-

ment measurement results are consistent.

10.9 Backscatter improvements for future gravitational-

wave detectors with squeezing

The measurements reported have confirmed that backscattered light impacts represents

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 [202]. We would

like a clearance level of 10 below the RIN of Advanced LIGO readout. This clearance

level is shown in Figure 10.9. The backscatter RIN for the LIGO H1 squeezer is ∼ 200

times above the Advanced LIGO clearance level below 50 Hz, and ∼ 7 times above the

clearance level from 50 Hz.

Further mitigation of the impact of backscatter is needed in future gravitational-

wave detectors. The backscatter RIN equation (Equation 10.4) highlights the mitigation

options:

• Reducing the beam path displacement motion X - Technology options for re-

ducing the beam path displacement motion are currently available. For second gen-
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Figure 10.9: Comparison between backscatter RIN results for the two displacement measure-

ments. Circles - Inferred backscatter RIN level from the small displacement measurement. Trace

(a) is the interferometer readout RIN. Trace (b) is the result of Equation 10.4(ii) using Ps from

the large displacement measurement, the ground motion shown in Figure 10.4 and carrier power

P̄c. Trace (c) is the clearance level for Advanced LIGO readout, discussed in section 10.9.

eration 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 platforms such

as those being installed for the Advanced LIGO Output Mode Cleaners [203], and

in-vacuum operation are possible isolation options.

• Reducing the backscatter power Ps - Reducing the backscatter power will in-

volve improving the optics in the injection and AS port beam paths. As an example,

increasing the isolation of both the Squeezed Faraday isolator and Output Faraday

isolator to a more nominal 35 dB attenuation will provide a factor of ∼ 20 improve-

ment alone, relaxing the motion-isolation required. Development work into improved

optics and optical coatings will be beneficial here.

Reductions in the beam path displacement motion 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 Chapter 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 backscat-

ter 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
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at ANU, credited to the use of the superpolished cavity mirrors. The small displace-

ment measurement inferred the backscatter 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 im-

provements 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

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 develop-

ment results

• The ANU-developed Optical Parametric Oscillator (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 200 Hz), and 5900 seconds of continuously controlled squeezing

at 7.5 ± 0.5 dB. This result was characterised in terms of measurement efficiencies

and squeezing ellipse phase noise, resulted 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 con-

trol was introduced. This modified technique lead to an increase of unity-gain band-

widths of loops from 10s / 100s of Hz to 10s of kHz.

• The tolerance of a bow-tie OPO to backscattered light was modelled, and experi-

mentally 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 addi-

tional 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.

11.2 Summary of LIGO Squeezed Light Injection Experi-

ment results

• The LIGO Squeezed light Injection Experiment was introduced. This included the

project background, the Enhanced LIGO interferometer with the hardware modifi-

159
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cations 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 150 Hz detection frequency. Above 250 Hz, 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 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. 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 tech-

nical challenge, not a fundamental detriment, to the sensitivity of a gravitational-

wave detector. The results of two different experiments were presented, 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 Oscilla-

tor 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 squeezing

injection path will be a considerable research/ development undertaking. 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 in-

crease 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. The improvement is part of Advanced LIGO OMC design specifications [189].

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



§11.3 Summary of recommended development work towards squeezed-future Gravitational-Wave detectors161

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 interferometer

sidebands contribution to phase noise.

• From beam pointing fluctuations - An active alignment scheme should be in-

stalled 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 (section 8.3).

11.3.3 Backscatter improvements

There are several avenues to pursue in order to reduce the backscattered light impact.

• Reducing the beam path displacement motion X - Technology options for re-

ducing the beam path displacement motion are currently available. For second gen-

eration 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 platforms such

as those being installed for the Advanced LIGO Output Mode Cleaners [203], and

in-vacuum operation are possible isolation options.

• Reducing the backscatter power Ps - Reducing the backscatter power will in-

volve improving the optics in the injection and AS port beam paths. As an example,

increasing the isolation of both the Squeezed Faraday isolator and Output Faraday

isolator to a more nominal 35 dB attenuation will provide a factor of ∼ 20 improve-

ment alone, relaxing the motion-isolation required. Development work into improved

optics and optical coatings will be beneficial here.
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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 challenges in-

clude the need for new procedures to optimise nonlinear crystal position and phase

matching temperature, as well as work in specifying experiment parameter toler-

ances.

• All-glass Optical Parametric Oscillator - An all-glass Optical Parametric Oscillator

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 interaction

zone within the crystal. This can lead to drifts in temperature actuation away from

optimum phase matching. Developing a method to measure the phase matching tem-

perature 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 (Chapter 4, and [8]). 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 [204]).



Appendix A

Quantum noise and squeezing in

Dual-recycled Michelson

Interferometers

This appendix adds to the theory covered in Chapter 4 - Quantum noise in Gravitational-

wave Detectors and Applied Squeezed States, reviewing the quantum noise equations for

Dual-recycled Michelson Interferometers, and the improvements from injected squeezed

states. These equations are from the works of Buonanno and Chen [56,57].

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 [56]

Sζ
h−DR = Q× [(C11 sin ζ + C21 cos ζ)

2 + (C21 sin ζ + C22 cos ζ)
2] (A.1)

with

Q =
(hISQL)

2

2KIτ2|D1 sin ζ +D2 cos ζ|2
(A.2)

and

D1 = −(1 + ρe2i(β+Θ)) sinϕ (A.3)

D2 = −(−1 + ρe2i(β+Θ)) cosϕ (A.4)

C11 = (1 + ρ2)

(
cos 2ϕ+

KI

2
sin 2ϕ

)
− 2ρ cos (2β + 2Θ) (A.5)

C12 = −τ2(sin 2ϕ+KI sin2 ϕ) (A.6)

C21 = τ2(sin 2ϕ−KI cos2 ϕ) (A.7)

C22 = C11 (A.8)

Recall ζ being the detection angle, and KI and hISQL being the modified parameters from

the presence of arm cavities. The other variables are the amplitude reflectivity ρ and

transmittivity τ of the signal-recycling mirror (SRM), the SR cavity detuning ϕ and the

SR cavity single-pass phase shift Θ. Figure A.1 shows the quantum noise limited strain

sensitivity
√

Sh−DR, utilising the values in Table A.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 [56].
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Figure 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.

A.1.1 Lossless Dual-recycled Michelson with Squeezing

The injection of squeezing into lossless Dual-recycled Michelson gravitational-wave detec-

tors have been analysed in [57,125,205]. The power spectral density of the quantum noise

with squeezing is given by [57]

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)

Figure A.1(b) shows the enhanced strain sensitivity with squeezing at various squeezing

angles. With optimal frequency-dependent squeezing, the resulting strain sensitivity is

the non-squeezed strain sensitivity scaled by a factor of
√
e−2R = e−R [125].

A.1.2 Dual-recycled Michelson with optical losses

Figure A.2 shows the loss (and hence vacuum-entrance) points for the generalised

Dual-recycled Michelson with optical loss. Combined with the recycling of the output

noise (along with the signal), this greatly complicates the calculation of quantum noise

at the interferometer output, with more coefficients (indicated with superscript L) to be

accounted for.



§A.1 Quantum noise in a lossless Dual-recycled Michelson Interferometer 165

(B)

T

(D)

(A)

(C)

(C)

Laser

T

I
0

R = λ
PD

τ2
+ρ2

+λ
SR

=1

λ
AC

λ
AC

L

SRM

PRM

ITM ETM

ITM

ETM

Figure A.2: Dual-recycled Michelson with Fabry-Perot arm cavities showing the entrance of

vacuum fluctuations. PRM - Power-recycling mirror; ITM - Input test mass; ETM - End test

mass; SRM - Signal-recycling mirror; λ - Optical loss.

From Equation 5.13 of [56], the quantum-noise-limited strain sensitivity is given

by

hDR−L =

√
Sζ
h−DRL (A.14)

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 Equations 5.8 to 5.12 in [56], repro-

duced below for completeness. The quotient term is

QL =
(hISQL)

2

2KIτ2|DL
1 sin ζ +DL

2 cos ζ|2
(A.16)
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with denominator D-terms

DL
1 =

√
1− λPD

{
−(1 + ρe2iβ

I
) sinϕ+

ϵ

4
[3 + ρ+ 2ρe4iβ

I
+ e2iβ

I
(1 + 5ρ)] sinϕ+

λSR

2
e2iβ

I
ρ sinϕ

}
(A.17)

DL
2 =

√
1− λPD

{
(1− ρe2iβ

I
) cosϕ+

ϵ

4
[−3 + ρ+ 2ρe4iβ

I − e2iβ
I
(1− 5ρ)] cosϕ+

λSR

2
e2iβ

I
ρ cosϕ

}
(A.18)

The C-coefficients for the vacuum noise entering the AS port (Noise A of Figure A.2) are

CL
11 =

√
1− λPD

{
(1 + ρ2)

(
cos 2ϕ+

KI

2
sin 2ϕ

)
− 2ρ cos 2βI−

ϵ

4

[
−2(1 + e2iβ

I
)2ρ+ 4(1 + ρ2) cos2 (βI) cos 2ϕ+ (3 + e2iβ

I
)KI(1 + ρ2) sin 2ϕ

]
+λSR

[
e2iβ

I
ρ− 1

2
(1 + ρ2)

(
cos 2ϕ+

KI

2
sin 2ϕ

)]}
(A.19)

CL
12 =

√
1− λPDτ

2
(
−(sin 2ϕ+KI sin2 ϕ) +

ϵ

2
sinϕ[(3 + e2iβ

I
)KI sinϕ+ 4 cos2 (βI) cosϕ]

+
λSR

2
(sin 2ϕ+KI sin2 ϕ)

)
(A.20)

CL
21 =

√
1− λPDτ

2
(
(sin 2ϕ−KI cos2 ϕ)+

ϵ

2
cosϕ[(3 + e2iβ

I
)KI cosϕ− 4 cos2 (βI) sinϕ] +

λSR

2
(− sin 2ϕ+KI 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(−2ρe2iβ

I
+ 2 cos 2ϕ+KI sin 2ϕ) (A.23)

PL
12 = −

√
1− λPD

√
λSRτ sinϕ(2 cosϕ+KI sinϕ) (A.24)

PL
21 =

√
1− λPD

√
λSRτ cosϕ(2 sinϕ−KI 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
[
KI(1 + ρe2iβ

I
) sinϕ+

2 cosβI(e−iβI
cosϕ− ρeiβ

I
(cosϕ+KI sinϕ))

]
(A.27)

NL
12 = −

√
1− λPD

√
2ϵτ(e−iβI

+ ρeiβ
I
) cosβI sinϕ (A.28)

NL
21 =

√
1− λPD

√
ϵ

2
τ [−KI(1 + ρ) cosϕ+ 2 cos2 βI(e−iβI

+ ρeiβ
I
) sinϕ] (A.29)

NL
22 = −

√
1− λPD

√
2ϵτ(−e−iβI

+ ρeiβ
I
) cosβI cosϕ (A.30)
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Figure A.3: (a) Strain sensitivity of a Dual-recycled Michelson with optical losses and the con-

tribution of the dominant C-coefficient terms. These plots use the values in Table A.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 quantum noise contribution in GwinC v3 [97] (see Figure 4.6 for comparison). (b)

Strain sensitivity with injected squeezing at various squeezing angles.

Lastly, the Q-coefficients for the vacuum noise entering due to imperfect photodetection

(Noise D) are

QL
11 = QL

22 =
√

λPD

{
e−2iβI

+ ρ2e2iβ
I − ρ(2 cos 2ϕ+KI sin 2ϕ) +

ϵ

2
ρ
[
e−2iβI

cos 2ϕ

+e2iβ
I
(−2ρ− 2ρ cos 2βI + cos 2ϕ+KI sin 2ϕ) + 2 cos 2ϕ+ 3KI sin 2ϕ

]
−λSR

2
ρ(2ρe2iβ

I − 2 cos 2ϕ−KI 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). Figure A.3 shows the strain sensitivity of a Dual-recycled Michelson with

optical losses, calculated using the values in Table A.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 [97] (see Figure

4.6 for comparison).

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 [57]
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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, equation A.33 becomes

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)

Figure A.3(b) shows squeezing-enhanced strain sensitivity of the Dual-recycled Michelson

with optical losses, with injection at various squeezing angles.
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A.3 Parameters used in calculations for the Dual-recycled

Michelson

The parameter values used in the quantum noise calculations for the Dual-recycled Michel-

son are from nominal parameters for the Advanced LIGO interferometer [202, 206, 207].

These are listed in Table A.1

Parameter Symbol Value Units

Laser Frequency ω0 1.77× 1015 rad/s

Detection Fourier frequency Ω 10 - 10000 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− τ2 − λSR -

SR cavity loss λSR 2× 10−3 -

SR cavity length l 55 m

SR cavity detuning offset δϕ 0.21, 0 rad

SR cavity detuning ϕ (π − δϕ)/2 rad

SR cavity single-pass phase shift Θ (lΩ/c)mod2π rad

Table A.1: Table of values for quantum noise calculations of the Dual-recycled Michelson

1Only for the lossless Dual-recycled Michelson to illustrate sub-SQL performance.
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Appendix B

Initial analysis and repair of the

Enhanced LIGO H1 Output Mode

Cleaner

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 [181]), the tests and resulting findings are reported. This

initial work was completed by the author, in collaboration and under the supervision of

Sam Waldman, reported in LIGO Technical Note T1100562 [208].

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 [80, 209]. 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 [210]. 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 to move slightly off the dark fringe point (from Chapter 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 [211].
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Figure B.1: Schematic layout of the OMC glass breadboard. M1: Flat Input Coupler, T = 8368

ppm; M2: PZT mirror with ROC = 2 m, T = 25 ppm; M3: Flat Output Coupler, T = 8297

ppm; M4: OTAS mirror with ROC = 2 m, T = 33 ppm; SM: Steering mirror, T = 3000 ppm; BS:

50/50 beamsplitter; QPD: Quadrant photodetector; DCPD: DC photodetector, BD: Beam Dump.

Adapted from [212].

B.2 Construction and Design of the OMC

Figure B.1 shows the schematic of the OMC [212]. The Output Mode 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 rigidly mounting 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 actuators:

a fast, short-range (< 0.1µm) PZT, and a slow, long-range (∼ 20µm) thermal actuator,

consisting of a 1-inch 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 [203,213],

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 [214],

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 original F = 367 to F = 297 [215]. 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 [216].

B.3.1 LIGO Squeezed Light Injection Experiment - OMC Swap-out

With the OMC from LIGO Livingston Observatory interferometer (L1) at hand in Han-

ford, it was undertaken to swap out the H1 OMC with the L1 OMC. After measurement

of the L1 OMC to have a Finesse of 369.8 [217] in a bench-top experiment, the LIGO

Squeezed Light Injection team replaced the H1 OMC with the L1 OMC [218]. After the
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Figure B.2: Experiment configuration for the H1 OMC test. Laser: NPRO laser; EOM: Electro-

optic modulator; R: 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 unit; SV-C: Servo controller unit; EB: Electronics Box; PZT-C: Piezo controller unit.

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 mea-

surements 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 Figure B.2. The laser (Lightwave 126 NPRO) was

locked to the OMC using a PDH locking loop, feeding back into the “Fast” input actuator.

The phase modulation was generated by a resonant EOM (New Focus), driven by a RF

amplifier. The modulation frequency was 21.5 MHz. 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 ≈ ±10 Vpp.

To match the 0-10V Thorlabs piezo controller unit input, the servo controller output was

summed with a 9V battery and a 10 kΩ resistor, housed in a electronics box (Pomona).

The resistor, in combination with the 10 kΩ input impedance of the piezo controller unit,

converted the ±10 V servo controller output to the 0 - 10 V piezo controller input signal

range.

B.4.2 Transmission measurements

The transmission measurements were made with the laser locked to the cavity. Photode-

tectors were installed at the input (via a pickoff mirror), in reflection and in transmission

of the OMC. All three photodiode readings were recorded while the OMC was both on

and off resonance, to measure the power transmission.
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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 a Matlab program. In the fast method, the laser PZT

was swept at 1, 10 or 100 Hz 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 278 MHz [212].

The slow method had a systematic error source. Digitisation noise of the oscillo-

scope 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.

B.5 Measurement Results

B.5.1 Transmission / Throughput

The data taken for the transmission measurement is summarised in Table B.1. Thus the

Parameter Value

Input power 0.55 mW
Transmitted power 0.36 mW
Reflected power (locked) 0.16 mW
Reflected power (unlocked) 0.54 mW

Table B.1: Transmission/ Throughput data

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 Hz and 10 Hz, and comparable values found

for both measurements. For the 10 Hz sweep, the time between the sideband resonances

was 17.68 ms, while the FWHM of the resonance was 336 µs. Using the sidebands as a

frequency calibration, the FWHM is thus 0.336/17.7 × 2 × 21.5 MHz = 0.82 MHz. With

a free spectral range of 278 MHz, the finesse was determined to be F = 278/0.82 = 340.
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B.5.3 Power scaling

The OMC transmission was measured as a function of the input power, presented in Figure

B.3. This shows the transmission having a clear dependence on the input power. The mea-
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Figure 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

function of the incident input power. The OMC throughput/ transmission depends strongly on

the power incident on and circulating in the cavity.

surement 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.

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 [212]. Using equation 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 to motion of the laser frequency during the measurement 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 Figure B.4, 95% transmission corresponds to a round trip loss of 400 ppm,

while 84% transmission corresponds to 1400 ppm. The power dependence of the loss is
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Figure B.4: The round trip loss of the OMC as a function of the transmission.

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:

• Translating a hard edged aperture by almost 100 µm. With the OTAS tube made

of aluminum, the coefficient of thermal expansion of Aluminium is 23 ppm/K [219].

Assuming a 1 mm zone of influence, the temperature rise required to cause such a

hard-edge translation is an unfeasible and unphysical 4600 K.

• A change in cavity-mode mismatching of 10%. The cavity mode would require a

change in the waist size from ≈ 150 µm with respect to the nominal ≈ 500 µm waist

size. This would require a change in the PZT and OTAS mirror radii-of-curvature

from R = 2 m to R = 1 m, 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 Section

3.3 of [191], 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

This Appendix provides supplementary information for Chapter 10 - Backscattered-light

impact in a squeezing-enhanced gravitational-wave detector. Details of intermediate hard-

ware improvements and additions to the squeezer apparatus that reduced backscattered-

light coupling are covered. The small-displacement measurement results made before the

intermediate improvements are then presented. The demonstration of the driven RIN

equation used in the large displacement measurement as a spectrum, and calculation for

the modulation depth conclude this Appendix.

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 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” steering 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 [220]. This damping

of optics is shown Figure C.1(a).

Shown in Figure C.1(b), measurements of the interferometer readout with applied

damping foam (blue traces) and without (red traces) were made in repeat-cycle. Peak

reduction was seen, particularly evident at 195 Hz, 203 Hz, 267 Hz and 320 Hz. Peaks at

177
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Figure 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).

230 Hz, 240 Hz, and 250 Hz, 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 observing

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 plate was systematically placed after each

optical element.

The main retro-reflection found occurred where scattered light coming from the in-

terferometer 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 [221].

This is illustrated in Figure C.2(a).

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 Figure C.2(b). 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 reduction

results, thus confirming the real effect of removing DC power from the backscattered-light

beam.
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Figure 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 dump was 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).

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 Figure C.3. The readout spectra (with injected squeezing

blue traces versus no-squeezing reference red traces) after the improvements shows a

reduction of structures that introduce noise over the reference trace, particularly between

the 200 Hz 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 Hz and 300 Hz of 25%, confirms the

reduction of structures is a real effect.

These improvements and additions were made during the LIGO Squeezed Light In-

jection 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 improvements 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 Chapter 10.

C.2 Small displacement measurement with shaker and

acoustic injections

This small displacement measurement has the same concepts behind the measurement

reported in Chapter 10, but included different types of shaker injections, as well as an

Acoustic injection [198]. The inferred backscatter noise level for this test is shown in

Figure C.4. The various data points are as follows:
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Figure C.3: Left column: Interferometer readout spectra before and after the improvements were

made, with feature reduction evident in the 200 Hz - 300 Hz region. Right column: Correlation

between the readout signal and on-table accelerometers signals, taken with ambient vibration only.

• 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 accelerom-

eters. The inferred noise levels for these injections are shown by the square-points

below 100 Hz.

• 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 Figure C.4. Firstly, prior to the intermediate hard-

ware improvements, certain inferred backscatter noise level points were comparable to

the interferometer readout spectrum. This characteristic is consistent with the coherence

measurements showing correlated features. Secondly, the single-frequency PZT shaker in-

jections (black-cross points at 270 Hz) 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,
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Figure 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 10 Hz comb injection, above 100 Hz (not every 10 Hz comb point has been displayed for

clarity); Squares: Piezo shaker 10 Hz comb injection, below 100 Hz; Crosses: Single frequency

PZT shaker injections at 270 Hz. The three data points were made with three different shaking

amplitudes varying by a factor of about 10.

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 T. Fricke [182]. We first define

the angular drive frequency from the linear drive frequency fdrive:

Ωdr = 2πfdr (C.1)

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(Ωdrt)} (C.3)

Ec = (1− r)E0 (C.4)
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Figure C.5: Block diagram/schematic for the large displacement measurement

where E0 is the total field incident onto the photodetector, and r is the proportion of E0 in

the backscattered field. Figure C.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 Equations C.3 and C.4 into Equation C.5 gives:

P = P0 + 2[(1− r)E∗
0 ]rE0Re exp{iMsin(Ωdrt)}

= P0 + 2(1− r)rP0Re exp{iMsin(Ωdrt)} (C.6)

We now substitute the Bessel function expansion of exp{iMsin(Ωdrt)}, thus:

P (f) = P0 + 2r(1− r)P0Re

∞∑
n=−∞

Jn(M)einΩdrivet (C.7)

Utilising the Bessel function symmetry property J−n(z) = (−1)nJn(z) (Equation 6, §2.11
of [222]), we can rearrange the summation term to the following:

∞∑
n=−∞

Jn(M)einΩdrt = J0(M) +

−1∑
n=−∞

Jn(M)einΩdrt +

∞∑
n=1

Jn(M)einΩdrt (C.8)

= J0(M) +

∞∑
n=1

Jn(M)
(
(−1)ne−inΩdrt + einΩdrt

)︸ ︷︷ ︸
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

displacement measurement in Chapter 10. The cutoff frequency, or knee frequency fknee
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is where n ≈ M . Thus, the knee frequency will be

N =
fknee
fdr

= M

⇒ fknee = Mfdr (C.10)

which corresponds to Equation 10.10. Returning to Equation C.9, focussing on the Q

term, for odd integers of n:

Jn(M)(einΩdrt − e−inΩdrt) = 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 (Equation 4, §3.11 of [222]):

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)

and

r =
Es

E0
≈ Es

Ec
(C.16)

The power spectrum expression of Equation C.6 now becomes:

P (f) ≈ P0 + 2
Es

Ec
P0 cos(M sinΩdrt) (C.17)

Thus

P (f) = P0 + 2

√
Ps

Pc
P0 cos(M sinΩdrt) (C.18)

It then follows that the relative intensity noise (RIN) is given by:

RIN =
dP (f)

P0
= 2

√
Pn

Pc
cos(M sinΩdrt) (C.19)

which is the Large displacement measurement Equation (Chapter 10, Equation 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(M sin(Ωdrt)) + i sin(M sin(Ωdrt))

Re exp{iMsin(Ωdrt)} = cos(M sinΩdrt) (C.20)
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thus going from Equation C.6 to Equation C.17, however, the Bessel function expansion

methodology explicitly demonstrates that it is indeed a power spectrum.

C.4 Calculation of the modulation depth for the large dis-

placement measurement

The calculation of the modulation depth (M) from known parameters is summarised in

Table C.1.

Name Variable Value Derivation

PZT response SpecPZT 30µm/1000V Product Specifications
TREK Output/Input Drive SpecTREK 100V/V Product Specifications

PZT Drive DrivePZT 3µm/V SpecPZT × SpecTREK

Path Length Change/Input Drive ∆L/V 3.1µm/V DrivePZT × (cos(50))−1

Applied Drive Voltage Vapplied 3Vpp Experimental Value
Modulation depth M 173 Vapplied ×∆L/V × 4π/λ

Table C.1: Summary of Modulation Depth Calculation
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S. Mancini, B. Mansoux., M. Mantovani, F. Marchesoni, F. Marion, P. Marin,

J. Marque, F. Martelli, A. Masserot, L. Massonnet, G. Matone, L. Matone, M. Maz-

zoni, F. Menzinger, C. Michel, L. Milano, Y. Minenkov, S. Mitra, M. Mohan, J.-L.

Montorio, R. Morand, F. Moreau, J. Moreau, N. Morgado, A. Morgia, S. Mosca,

V. Moscatelli, B. Mours, P. Mugnier, F.-A. Mul, L. Naticchioni, I. Neri, F. Nocera,

E. Pacaud, G. Pagliaroli, A. Pai, L. Palladino, C. Palomba, F. Paoletti, R. Paoletti,

A. Paoli, S. Pardi, G. Parguez, M. Parisi, A. Pasqualetti, R. Passaquieti, D. Pas-

suello, M. Perciballi, B. Perniola, G. Persichetti, S. Petit, M. Pichot, F. Piergiovanni,

M. Pietka, R. Pignard, L. Pinard, R. Poggiani, P. Popolizio, T. Pradier, M. Prato,

G. A. Prodi, M. Punturo, P. Puppo, K. Qipiani, O. Rabaste, D. S. Rabeling, I. Rácz,
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Scattered light noise in gravitational wave interferometric detectors: A statistical

approach. Phys. Rev. D, 56 6085–6095, (1997).

[193] J.-Y. Vinet, V. Brisson, and S. Braccini. Scattered light noise in gravitational wave

interferometric detectors: Coherent effects. Phys. Rev. D, 54 1276–1286, (1996).

[194] D. J. Ottaway, P. Fritschel, and S. J. Waldman. Impact of upconverted scattered

light on advanced interferometric gravitational wave detectors. Opt. Exp., 20 8329,

(2012).

[195] P. Fritschel and M. E. Zucker. Wide-angle scatter from LIGO arm cavities, 2007.

LIGO-T070089-05-D.

[196] L. Barsotti. Power from IFO to SQZ table. Hanford iLog October 19, 2011.

[197] Lisa Barsotti. aLIGO Faraday: T=0.96, Isolation 40 dB, but only 23 dB backscatter

isolation. Hanford iLog June 9, 2011.

[198] R. Schofield. The impact of squeezing on vibration coupling to H1. Hanford iLog

October 23 2011.

[199] S. Chua. H1OLG. Hanford iLog November 28 2011.

[200] S. Chua. Power returning back from HAM4 + Polarization. Hanford iLog December

3, 2011.

[201] L. Barsotti. Sideband/Carrier Power @ 8W. Hanford iLog November 29, 2011.

[202] R. Abbott, R. Adhikari, S. Ballmer, L. Barsotti, M. Evans, P. Fritschel, V. Frolov,

G. Mueller, B. Slagmolen, and S. Waldman. Advanced LIGO Length Sensing and

Control Final Design, 2010. LIGO-T1000298-T.

[203] N. A. Robertson, M. Barton, D. Bridges, J. Heefner, M. Meyer, J. Romie, and

C. Torrie. OMC suspension final design document, 2009. LIGO-T0900060-v1.



Bibliography 201

[204] P. Kwee, L. Barsotti, M. Evans, M. Zucker, P. Fritschel, and N. Mavalvala. Proposal

for a filter cavity experiment at LASTI, 2012. LIGO-T1200024-v3.

[205] V. Chickarmane, S. V. Dhurandhar, T. C. Ralph, M. Gray, H-A. Bachor, and D. E.

McClelland. Squeezed light in a frontal-phase-modulated signal-recycled interferom-

eter. Phys. Rev. A, 57 3898–3912, (1998).

[206] M. A. Arain, C. Mueller, and G. Mueller. Optical Layout and Parameters for the

Advanced LIGO Cavities, 2009. LIGO-T0900043-11.

[207] P. Fritschel, R. Adhikari, S. Ballmer, and M. Evans. Arm Cavity Finesse for Ad-

vanced LIGO, 2007. LIGO-T070303-01-D.

[208] S. Chua and S. Waldman. eLIGO Hanford Output Mode Cleaner Repair, 2011.

LIGO-T1100562-v2.

[209] The Virgo Collaboration (T. Accadia et. al.). Status of the Virgo project. Class.

Quantum Grav., 28 114002, (2011).

[210] A. M. Gretarsson, E. D’Ambrosio, V. Frolov, B. O’Reilly, and P. K. Fritschel. Effects

of mode degeneracy in the LIGO Livingston Observatory recycling cavity. J. Opt.

Soc. Am. B, 24(11) 2821–2828, (2007).

[211] J. Gea-Banacloche and G. Leuchs. Squeezed States for Interferometric Gravitational-

wave Detectors. Journal of Modern Optics, 34(6-7) 793–811, (1987).

[212] S. Waldman. The Enhanced LIGO Output Mode Cleaners, 2009. LIGO-T080144-v1.

[213] N. A. Robertson, D. Coyne, C. Echols, P. Fritschel, V. Mandic, J. Romie, C. Torrie,

and S. Waldman. Conceptual design of a double pendulum for the output mode-

cleaner, 2006. LIGO-T060257-03-R.

[214] N. Smith. OMC transmission is low again. Hanford iLog September 8, 2010.

[215] K. Kawabe. OMC finesse and transmission. Hanford iLog, August 5, 2011.

[216] L. Barsotti. Too many losses: data with H1 OMC. Hanford iLog, October 26, 2011.

[217] S. Chua. L1 OMC inspection and resonance scan. Hanford iLog October 21, 2011.

[218] N. Smith. OMC resonates. Hanford iLog October 25, 2011.

[219] A. J. C. Wilson. The thermal expansion of aluminium from 0◦ to 650◦C. Proc. of

the Phys. Soc., 53(3) 235, (1941).

[220] R. Schofield. Damping of DARM peaks from squeezing. Hanford iLog November 14,

2011.

[221] S. Chua. Stray scattered light hunting. Hanford iLog November 19, 2011.

[222] N. W. McLachlan. Bessel Functions for Engineers. Oxford University Press, (1961).


