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Forward

Astronomers have shown us billions of galaxies, trillions of stars, and an inconceivable
number of planets and asteroids. However we have still only seen 5% of the Universe

The rest, we could not see – let alone hear.

On the night of September 14, 2015 I operated one of the two gravitational wave
detectors in the US. That night, I pushed the observe button. After fifty years of effort,
humans were able to catch a gravitational wave for the first time! The world heard the
sound of two black holes colliding 1.4 billion light years away from us – this work won a
Nobel Prize in 2017.

For my PhD, I have concentrated on exploring parts of the universe we cannot see
by making it easier to listen to gravitational waves.

Gravitational waves exist everywhere, they pass through us undetected and cause
distortions. It is happening to you, me and the thesis you are reading right now. But
the distortion is so tiny that even Einstein, who predicted the existence of these waves,
doubted they could ever be detected.

But we did.

Scientists use light to catch gravitational waves. Light is made of tiny little pho-
tons. If you zoom all the way into the quantum realm, you will see that these photons
act randomly. Everything is fuzzy in the quantum scale. It’s a sea of noise. This noise
is drowning out the already minuscule gravitational wave information. Scientists want a
clearer signal.

In this thesis you will find out how I created and manipulated entangled photons
inside a 4-km gravitational wave detector into behaving the way that resulted in 56
gravitational wave detections in just under one year, 5 times the previous total. Some of
these gravitational waves have revealed astronomical objects that scientists didn’t think
could exist!

With this thesis I’m pushing beyond the 5% of the Universe already known to us
and finding what is really hiding out there, amongst the billions and trillions of stars.
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Abstract

In 2015, LIGO’s first gravitational wave detection opened up a new window to the universe
and marks the beginning of the gravitation-wave astronomy era. In 2017, the first binary
neutron star coalescence with electromagnetic counterparts was detected and marked the
beginning of multi-messenger astronomy. The advanced LIGO detector has become so
sensitive that its performance is broadly limited by quantum noise – the random behavior
of photons that are dictated by the Heisenberg Uncertainty Principle called shot noise.
Even though the idea of injecting squeezed light to help manipulate the quantum noise
in LIGO was first proposed in 1981, it took nearly 4 decades before the squeezed light
source was integrated as part of a normal operation in advanced LIGO. This thesis firstly
highlights work done on the squeezed light source, sensing and control implementation at
LIGO Hanford. The result is a robust system that runs 100% of the detector observation
time and an improvement of ∼3 dB in the detector sensitivity. With ∼50% more of
the universe volume covered scientists were able to detect new events such as a black
hole-neutron star coalescence and a mysterious astronomical object that falls within the
mass-gap region.

The squeezed light source installed in advanced LIGO is frequency independent. Shot noise
improvement at high frequency was achieved at an expense of quantum noise performance
at low frequency, the radiation pressure noise. In 2020-2021, the aLIGO detector is being
upgraded to an A+ detector with the goal of 6 dB squeezing. A 300-meter long filter cavity
will be integrated as part of the squeezed light system to allow for frequency-dependent
squeezing. This thesis secondly proposes an alternative sensing and control scheme for
the squeezed light source that utilizes the filter cavity, resulting in a better phase noise
performance as both phase noise and optical losses can degrade the amount of squeezing
the detector can achieve.

LIGO detectors were designed to be sensitive to the coalescence of black holes and neutron
stars at the 100 Hz frequency range. However, important information on matter at extreme
density can be found at the 1 kHz frequency range. A smaller scale detector such as
the Neutron Star Extreme Matter Observatory (NEMO) has been proposed in order to
cover more of the gravitational wave spectrum. This thesis thirdly discusses the idea of
using a twin-signal-recycling interferometer technique combined with internal squeezing to
enhance the performance of a kHz scale detector. The final part of this thesis demonstrates
a table-top twin-signal-recyling interferometer with a newly designed sensing and control
scheme that is compatible with the low noise requirement of the internal squeezing. The
experiment marks the first step towards an internal squeezing inside a twin-signal-recycling
interferometer experiment.
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Chapter 1

Introduction

More than a century ago, Einstein published the general theory of relativity, predicting the
existence of gravitational waves. [1, 2]. At the time, Einstein thought such tiny ripples in
space-time would never be detected. However, on the night of September 14th, 2015, the
Laser Interferometer Gravitational-Wave Observatory, or LIGO, recorded a gravitational
wave for the first time. The measurement was direct evidence that gravitational waves
and black holes exist. Direct detection of gravitational waves opened up a new field of
astronomy, and now allows us to probe the universe in a way it’s never been done before,
beyond the electromagnetic spectrum.

LIGO composes of two of the most sensitive interferometric displacement sensors ever
built. The two interferometers are 3000 km apart in the United States, with one located
in Livingston, Louisiana, the other in Hanford, Washington State. The detectors are
optimized to be most sensitive at ∼500 Hz. LIGO is so sensitive that its performance above
1 kHz is limited by quantum noise from the lasers used by the instruments. The quantum
noise limiting LIGO sensitivity manifests in two ways: Shot noise due to randomness
of photons arriving at photodetectors at frequencies greater than 100 Hz and radiation
pressure noise caused by photons pushing on optics at frequencies below 100 Hz.

Quantum noise can be mitigated by injecting squeezed states of light (or squeezing) into the
detector. Frequency independent squeezing reduces shot noise at the expense of radiation
pressure noise, and vice versa. The idea of injecting squeezed light into gravitational wave
detectors was first proposed by Caves in 1981 [3]. It was not until 2004 that McKenzie
et al. showed squeezing at audio band frequencies was possible [4], paved the way for the
squeezed light technology to be deployed at LIGO. In 2011 Chua et al. developed a new
squeezed light source that is tolerant to backscattered light [5]. These crucial developments
eventually led to the demonstration that the squeezed light source was compatible with a
full scale gravitational wave detector during Enhanced LIGO in 2013 [6] using a coherent
control scheme developed by the Albert Einstein Institute [7] to control the phase of the
squeezed field. However, it wasn’t until Advanced LIGO in 2019 that squeezed light sources
were integrated as part of normal operation [8]. With squeezed light integrated, along
with other major instrument improvements such as increased laser power and core optic
replacement [9], LIGO made 79 gravitational waves detections in just under one year [10,
11], 7 times the previous total [12].

Figure 1.1 illustrates the increase in the detection rate since the first detection [10, 11].
During the first observing run (O1), which ran from September 2015 to January 2016,
three binary black hole detections were made [13, 14, 15]. The second observing run (O2),
which ran from November 2016 to August 2017, detected 7 binary black hole mergers and
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2 Introduction

one binary neutron star merger [12, 16, 17, 18, 19, 20, 21]. The third observing run (O3),
which ran from April 1 to September 30, 2019 (O3a) and from November 1, 2019 to March
27, 2020 (O3b), detected a total of 79 events [10, 11]. The total of 90 gravitational wave
events have been reported to date. LIGO started operating with squeezed light source in
O3a.
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Figure 1.1: Cumulative number of events over the time of the three observing run (to date).
Total counts shown below the figure title. The cumulative events that show a strong uptick
in O2, before the squeezing was turned on (after day 375), is a statistical fluctuation. An
analysis in [11] shows that the total number of events detected during O2 is consistent
with a Poison distribution fit to the number of candidates at the end of O3b.

Advanced LIGO used frequency-independent squeezing to improve the shot noise at fre-
quencies above 100 Hz with the best enhancement at 1.1-1.4 kHz range, at the expense of
the radiation pressure at frequencies below 100 Hz. The increased radiation pressure noise
was a limiting factor in Livingston, preventing the detector from injecting more squeez-
ing in O3 [8]. In order to achieve a broadband improvement of the detectors’ sensitivity
where both shot noise and radiation pressure noise is squeezed simultaneously, frequency-
dependent squeezing is required [22]. The first audio band frequency-dependent squeezing
was demonstrated by Oelker et al. in 2015 [23]. During the next major upgrade known as
A+, the LIGO squeezed light source will be upgraded with a 300 m long filter cavity, a two
mirror Fabry-Perot cavity that allows frequency-dependent squeezing rotation, and hence
quantum noise enhancement at all frequencies. A+ is expected to have nearly a factor of
2 better sensitivity in the binary neutron star inspiral range compared to Advanced LIGO
and 5 times the event rate [24]. A+ it is expected to come online in 2024.

Even with a broadband sensitivity improvement in the A+ detectors, it is still not sensitive
to post-merger signals that encodes information about nuclear matter at extreme densi-
ties [25]. This information can be used to fine tune the equation of state and is found in
the 2-4 kHz frequency range. In Australia, a gravitational wave detector designed to have
maximum strain sensitivity in the kilohertz range, known as the Neutron Star Extreme
Matter Observatory (NEMO) has been proposed [25]. The detector is designed to operate
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at 2 µm, deploy up to 10 dB of squeezing, and have 4.5 MW of circulating power. Along
side A+, NEMO will help to expand the sensitivity range of gravitational wave signals so
that we could “hear the entire symphony” of neutron star coalescence from the beginning
to end. Furthermore, new squeezing technology such as quantum expander [26] is found to
be suitable for a smaller kHz detector similar to NEMO, allowing high frequency detectors
to potentially match third generation detectors sensitivity such as Cosmic Explorer at 2.5
kHz [27].

The focus of this thesis is on implementing, optimizing, and developing a squeezed light
source sensing and control scheme for current and future generations of gravitational wave
detector. The work from three experiments are presented covering

• the installation, the integration, and the optimization of the squeezed light source
and the associated sensing and control system at the LIGO Hanford detector as part
of normal operation.

• the simulation and a demonstration of an improved squeezed light sensing and control
scheme for A+ and future generation gravitational wave detectors.

• the design and implementation of a sensing and control scheme for a table-top Michel-
son interferometer with long signal recycling cavities that is compatible with a quan-
tum expander, a technology that can be deployed in a high frequency range detector
such as NEMO [26, 27].

1.1 Overview of thesis structure

This thesis is divided into three parts. Part I contains the background knowledge to follow
part II and part III of this thesis.

Chapter 2 provides a background of the gravitational wave sources, an overview of how
LIGO operates, and sources of disturbance limiting the detector’s performance.
Chapter 3 provides the relevant quantum mechanics background starting with the quan-
tization of electromagnetic field. We then introduce the quadrature operators and the
quantum states of light. The generation and measurement of squeezed light is also dis-
cussed.
Chapter 4 derives the behavior of light in optical cavities using the quantum Langevin
formalism. The discussion then turns to nonlinear interactions in optical cavities and the
description of the second harmonic generation (SHG) and the optical parametric oscillator
(OPO) to generate squeezed light.
Chapter 5 provides an overview of the control theory. The formalisms for open loop gain,
close loop gain, and round trip loop gain are discussed. We introduce disturbances and
close the chapter with a discussion of control system stability.

Part II contains the heart of this thesis discussing squeezer work done at LIGO Hanford
between the second (O2) and third (O3) observing runs.

Chapter 6 discusses work done on the LIGO Hanford squeezed light source sensing and
control, the noise performance of each control loop, and the performance of Advanced
LIGO detector with integrated squeezed light.
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Chapter 7 looks at potential phase noise issues with the current control scheme and
proposes an improved alternative control scheme utilizing a 300m in-vacuum filter cavity
as a reference for the squeezer laser. Such scheme can be implemented during the A+
upgrade and applicable to future generation gravitational wave detectors. A proof of
principle utilizing the optical parametric oscillator as an in-vacuum reference cavity during
O3 is demonstrated. A phase noise model of A+ detector using a filter cavity as a reference
is demonstrated.

Part III Chapter 8 discusses the quantum expander, a squeezed light source inside a
long signal recycling interferometer [28], as a possible technology that can be implemented
to enhance the performance of a kHz sensitivity gravitational wave detectors. A table
top experiment demonstrating the first part of a working sensing and control scheme, the
beginning of an experimental realization of [27], is presented.

Chapter 9 summarizes the work presented in this thesis and discusses the future work
that’s needed to be done for both the LIGO external squeezing and the table-top quantum
expander experiment.

1.2 Publications

N. Kijbunchoo, T. McRae, D. Sigg, S. E. Dwyer, H. Yu, L. McCuller, L. Barsotti, C. D.
Blair, A. Effler, M. Evans, A. Fernandez-Galiana, V. V. Frolov, F. Matichard, N. Mavalvala,
A. Mullavey, B. J. J. Slagmolen, M. Tse, C. Whittle, and D. E. McClelland, “Low phase
noise squeezed vacuum for future generation gravitational wave detectors,” Classical and
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Chapter 2

Gravitational waves and LIGO

This chapter gives an overview of some of the technical issues associated with GW detec-
tion. Section 2.1 outlines the physical phenomenon of gravitational waves and some of their
properties that can be inferred from Einstein’s theory of general relativity and the sources
that generate them. The parameter estimates that follow from the theory have been used
by scientists for decades to inform the design of suitable detectors for gravitational waves.
We focus in section 2.2 on the LIGO interferometer as the leading GW detector in the field
today and discuss the main requirements and technical issues relevant to the design of a
suitable detector. Finally in section 2.3 we discuss the sensitivity of the interferometer and
briefly show how various noise sources affect that sensitivity.

2.1 Introduction to Gravitational Waves

Gravitational waves were predicted from a particular solution to Einsteins field equations.
The gravitational field equations form a a set of ten coupled, second order nonlinear differ-
ential equations that quantify the relationship between the curvature of spacetime described
by the Einstein tensor, Gµν , and the stress-energy-momentum tensor Tµν that describes
the matter-energy fields. The derivation is well known [33, 34, 35] and will not be repeated
here. These equations can be written in the form

Gµν = Rµν −
1

2
gµνR+ gµνΛ =

8πG

c4
Tµν , (2.1.1)

where G is the Newtonian Gravitational constant and c is the speed of light.The Greek
indices are used for 4-dimensional space time coordinates and the Latin indices are
reserved for when only the spatial components are considered. Note Gµν is composed of
three terms. The Ricci tensor, Rµν , can be considered as a measure of how much the
deviation of the local geometry of a given metric tensor differs from ordinary Euclidean
space or “flat“ space. The Ricci scalar, R can be used to characterise the curvature of the
geometry, for example if R = 0 the geometry is flat. The cosmological constant Λ was
added to account for the observed accelerated expansion of the universe [34].

The spacetime interval for flat space can be described by

ds2 = c2t2 − dx2 − dy2 − dz2 = ηµνdx
µdxν , (2.1.2)

where ηµν is the Minkowski metric . In Cartesian coordinates is written as

7



8 Gravitational waves and LIGO

ηµν =


1 0 0 0

0 −1 0 0

0 0 −1 0

0 0 0 −1

 . (2.1.3)

For the gravitational wave solution to Einstein’s field equations we can apply a weak-field
approximation and the metric tensor, gµν , can be written as

gµν = ηµν + hµν , (2.1.4)

where hµν is a small perturbative term.

If we substitute this metric into the Einstein field equations we can see the solution is
in the form of a wave propagating with speed c

Gµν =

(
1

c2

∂2

∂t2
−∇2

)
ψµν = 0, (2.1.5)

where we have used gauge freedom to define a reverse trace function

ψµν = hµν −
1

2
ηµνh. (2.1.6)

This choice of gauge is known as the transverse traceless gauge where the coordinates are
given by the world lines of freely falling test masses. In this gauge the test masses remain
inertial and the gravitational wave changes the proper distance between them, therefore,
the time it takes for light to travel this proper distance is also changed. For a simple plane
wave travelling along the x-axis, the solution becomes

ψµν = εµνcos(kx− ωt), (2.1.7)

where

εµν =


0 0 0 0

0 0 0 0

0 0 ε22 ε23

0 0 ε32 −ε33

 , (2.1.8)

with ε33 = −ε22 and ε23 = −ε32. If we set ε23 = −ε32 = 0 then γµν = hµν and our line
element becomes

ds2 = c2dt2 − dx2 − (1− h22)dy2 − (1 + h22)dz2, (2.1.9)

known as the plus-polarised wave.

If we set ε22 = −ε33 = 0 then again γµν = hµν and the line element becomes

ds2 = c2dt2 − dx2 − dy2 − dz2 − 2h23dydz, (2.1.10)

known as the cross-polarised wave. The form of these two polarisations is illustrated in
Fig. 2.1 where it can be seen that the cross-polarised wave is equivalent to a plus-polarised
wave rotated by 45 degrees in the Y-Z plane. As the wave equation is linear for the weak
field approximation, a general gravitational plane wave can be written as a superposition
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Figure 2.1: The time evolution of a h+ polarised GW and a h× polarised GW travelling
along the x-axis (out of the page) as measured by a ring of freely falling test masses
indicated by the red dots [28].

of plus and cross polarised waves

h = ah+ + bh×, (2.1.11)

where a and b are scaling coefficients.
In its general form, where we include the source of the GW, equation 2.1.5 becomes(

1

c2

∂2

∂t2
−∇2

)
ψµν = −16πG

c4
Tµν (2.1.12)

If the observer is far from the source (R) and the mass distribution of the source is relatively
small and we make the further assumption that the source of the gravity wave is slowly
moving (i.e. T 00 ' ρc2) where ρ is the combined density of mass and energy. The solution
to equation 2.1.12 can be shown (Appendix 1) to have the form

ψij = − 2G

c4R

d2

dt2
Iret
ij , (2.1.13)

where
Iij =

∫∫∫
ρxixjd

3x (2.1.14)

is the second moment of the mass distribution and is evaluated at the retarded time.

If we consider an idealised example in Fig. 2.2 [36] where we have a gravitational wave
source in the form of two identical objects each of mass M orbiting a distance r from
a common centre of mass with angular velocity of ω = v/r we can get an an order of
magnitude estimate of the strain that any GW detector a distance R away from the source
has to be able to sense. For example if we choose one of the components of Iij , that is:
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Figure 2.2: A binary system with two objects of mass M in a circular orbit with velocity
v in the Y-Z plane at a distance r from their common centre of mass [36].

I22 = Mr2(1 + cos2ωt) (2.1.15)

then we can calculate the corresponding component of the metric perturbation from

h22 =
8G

c4R
Mv2cos(2ωt) (2.1.16)

From this idealised calculation we can see the gravitational waves are emitted at twice the
orbital frequency of the source, indicating the quadrupole nature of the radiation. Unlike
electromagnetic waves a gravitational dipole does not exist and a gravitational monopole
is simply the total mass of an object.

Furthermore we can insert plausible astrophysical parameters to get an estimate of the
amplitude of a gravitational wave. For example [37], two neutron stars can each have a
mass of M = 3 × 1030 kg and achieve a rotational frequency of ≈ 400 Hz at a separation
of 40 km. If we assume this binary neutron star inspiral happens in the nearest cluster
of galaxies to us, the Virgo Cluster, at a distance of R ≈ 4.5 × 1023 m then we have a
gravitational wave amplitude of

h ≈ 1× 10−21. (2.1.17)

For comparison the first direct detection of gravitational waves from the first observation
of a binary black hole merger, GW150914 [13], had a measured value of h = 0.9 × 10−21.
This is equivalent to measuring the distance to Alpha Centauri to an accuracy smaller
than the width of a human hair.

2.2 Sources of Gravitational Waves

There are no changes in quadrupole moment in a spherically symmetric object.
A supermassive black hole sitting in the middle of a galaxy by itself is not expected to
emit gravitational waves. Some of the predicted astrophysical sources of gravitational
waves include:

• Compact Binary Coalescence
A pair of massive objects such as black holes or neutron stars lose their orbital energy
into gravitational waves. The orbital radius shrinks causing the orbital motion to
speed up. The emitted gravitational waves increase in both amplitude and frequency
as they spiral into their death resulting in a chirp-like signal [12, 13].
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• Spinning massive objects
Compact spinning objects such as young, roughed up, neutron stars have been tar-
gets for a continuous gravitational waves search [38]. Continuous waves consist of
a periodic waveform created by slow changing systems such as systems of binary
compact object at its early stage or bumpy rotating neutron stars. Those neutron
stars whose magnetic axes happen to align with earth’s line of sight, emitting light
pulses, are known as pulsars.

• The Big Bang
The Big Bang is a prime candidate for stochastic gravitational waves source. Just
as how the early universe left behind a remnant known as the cosmic microwave
background, random violent events in the early universe combines to create cosmic
gravitational waves background. A stochastic background of gravitational waves
could be created by the superposition of a large number of independent sources [39].

• Core-collapse supernovae
Core-collapse supernovae are among those of less well-known, crudely modelled, burst
sources. Burst signals are not well defined and supposedly are generated by sources
that scientists don’t fully understand. Very little can be assumed from their origins.
Other burst signals could come, for example, from pulsar glitches, or the transition
of a neutron star to a black hole [39].

We have seen that GW signals will change the proper distance between test masses
by the order of ≈ 10−21, and the strongest signals are likely to be at a frequency range
that is in the audio band. We therefore need a very sensitive instrument to measure these
“whispers”. The next section will outline some principles and issues behind the Laser
Interferometer Gravitational-Wave Observatory (LIGO), the most sensitive GW detector
ever built.

2.3 Gravitational wave interferometers

2.3.1 Early detectors

The principle type of an early gravitational wave detector was an aluminum bar. This
effort was lead by Joseph Weber in the 1960’s [40]. The idea was to detect and amplify
gravitational wave signals at the resonance frequency of the bar. At the time, gravita-
tional wave sources were not well understood so it was not Weber’s intention to detect
gravitational waves at certain frequencies that corresponded to any cosmological events in
particular. After claiming he had detected gravitational waves, many tried to replicate the
result with either similar or improved versions of the device but failed. One of them being
Allegro, a cryogenic version of Weber bar run by Warren Johnson, et al. [41]. Allegro was
observing along side initial LIGO during the forth science run. No gravitational waves
were observed [42].

2.3.2 The Interferometer Gravitational-Wave Observatory (LIGO)

Meanwhile in the late 1960’s, Rainer Weiss proposed a broadband, long base-line,
interferometric gravitational wave detector in the hope that it would give independent
confirmation to Weber’s claimed observation as well as providing new information in
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addition to what Weber observed [43].

About 50 years after the first bar detector, a modern gravitational wave detector is
a sophisticated Michelson interferometer [44, 45]. Although the construction of LIGO
was completed in 1997, it continued to evolve through many iterations. Broadly speaking
there were six science runs with various upgrades to improve the sensitivity of the
interferometer. The first five science runs were operated under the classification of initial
LIGO (iLIGO) and established a working long baseline interferometer. The sixth science
run was operated under the title of enhanced LIGO (eLIGO) and included a preliminary
test of the injection of squeezed light.

The first GW detection in 2015 [13] occurred in the first observing run (O1) of the
advanced LIGO configuration (aLIGO) and this is the configuration we are concerned
with in this thesis. There have been three observing runs and major upgrades scheduled
between each of the observing runs. For instance, after the second observing run ended
in August 2017 both aLIGO detectors had major upgrades, including doubled power in
the interferometer arms, replacement of the optics used as GW test masses and their
associated end reaction masses (the “core” optics), and installation of acoustic dampers
to damp parametric instabilities in the interferometer optics due to high laser power.
We performed the squeezer installation described in this thesis also between (O2) and (O3).

The third observing run started in April 2019 with a range of 111 Mpc at LIGO
Hanford Observatory (LHO) and 134 Mpc1, at LIGO Livingston Observatory (LLO).
Both detectors achieved a duty cycle over 78.8% before the run was cut short in March
2020 due to Covid-19 and a hurricane [9].

There is a fourth observing run (O4) planned for 2022 under the classification of
(LIGO)A+. The designed sensitivity of aLIGO is 200 Mpc and LIGO expects to reach this
goal during the fourth observing run [46]. A+ is underway with another core optic swap,
the vacuum chamber arrangement, and the construction of a 300 m tunnel for the filter
cavity which is used for frequency dependent squeezing and will be discussed in section 2.6.

The forth observing run and further upgrades for both detectors have been delayed
due to Covid-19, limiting activities at both LIGO Hanford and Livingston site at the time
of the writing (March 2021).

2.4 Other ground-base gravitational wave detectors

Virgo detector is a 3-km long detector located in Cascina, Italy. The Virgo detector
joined the ground-base detector network during LIGO second observing run in 2017
and improved the localization of the source of the first neutron star coalescence event
GW170818 [19]. The event was followed by the optical telescopes around the world. Over
the first 5 months of the third joint LIGO-Virgo observation run (O3) fully automated
squeezed light injection was applied for more than 99% of the science time [47]. The Virgo

1Mpc = Megaparsec is a unit used to measure how far away can LIGO detect gravitational waves from
a binary neutron star (BNS) system. 1 Megaparsec = 3.26 Million Light Years. It is a unit of distance,
not speed as Han Solo claimed.
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Figure 2.3: A simplified aLIGO layout. Input Test Masses (ITMX & ITMY) and End Test
Masses (ETMX & ETMY) form Fabry-Perot cavities, ITMX-ETMX and ITMY-ETMY.
The pre-stabilized laser (PSL) injects laser light with radio-frequency (RF) sidebands at 9
MHz, 45 MHz, and 118 MHz to be used for sensing length changes inside the interferometer.
The input mode cleaner (IMC) transmits only carrier laser light and stabilizes the laser
frequency to a suspended cavity. The Power Recycling Cavity (PRC) is comprised of the
power recycling mirror (PRM) and input test masses (ITMX and ITMY). The PRC recycles
reflected power so that less input power is required for both carrier and the sidebands.
The Signal Recycling Cavities (SRC) is comprised of the signal recycling mirror (SRM)
and input test masses. The addition of the Signal Recycling Cavity changes the resonance
condition by forming a coupled cavity with the arms and reduces the amount of round
trip time gravitational wave signals spent inside the arms (refer to 6.1). This cause the
interferometer to be sensitive at ∼400 Hz instead of ∼50 Hz as dictates by the arm cavities
alone. The output mode cleaner (OMC) transmits only light carrying the gravitational
wave signal. The output Faraday isolator (OFI) keeps light reflected from the OMC from
re-entering the interferometer. The squeezed light source injects squeezed vacuum into the
antisymmetric (“dark”) port of the interferometer. DCPDs detect power fluctuations due
to interferometer arm length changes.

Collaboration includes Italy, France, Holland, Poland, and Hungary [48].

GEO600 is a British-German 1.2 km detector located near Hannover, Germany.
GEO600 is a first-generation high-frequency detector with maximum sensitivity around
1kHz region. Unlike its counterparts GEO600 does not have arm cavities. However,
GEO has incorporated new pathfinder technologies. For instance signal recycling in a
large-scale interferometer, and detuned signal recycling [49, 50, 51]. GEO600 was also
the first detector to implement an in-air squeezed light system [52] and develop the long
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term stable application of squeezing [50]. This required automated alignment sensing and
control of the squeezed field to the interferometer [53, 54, 55]. Research has been ongoing
and has lead to increased levels of squeezing [56, 57].

KAGRA is a 3-km cryogenic detector located underground at the Kamioko Observa-
tory in Japan. Being 200 m under the surface KAGRA detector is better isolated from the
outside Anthropogenic noise and microseisms. One of many unique features of KAGRA
is the sapphire mirror to reduce thermal noise [58].

2.5 Advanced LIGO (aLIGO) topology

The interferometer uses 40 kg mirrors as test masses to measure the change in the
proper distance outlined in the previous session. Technically speaking, the gauge freedom
outlined in the previous section allows us to change from the TT gauge where the
coordinate system is changing with the GW to a Lorenz gauge. In this gauge a GW
acts to displace the test masses relative to a reference point for a local observer [59].
The Michelson interferometer measures the phase of the light accrued in each arm of the
interferometer when the mirror test masses are displaced by a GW from its reference
point. From the previous section we know, with a GW strain on the order of 10−21, the
mirror displacements are tiny. For a length, L, of 4 km for each of the interferometer arms
the change in length, (∆L), our interferometer has to detect for a measurement of the
GW strain is ∆L = hL = 4 × 10−18m. This is equivalent to a phase change on the order
of 10−12 rad for light with a wavelength of 1064 nm.

Figure 2.3 shows the simplified optical layout of the aLIGO GW detector for the
third observing run. The laser originates from the building known as the “corner station”
enters the vacuum enclosure that contains the beam splitter, then travels down the X and
Y arm then reflected off mirrors for the interference to be detected at the output. The
X-arm and the Y-arm of the Michelson interferometer each have a 40 kg mirror input
test mass (ITM) and a 40 kg mirror end test mass (ETM) separated by 4 km that form
a Fabry-Perot cavity in each arm. The 4km long Fabry Perot cavities and high laser
power are several of many innovations designed to maximize the phase sensitivity of the
interferometer.

Motion common to both arms (CARM) of a Michelson interferometer is sent back to
the symmetric port where the laser light entered the beamsplitter. When there is differ-
ential motion between the arms (DARM) the light is transmitted to the antisymmetric
(or dark) output port.

The power recycling cavity (PRC) formed between the power recycling mirror (PRM)
and the ITM’s recycles the light in the interferometer by constructively interfering light
coming back from the beamsplitter with the in coming laser light. The PRM sets up a
coupled cavity system where the optical modes of the arm cavities are coupled to the
optical modes of the PRC and is called the common-arm length (CARM) cavity. More
will be said about coupled cavity systems in CHAPTER 9. The formation of the CARM
coupled cavity allows increased stable resonant power in the interferometer without the
need to increase the input laser power.
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The signal recycling mirror (SRM) forms another coupled cavity, the signal recycling
cavity (SRC), with the ITM’s at the differential output of the interferometer. This DARM
cavity broadens the bandwidth of the detector. Differential motion between the arm
cavities will send light to the SRC that is tuned to be antiresonant for the carrier light,
so the GW audio signal sidebands are transmitted to the signal photodetectors. This
technique is known as resonant sideband extraction.

Imperfections in interferometer optics and their placement result in higher order modes
on the light. These modes add noise to the signal of interest. The input and output mode
cleaners (IMC and OMC) filter these higher order modes from the main laser beam that
carries the GW signal.

The squeezer is a substantial addition to the detector compared to the layout of the
first and second observing runs. The OPO is part of the new squeezed light upgrade that
was installed prior to the third observing run (O3) which we will talk about in chapter 6.

As a gravitational wave passes through aLIGO the arms shrink in one direction and
expand in the other. This differential motion allows the GW audio signal sidebands to be
transmitted to the output port. This signal is sensed by the DC photodetectors (DCPD’s)
at the dark port. Signals from each DCPD are added to give the DARM error signal and
subtracted to form the null channel. Interferometer noise that is correlated is measured
identically in both DCPDs [60, 61]. Sensing noises, like shot noise and photodetector dark
noise, are uncorrelated between each DCPD. Squeezing correlates the noise on each PD.
With the DC readout scheme, the sum signal picks out the squeezed vacuum signal from
the interferometer and the null signal picks out the unsqueezed vacuum [62]. Therefore if
we have already estimated the correlated noise during a time without squeezing, then it’s
possible to estimate the squeezing level. We will discuss squeezed light detection more in
Chapter 3.

2.6 Sensitivity curve and major noise sources

2.6.1 Noise Sources

In order to detect distortions in space-time, LIGO optics have to be kept very still, and
free from environmental noise sources, everything from anthropogenic noise to quantum
noise. Noise budgets such as those in Fig. 2.2 are used to measure noise across the
bandwidth of the detector. These contributions to the interferometer are compared to
predictions from theoretical models and this process is used to inform interferometer design
and improve ongoing sensitivity. The measured noise is the sum of the individual noise
contributions, including unknown contributions, propagated to the readout port. Below
is a brief summary of the noise sources that either have been observed or predicted to be
observable in Advanced LIGO. More detailed discussions of each of the noise sources can
be found in [9].

• Quantum noise

There are two ways quantum noise shows up in the interferometer. One being shot
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Figure 2.4: Full noise budget of (a) LIGO Hanford Observatory (LHO) and (b) LIGO Liv-
ingston Observatory (LLO). Calculated noise terms are given as solid lines, while measured
contributions are given as dots. Also included are the instrument noise floors for previous
observing runs, as originally presented in [63] and [64]. The O2 noise spectrum for LHO
has several lines and independently witnessed noises subtracted [9].
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noise that arises from the uncertainty of photons’ arrival time at the interferometer
dark port, and therefore contributes to sensing noise in the interferometer. The
other being quantum radiation pressure noise (QRPN) from photons pushing the
optics that causes displacement noise in the interferometer. Shot noise is due to the
quantum nature of light where the arrival time of photons at the measurement point
is described by Poisson statistics. The shot noise is independent of frequency, i.e.
white noise, and has an amplitude spectral density in units of m/

√
Hz given by [65]

xshot =

√
h̄c2

Pω
. (2.6.1)

Here P is the power of the light and ω is the frequency of the light. From equation
2.6.1 it is clear shot noise decreases with increased optical power. This power de-
pendence is why the quantum part of the budget (Fig. 2.4) dominated by shot noise
( 50 Hz) is increasing, and not flat as predicted by Eq. 2.6.1 as it is shaped by the
power recycling cavity in the interferometer.

For LIGO the quantum radiation pressure noise is due to the transfer of photon
momentum to the test masses. In the semiclassical picture, for every photon that
travels down one arm there is one less in the other arm so the power fluctuations are
anti-correlated. The displacement noise of a mirror with mass m, illuminated with
a laser beam with a wavelength λ and a power P due to radiation pressure is given
by [37]

xRP (ω) =
4

mω2

√
πh̄P

λc
. (2.6.2)

We can see this 1/ω2 dependence reflected in the quantum noise budget below ≈ 50
Hz (Fig.2.4).

From equations 2.6.1 and 2.6.2 it is clear that decreasing the laser power will lower
the quantum radiation pressure noise, at the expense of shot noise. At any given
frequency there is an optical power level where the contributions from radiation
pressure noise and shot noise are equal and this power level coincides with the point
where the quantum noise is at a minimum, and is called the standard quantum
limit. The SQL for two free test masses of mass m, separated by a distance L is
given by [37]:

hSQL =
1

ωL

√
8h̄

m
. (2.6.3)

It is well known from the Heisenberg Uncertainty principle that we cannot precisely
measure position and momentum simultaneously. When the position of an object
is measured continuously, such as a LIGO test mass, the shot noise introduces mo-
mentum uncertainty in the form of radiation pressure noise that evolves into further
position uncertainty for continued position measurements. This feedback effect is
known as quantum backaction. As long as the shot noise and the quantum radia-
tion pressure noise (QRPN) are uncorrelated the SQL is the limit for measurement
precision. However in LIGO because incoming quantum fluctuations entering from
the output port drive both the shot noise and the QRPN such correlations can be
established and when combined appropriately with squeezed light, measurements be-
low the SQL are possible [31]. As mitigating quantum noise in the LIGO detectors
accounts for the majority of this thesis we will discus the subject in more detail later.
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• Thermal noise

In LIGO thermal noise effects the optics, suspension chains, acoustic mode dampers
and coatings. Thermal noise is a generalisation of Brownian motion that results
from the thermal fluctuation of atoms within the test masses and their suspensions
at temperatures above absolute zero. This atomic motion manifests itself as a source
of displacement noise.

Thermal noise is well described by the Fluctuation-Dissipation Theorem (FDT) [66,
67] that links the power spectrum F 2

therm(ω) of a minimal fluctuating force on a
system to the real (dissipative) part of the impedance <(Z(ω)) and is given by

F 2
therm(ω) = 4kBT<(Z(ω)), (2.6.4)

where kB is Boltzmann’s constant and T is the temperature. The FDT can be
thought of in terms of an external force on a mechanical oscillator. For a system that
is linear and in thermodynamic equilibrium the transfer function of an oscillator can
be given in terms of its displacement x(ω) as a result of the applied force, Fext(ω)

[68].

H(ω) =
x(ω)

Fext(ω)
, (2.6.5)

where Fext = Z(ω)iωx(ω).

The power displacement spectrum of the mechanical oscillator can now be written
directly as:

x2
therm(ω) = −4kBT

ω
=([H(ω)]). (2.6.6)

The equation of a motion for a single mode of an oscillator is given as

Fext = mẍ+ kx (2.6.7)

where m is the mass of the oscillator. Following [68] the thermally driven loss can be
included as the complex component of the spring constant, k = mω2

0(1+ iφ) where φ
is the imaginary part of the spring constant referred to as the dissipative loss angle.
The transfer function of the oscillator at the fundamental resonance is now:

H(ω) =
1

mω2
0 −mω2 + imω2

0φ
(2.6.8)

Summation over all resonances of the oscillator gives a formula for mechanical dis-
placement expressed as a spectral distribution of dissipative loss

x2(ω) =
n∑
i=1

4kBTω
2
i φi(ω)

ωm[(ω2 − ω2
i )

2 + ω4
i φ

2
i (ω)]

. (2.6.9)

Here we use φi(ω) to indicate that the different modes of the oscillator can be sub-
jected to different loss mechanisms. This loss angle is the phase lag angle between
the displacement of the mass and any force applied to the mass at a frequency well
below the pendulum resonant frequency. This expression for x2(ω) gives the form
for the suspension thermal noise of the test masses hung from a pendulum. If we ex-
press the loss angle (or loss factor) in terms of the quality factor, Q, of the oscillator
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φω = ω/(ω0Q) we can see displacement noise can be reduced by using materials with
a high Q factor, such as fused silica in aLIGO, for the test masses and suspension
fivers. The steep dependence of suspension thermal noise on frequency shown here
is somewhat obscured in the noise budget by the low resonance frequency of the
suspension system. The test mass quadruple suspension system has been designed
to limit the impact of thermal noise in the measurement band [69].

Furthermore Levin [70] showed how the FDT can also be directly applied to the
optical coatings where F0 is the amplitude of Fext and Wdiss is the dissipated power

Sq(ω) =
8kBT

ω2

Wdiss

F 2
0

. (2.6.10)

For a single coating with a thickness, d, [71] the dissipated power and coating dis-
placement noise x2(ω) due to thermal fluctuations can be calculated [72, 73, 74]
as

Wdiss =
F 2
ext(1 + σ)(1− 2σ)d

πr2E
φω (2.6.11)

and
Sx(ω) =

8πkBT (1 + σ)(1− 2σ)d

πr2E

φ

ω
(2.6.12)

respectively. Here σ is the coating Poisson ratio, E is the Young’s modulus, r is the
beam radius and φ is the mechanical loss angle of the coating. The optical coatings
used on the aLIGO test masses are multilayered coatings with alternate layers of
titania-doped tantala and silica to achieve high reflectivity and low thermal noise [75]
and are the dominant source of thermal noise in the Advanced LIGO noise budget.
We can see above ≈ 20 Hz the 1/

√
ω frequency dependence reflected in the thermal

noise budget. A more comprehensive theory with numerical corrections shows a slight
frequency dependence in φ to account for bulk and shear loss contributions [76].

Finally a minor contribution to the thermal noise budget, estimated to be less than
1%, is from the acoustic mode dampers that were installed during O3 to mitigate
optomechanical parametric instabilities [77]. Future generations of LIGO plan to use
silicon for the test masses and suspensions and cryogenically cool them to 123 K as
silicon has a point of zero thermal expansion at this temperature, while maintaining
low mechanical loss [78].

• Seismic noise

Each of the LIGO 40kg test masses is suspended at the end of quadruple pendu-
lum system that is suspended from two-stage seismic isolated platform, sketched in
figure 2.5. This is to ensure that minimum amount of seismic noise contaminates
gravitational wave signals. However, large seismic events such as big earthquakes
and/or bad storms out at the coasts (causing more aggressive ocean waves) can gen-
erate enough excessive noise that results in the detector losing its nominal state,
resulting in a lost observing time. High wind can also tilt the buildings, mislead the
sensors that are only sensitive to X and Y motions, and throw the interferometer out
of the nominal state.

• Newtonian noise

Terrestrial events such as atmospheric pressure fluctuations or ground motion induce



20 Gravitational waves and LIGO

Figure 2.5: A simple illustration of the LIGO main optics seismic isolation system. The
test mass is suspended at the end of quadruple pendulum system with each stage providing
a filter against seismic displacement noise varying as 1/frequency2 that is suspended from
two-stage seismic isolated platform. Fused silica wires have very low mechanical loss to
reduce suspension thermal noise and are bonded to the test masses. The whole assembly
is attached to a two-stage isolated platform, sitting on top of a passive Hydraulic External
Pre-Isolator (HEPI) shown in dark blue to further reduce seismic motion especially at low
frequencies where the pendular are not effective.

change in gravity gradient with the latter is expected to be the dominant Newtonian
noise source in the LIGO detectors [79, 80, 81, 82, 83, 84]. Newtonian noise hasn’t
been observed in the detector at the time of this writing. However, it is expected to
limit Advanced LIGO designed sensitivity from 10-20 Hz [79, 80]. At a time of this
writing a Newtonian noise detector that is sensitive enough to serve as LIGO New-
tonian noise witness doesn’t exist. The research and development of such technology
is currently on-going [85].

• Laser frequency noise

Frequency noise, simply put, is the result of unwanted frequency fluctuations. A
qualitative illustration of a frequency modulation in the time domain is illustrated in
figure 2.6 and compared to amplitude modulation to clarify the difference. As LIGO
uses a laser as a reference for the 4km arms, changes in the laser frequency would
look like changes in the arm length. This would cause the control loop that stabilizes
the length of the arms in the interferometer to wrongly correct for the positions of
the optics. Frequency noise can be mitigated by making the laser follow a stable
cavity.

• Laser intensity noise

Intensity noise is due to random fluctuations in laser intensity and is the square of
amplitude fluctuations. LIGO detects gravitational waves by detecting the change
in the amount of light leaking to the dark port [86, 87]. Therefore laser intensity



§2.6 Sensitivity curve and major noise sources 21

0.5 1.0 1.5 2.0 2.5 3.0

-1.0

-0.5

0.5

1.0

(a)

0.5 1.0 1.5 2.0 2.5 3.0

-20

-10

10

20

(b)

Figure 2.6: And example of a) a phase modulation in comparison to b) an amplitude
modulation. Parameters were chosen arbitrary to best show the difference between the
two cases.

fluctuations can mask gravitational-wave signals. Changes in laser intensity means
changes in number of photons. Since photons carry momentum that push on the
optics, changes in number of photons can induce interferometer length change by
causing the loop to correct for something that is not real.

• Auxiliary length control noise

For an airplane we can consider 6 degrees of freedom (DOF) described by pitch, roll,
yaw, and translation (X,Y,Z). More formally we can say the DOF are the number
of independent variables that determine the configuration of a system. In a similar
fashion we can consider 5 degrees of freedom for the LIGO interferometer. SRCL,
DARM, and CARM (see Fig 2.7). The rest are considered auxiliary degrees of
freedom. Auxiliary length control noise occurs when the signals from these auxiliary
control loops show up in DARM.

These auxiliary degrees of freedom have the loop gain maximized, but not so high
that the sensing noise is injected into DARM. That is because the readout of these
auxiliary degree of freedoms are also less sensitive to DARM readout. The balance
between auxiliary loop gains and the amount of sensing noise DARM can tolerate is
the key to minimizing auxiliary length control noise. But that alone doesn’t solve the
problem. By knowing how the noise from each of the auxiliary loop effect DARM one
can subtract that noise out of DARM real-time. This method is called feedforward
technique and it is beyond the scope of this quick summary. Please see [9] for details.

• Actuator noise

The control of the interferometer optics is achieved with the use of digital-to-analog
converters (DACs). A digital signal gets converted into voltage which goes through
analog electronics filters before being sent to various actuators that push push/pull
optics such as electromagnetic coils and electrostatic drives. The more control range
these actuators have, the less susceptible to disturbances such as small earthquakes
or human activities and the more robust the interferometer become in the nominal
state. However, high actuation range comes at a cost of a low noise performance. A
dynamic range is defined by the ratio of the biggest signal over the smallest signal
has a finite number. In order to have a higher actuation range one must sacrifice the
smallest signal.

• Alignment control noise
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Figure 2.7: A simplified layout of the LIGO dual recycling Fabry-Perot Michelson inter-
ferometer. The arm cavity lengths are denoted as Lx and Ly. The distance between the
beam splitter and the input test masses are denoted as lx and ly. The distance between the
beam splitter-PRM and beam splitter-SRM are denoted as lpr and lsr. The interferometer
five degree of freedoms are the Michelson (MICH), the Power Recycling Cavity Length
(PRCL), the Signal Recycling Cavity Length (SRCL), the Differential Arm (DARM), and
the Common Arm (CARM).

LIGO optics can drift out of place over time. This could be due to external distur-
bances or radiation pressure within the arms. Pointing the beam right at the center
of the optics is one way to mitigate the pitch/yaw coupling on to length degree of
freedom. However, an active system of alignment correction is required in order to
keep the interferometer listening to gravitational waves continuously. The alignment
sensing and control system (ASC) senses the misalignment of optics and sends a
signal to correct for it. The sensing is done via quadrant photodiodes, whose noise
limits the sensing of the angular motion above 10 Hz [9].

• Input beam jitter noise

At LIGO, a high frequency (> 100 Hz) misalignment noise that is found in the input
laser beam is called jitter noise. Jitter noise at LHO was found to originate from
the water cooling system noise inducing optics mount resonances during the first
two observing runs [9]. The jitter noise at LLO was lowered when the high power
oscillator (which required a lot of water cooling) was bypassed [88]. Jitter noise is a
problem because there is no actuator in the path that is capable of correcting angular
noise beyond 10 Hz.

• Scattered light noise

Scattered light is when stray photons leave the beam path, reflect off some other
surface inside the interferometer, then recombine with the rest of the photons, some-
where along the beam path and show up at the dark port. These stray photons
travel an extra path length, causing phase noise in the gravitational wave signals.
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To mitigate the scattered light noise is to ensure the beam that strays off the main
path does not recombine with the beam path. This is achieved with the installation
of baffles and beam dumps.

• Residual gas noise

Residual gas in the vacuum chamber can 1) interfere with the beam path causing
phase noise [89], and 2) pushing on the optics [90]. Two small leaks found at LLO were
shown to cause excess noise in the interferometer. The leaks appeared at corroded
areas, which were caused by a humid environment formed by rodents urine and
insulation surrounding the pipe that was installed for the initial bake [9].

• Photodetector dark noise

Dark noise of a photodetector is the electronic noise measured when the light is
blocked. The dark noise of the photodetectors involved in producing gravitational
wave signals is nowhere close to limiting the interferometer’s sensitivity at the mo-
ment.

• Output mode cleaner length noise

The output mode cleaner (OMC) is the final stage of filtering the light carrying the
gravitational wave signals before the readout. Higher order modes, RF sidebands,
and any excess noise below OMC cavity pole, are rejected. The OMC is a bow-
tie cavity mounted on a suspended glass breadboard. It’s length is controlled with
a dither lock scheme. Any fluctuations in length in the OMC cavity will introduce
noise to the transmitted gravitational wave signals. OMC length noise sits well below
DARM at 3× 10−16 m√

Hz

2.7 Chapter Summary

In this chapter we gave a brief description of gravitational waves and the astrophysical
sources that cause gravitational waves that deform spacetime. We gave an outline of the
major components of the aLIGO interferometer that is the most sensitive instrument at the
time of writing for measuring gravitational waves and the level of sensitivity achieved at
the time of writing. We list various noise sources and their effect on the detector sensitivity
as of the third observing run. As of February 2021 LIGO has made three Observing Runs
and a total of 67 gravitational wave events that have been detected. The squeezed light
upgrade prior to O3 which is the heart of this thesis was introduced and briefly discussed
and will be the subject of the following chapters.
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Chapter 3

Quantum Noise

Following from chapter 2 where we outlined various noises sources that affect the sensitivity
of the interferometer we now focus on quantum noise as the mitigation of quantum noise
in GW detectors is the topic of this thesis. Quantum mechanics describes nature, includ-
ing light, in terms of probabilities. Where at a fundamental level classical deterministic
behavior is replaced with a level of uncertainty quantified by the Heisenberg Uncertainty
principle [91]. The quantum behavior of light that is limiting LIGO sensitivity manifests
itself as quantum noise in two ways, shot noise and radiation pressure noise. Section 3.1
discusses the quantization of the electromagnetic field and introduces the Heisenberg un-
certainty principle in terms of quadrature operators. In section 3.2 we discuss the coherent
state, vacuum state and the squeezed states of light in terms of quantum operators. Finally
in section 3.4 we discuss how we detect the quantum states of light using homodyne de-
tection. Many of the equations and the details of their derivation outlined in this chapter
can be found in [92].

3.1 The quantum mechanics picture of light

3.1.1 The quantization of electromagnetic field

While the classical picture of light is described using Maxwell’s equations, the quantum
picture of light is described using wave functions and operators. The quantized electric
field of a single mode as a function of time (t) can be written as

Ê(t) = ε0(â(t)e−iωt + â†(t)eiωt), (3.1.1)

where ε0 is a normalization factor given by
√

h̄ω
ε0V

which has a unit of an electric field, V

is the quantization volume of the mode and ε0 is the permitivity of free space, â and â† are
annihilation and creation operators respectively. The annihilation and creation operators
can be written in terms of a momentum operator p̂ and a position operator q̂

â =
1√
2h̄ω

(ωq̂ + ip̂)

â† =
1√
2h̄ω

(ωq̂ − ip̂).
(3.1.2)

Operators â and â† satisfy the commutation relation

[â, â†] = 1. (3.1.3)

25
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Equation 3.1.1 is the electric field operator that contains the information for the full
time evolution of the system in the Heisenberg picture of quantum mechanics. From
Eq.3.1.2 we can rewrite p̂ and q̂ in terms of â and â† as

p̂ = i

√
h̄ω

2
(â† − â)

q̂ =

√
h̄

2ω
(â† + â).

(3.1.4)

From Eq.3.1.4 we can derive the Hamiltonian operator:

Ĥ =
1

2
(p̂2 + ω2q̂2)

= h̄ω(â†â+
1

2
)

(3.1.5)

which is a sum of of kinetic and potential energy and has the same form as the energy
for a simple harmonic oscillator. The operator product â†â is called the number operator
and is denoted as n̂. The number operator is proportional to number of photons and
is associated with the energy in a state. We can see from eq. 3.1.5 that if there are no
photons the minimum energy is 1/2h̄ω, not zero as we would expect classically. It is the
manipulation of this minimum energy associated with the vacuum that is the subject of
this thesis. If |n〉 is an energy eigenstate of a single mode field and n̂|n〉 = n|n〉 , then

â|n〉 =
√
n|n− 1〉

â†|n〉 =
√
n+ 1|n+ 1〉

â†â|n〉 = n|n〉
ââ†|n〉 = n+ 1|n〉.

(3.1.6)

These operators will be useful later when we deal with nonlinear interactions.

|1>

|0>

|n>

|n+1>

ħω

Figure 3.1: An illustration of number states with n+1 photons. The energy of each state
can be defined as Ĥ|n〉 =

(
n+ 1

2

)
h̄ω|n〉.

1

1Useful basic commutator algebra:

[a, bc] = b[a, c] + [a, b]c

[a, b] = ab− ba
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3.1.2 Quadrature operators

Before we talk about quantum state of light it is necessary to introduce quadrature op-
erators. The annihilation and creation operators are non-Hermitian and therefore not
measurable. However, the real and imaginary parts are Hermitian. The real part repre-
sents the amplitude quadrature of the light and the imaginary part represents the phase
of the light [93] The amplitude and phase properties of light are canonically conjugate
variables the same way as position and momentum. The electric field operator can also be
written as a sum of these two quadrature operators

Ê(t) = ε0(X̂a(t) cosωt+ X̂p(t) sinωt), (3.1.7)

where X̂a and X̂p are amplitude and phase quadratures respectively. From 3.1.7 and 3.1.1,
X̂a and X̂p can be written in terms of â and â†

X̂a = â+ â†

X̂p = −i(â− â†).
(3.1.8)

A more general form of the quadrature operators can be written as

X̂θ = Xa cos θ +Xp sin θ

= âeiθ + â†e−iθ,
(3.1.9)

where θ is the relative phase different to a second field. From this equation we can retrieve
Eq.3.1.8 simply by letting θ be either 0 (which results in Xa) or π

2 (results in Xp).

3.1.3 Linearization of operators

n this thesis where the quantum noise is small relative to the steady state optical amplitude
we use the technique of linearisation of the operators first introduced by Yurke [94] and
Reynaud [95] that allows higher order terms can be ignored. When the steady state
electromagnetic field has amplitude much larger than its fluctuations, we can write the
annihilation operator of the given field as,

â(t) ≈ α+ δâ(t) (3.1.10)

where α is a complex number representing the classical steady state component and δâ(t) is
the time-varying fluctuations of the annihilation operator [96]. By writing the annihilation
operator in the given form, it is assumed that the mean of the fluctuations make no net
contribution to the field amplitude, that is:

〈δâ(t)〉 = 0. (3.1.11)

Creation, annihilation operators:

[b, b†] = 1, [b†, b] = −1, [b, b] = 0, [a, b] = 0

Different modes commute

[a, a2b†] = [a, aab†] = a[a, ab†] + [a, a]ab† = aa[a, b†] + a[a, a]b† = 0

Only an operator and its Hermitian conjugate don’t commute.
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It is also required that the fluctuations are much smaller than the classical steady state
component of the field

|δâ(t)| � |α| (3.1.12)

As a nice illustration we can apply the linearization procedure to the intensity (number)
operator of an electromagnetic field:

n̂ = â†(t)â(t) (3.1.13)

= [α∗ + δâ†(t)][α+ δâ(t)] (3.1.14)

= |α|2 + αδâ†(t) + α∗δâ(t) + δâ†(t)δâ(t) (3.1.15)

Assuming that α is real, the first order approximation gives,

n̂ ≈ |α|2 + αδX̂+
a . (3.1.16)

This is a completely semi-classical expression where δâ†(t)δâ(t) is neglected and δX̂+
a is

the amplitude quadrature fluctuations of field a

3.2 Heisenberg Uncertainty Principle

In this section we will introduce the Heisenberg uncertainty principle (HUP) which is a
fundamental limit of how well you can measure a pair of canonically conjugate variables
at the same time (eg. momentum and position, amplitude and phase).
Heisenberg uncertainty principle is usually written in this form

∆O1∆O2 ≥
h̄

2
, (3.2.1)

where ∆O is standard deviation of the operator Ô that can be defined as

∆O =

√
〈Ô2〉 − 〈Ô〉2. (3.2.2)

Some textbooks and theses may write Eq. 3.2.1 slightly differently by letting h̄ = 1.
The commutator relation of the amplitude and phase quadrature of electromagnetic

field is

[X̂a, X̂p] = 2i (3.2.3)

and thus the HUP is
∆Xa∆Xp ≥

1

h̄
. (3.2.4)

Eq. 3.2.4 implies the limit to the precision that we can measure phase and amplitude
quadratures of an electromagnetic field simultaneously. This is the quantum noise of
an electromagnetic field. We can also show ∆P∆Q = h̄/2 where ∆P and ∆Q are the
quadrature operators from Eq. 3.1.4.

3.3 States of light

In this thesis we consider electromagnetic fields in the following states: the coherent state,
the vacuum state, and the squeezed state. For experiments that perform at frequencies
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below a few MHz the classical noise of the laser such as frequency noise can become an
issue but we will leave that out for now.

3.3.1 The Coherent State

A coherent state is when the amplitude of an electric field is non-zero, propagates coher-
ently, and has equal uncertainty in amplitude and phase quadrature. A coherent state can
be found in lasers. An example of a non-coherent state would be photon emission from a
light bulb where photons are generated randomly driven by thermal process.

Mathematically, a coherent state |α〉 is an eigenstate of the annihilation operator

â|α〉 = α|α〉, (3.3.1)

where |α〉 can be written in terms of a number state |n〉

|α〉 = e
−|α|2

2

∑
n

αn√
n!
|n〉. (3.3.2)

The quasi probability of a coherent state α is

Q|β〉(α) = |〈α|β〉|2

= e−|α−β|
2
,

(3.3.3)

where β is the amplitude of the electromagnetic field. Equation 3.3.3 can be illustrated
using either a rotating “ball-on-stick” picture or a “sideband” picture as depicted in Fig.3.3.
The ball-on-stick figure uses a stick as a phasor to represent the field amplitude and uses a
ball to represent the field uncertainty. The sideband picture uses the real and the imaginary
part of the carrier field, above and below the carrier field frequency, to show the amplitude
and/or phase modulation of the carrier field. It is convenient to use the sideband picture
to show components that are important for sensing and control later in this thesis. For
this chapter we will mainly use the ball-on-stick picture to visualize states of light.

Im α

Re α

β

Re α

Im α

ω
ω0

Figure 3.2: A visualization of a coherent state. Left is the “ball-on-stick” figure – a top
down picture of a Gaussian distribution with an amplitude β where x and y axis being the
real and the imaginary part of state α. Right is the “sideband” picture. The carrier locates
at frequency ω0 with sidebands locate at ±ω.
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The Time-dependent Coherent State

A slightly more intuitive way to visualize what an electric field of a coherent state |α〉 looks
like we need to look at how the state evolves over time. The time-dependent coherent state
can be obtained by multiplying the time evolution operator to the coherent state |α〉 and
is given by

e
−iĤt
h̄ |α〉 = e

−iωt
2 |αe−iωt〉. (3.3.4)

Figure 3.3 shows a rotating coherent state as a function of time. If the coherent state
is projected onto the y-axis (momentum axis) as it rotates, the result is a semi-classical
electromagnetic field with a band of uncertainty. This uncertainty is what we refer to as
shot noise.

E(t)

t

Im α 

Re α

“p”

“x”

Figure 3.3: An illustration of a time dependent coherent state. When the uncertainty disk is
projected onto y axis (momentum axis) and you get an uncertainty band of electromagnetic
field.

3.3.2 The Vacuum State

The vacuum state is a special case of coherent state with no amplitude (no photons) but
still maintains the same uncertainty as the coherent state. The quasi probability of a
vacuum state is given by

Q|0〉(α) = |〈α|0〉|2

= e−|α|
2
,

(3.3.5)

which is the probability of the coherent state with value α sitting at the center of the
real and imaginary axes. Eq. 3.3.5 implies that an empty vacuum with no light present is
still occupied with quantum noise.

3.3.3 The Squeezed State

A squeezed state of light is one in which one of the quadratures achieves a standard
deviation that is lower than the standard quantum limit (SQL). The standard deviation
of the other quadrature increases in order to satisfy the Heisenberg uncertainty principle.
For example, consider the minimum undertainty state
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Im α 

Re α

Figure 3.4: An illustration of a vacuum state centered at (0,0).

∆O1∆O2 =
h̄

2
. (3.3.6)

If the uncertainty in ∆O1 decreases, the uncertainty in ∆O2 increases in order to
maintain the minimum state of uncertainty h̄

2 . In an experiment this minimum uncertainty
state is difficult to achieve as any optical losses would contaminate the squeezed field with
unsqueezed vacuum field.

Generation of squeezed states

Let mode a be a photon at fundamental frequency ω0 and mode b be a photon that is
twice the frequency 2ω0. The down conversion process of one photon into two can now be
described by

H = ââb̂† + â†â†b̂. (3.3.7)

The first term of Eq.3.3.7 says that we are creating one mode of b by destroying two
modes of a. The second term means you create two modes of a by destroying one mode of
b. The output of Eq.3.3.7 is squeezed.

Now let b be a strong coherent state described by

β =
r

2
eiθ. (3.3.8)

Annihilation and creation operators acting on β gives

b̂|β〉 = β|β〉
b̂†|β〉 ≈ β∗|β〉.

(3.3.9)

The Hamiltonian of the nonlinear interaction becomes

H =
r

2
(a2e−iθ + a†2eiθ). (3.3.10)

Consider what happens at a fixed time t later. Recall time evolution operator ∝ eiHt.
Substituting H into the time evolution operator the squeezing operator can be defined as
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S(ξ) = e
1
2

(ξ∗a2−ξa†2), (3.3.11)

where ξ = reiθ.The squeezer parameter, r, has the value of 0 ≤ r ≤ ∞, and θ is a
squeeze angle with the value of 0 ≤ θ ≤ 2π.

Vacuum squeezed states

Let’s consider S(ξ) acting on a vacuum state |0〉

Ŝ(ξ)|0〉 = |ξ〉. (3.3.12)

The variances for the vacuum state are

〈∆X̂2
a〉 =

1

4
(cosh2(r) + sinh2(r)− 2sinh(r)cosh(r)cos(θ))

〈∆X̂2
p 〉 =

1

4
(cosh2(r) + sinh2(r) + 2sinh(r)cosh(r)cos(θ)).

(3.3.13)

For θ = 0 Eq.3.3.13 becomes

〈∆X̂2
a〉 =

1

4
e−2r

〈∆X̂2
p 〉 =

1

4
e2r

(3.3.14)

and is the variance for amplitude squeezed light. For θ = π we get phase squeezed
light.

X1

X1

X2

X2

∆X2

∆X1

∆X1

∆X2

ω
ω0

X2

X1

ω
ω0

X2

X1

Figure 3.5: Top: Error ellipse for a squeezed vacuum state where the squeezing is in the
amplitude X1(amplitude) quadrature. Bottom: Error ellipse for a squeezed vacuum state
where the squeezing is in the X2(phase) quadrature.
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Bright squeezed states

Squeezing of a coherent state is called a bright squeezed state. To obtain a bright squeezed
state mathematically we first need to introduce a displacement operator

D(α) = e(αa†−α∗a). (3.3.15)

Here are some useful properties

D(α)aD†(α) = a− α
D†aD(α) = a+ α

(3.3.16)

A coherent state can be obtained by applying the displacement operator to the vacuum
state

D(α)|0〉 = |α〉. (3.3.17)

|α>

D(α)

|0>

Figure 3.6: A coherent state represented as a displaced vacuum state.

In order to obtain a squeezed coherent state you first need to squeeze the vacuum
state using an operator Ŝ(r) then displace the squeezed vacuum state by the displacement
operator D̂(α) introduced earlier

D̂(α)Ŝ(r) | 0〉 =| α〉. (3.3.18)

3.4 Measuring the squeezed state

Within the bandwidth of the photo detector the photocurrent is directly proportional to
the number of photons in the field. Generally there are too few photons in the squeezed
vacuum state for a direct photodetection. A balanced homodyne technique uses a bright
local oscillator to amplify the squeezed vacuum effect. To combine the squeezed vacuum
state and the bright local oscillator, a displacement operator is needed. A beam splitter
performs this function. The relationship between input and output operators through a
50/50 beam splitter where we assume the reflected beam undergoes a π/2 phase shift are:
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ĉ =
1√
2

(â+ ib̂)

d̂ =
1√
2

(b̂+ iâ).

(3.4.1)

Photodiodes measure intensity (denoted as I)

Ic = 〈ĉ†ĉ〉
Id = 〈d̂†d̂〉

Ic − Id = i〈â†b̂− âb̂†〉.
(3.4.2)

IdId

Ic Ic- Id

a

b

Figure 3.7: Schematic of the balanced homodyne detector.

Let mode b be a strong coherent state β = |β|eiθ where b→ β and b† → β∗.
Our normalized output becomes

Xθ =
I−

2 | β |

=
ae−iθ + a†eiθ

2

(3.4.3)

where I− = Ic − Id. If we choose the phase of our coherent field to be θ = 0 then we
would be observing a + a† (amplitude) quadrature squeezing. If we choose θ = π/2 then
we observe a− a† (phase) quadrature squeezing. Recall Eq. 3.1.8

Xθ=0 =
1

2
(a+ a†)

Xθ=π/2 = − i
2

(a− a†).
(3.4.4)

In an actual experiment θ is a relative angle between the local oscillator and the squeeze
field. θ can belong to either the local oscillator field or squeeze field. We would adjust θ
until we achieve the best squeezing in the quadrature of interest.

3.4.1 Balanced Homodyne Detector Fringe Visibility

LO and SQZ fields need to be overlapped and mode matched. Bad fringe visibility (V)
shows up as optical loss:
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V =
Vmax − Vmin

(Vmax −DN) + (Vmin −DN)
. (3.4.5)

In an actual experiment Vmax and Vmin is the max and the min readout of the sinusoidal
wave on the oscilloscope.

3.5 Chapter Summary

In this chapter we introduced the quantum description of light. We then introduced the
amplitude and phase quadrature operators and the technique of linearization. Section 3.2
introduced the Heisenberg uncertainty principle, and section 3.3 gave an over view of the
quantum states of light. Finally we gave a brief review of the measurement of squeezed
states of light using homodyne detection.
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Chapter 4

Quantum optics, nonlinear devices,
and squeezed light sources

This chapter discusses techniques for the production of squeezed light fields. The cavities
that are used to enhance and manipulate the optical fields are analyzed in section 4.1 in
terms of the quantum Langevin formalism. Section 4.2 discusses classical responses of op-
tical cavities, including cavity transmission and reflection under different cavity conditions,
as well as useful parameters.

Sections 4.3 and 4.4 outline the second order nonlinear interactions used to produce
squeezed states, and analyzes optimal conditions for the the nonlinear interactions. Non-
linear devices such as a second harmonic generator (SHG) and a squeezed light source
optical parametric oscillator (OPO) are described and analyzed in sections 4.5 and 4.6.
In section 4.7 we describe measurement loss and phase noise and how it affects squeezing.
Finally, we show how each of the nonlinear components are put together to become an
aLIGO squeezing experiment.

4.1 Equations of motion for nonlinear cavities

Optical cavities compose of two or more partially transmitted mirrors arranged to allow
the electromagnetic field to resonate. There are two main formalisms used to describe
these systems, one being the classical picture of steady electromagnetic fields [97], and the
other being the quantum Langevin formalism description of which we will introduce in this
chapter.

Consider a cavity as shown in Fig.4.1. The cavity is made of three partially transmissive
optics denoted as input, output, and loss. The decay rate of each optic is defined as

κj =

√
Tj

τ
(4.1.1)

Where j is the in, out, and loss optic with transmissivity Tj , τ = Lopt/c is the cavity
round trip time, Lopt is optical path length, c is speed of light. The input coherent field
Ain (which has a unit of

√
Nphoton/s) enters through the input optic with decay rate of

κin. The circulated field a (which has a unit of
√
Nphoton) leaves the cavity through the

output optic at a rate of κout. The intracavity loss is represent by the loss optic where
photons leave the system at a rate of κl

The equation of motion for the cavity mode a is

ȧ = −(κtot + iω0)a+
√

2κinAine
−iωAt +

√
2κoutδAout +

√
2κlδAl (4.1.2)

37
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τ

κin κout

κl

Aloss �Al

Ain Atrans

Aref �Aout

a

Figure 4.1: An optical cavity made up of three mirrors: an input coupler, and output
coupler, and a loss mirror that represent intracavity loss. The loss rate for each optic is κ.
Optical mode a is on resonance inside the cavity.

where ω0 is a cavity resonance frequency, Ain denotes a coherent field of frequency ωA,
δAout and δAl are input vacuum states. κ is the total cavity decay rate defined as the sum
of the individual decay rates

κtot = κin + κout + κl (4.1.3)

Equation 4.1.2 can be rewritten in the rotating frame of reference of ωA.

ȧ = −(κtot + i∆)a+
√

2κinAin +
√

2κoutδAout +
√

2κlδAl (4.1.4)

Where ∆ = ω0 − ωA is the cavity detuning from resonance. Assuming the cavity is
operated on resonance (∆ = 0) and using Fourier transform using identity

F [Ẋ(t)] = iωX(ω), (4.1.5)

Eq. 4.1.4 becomes

iωã = −κtotã+
√

2κinÃin +
√

2κoutδÃout +
√

2κlδÃl

ã =

√
2κinÃin +

√
2κoutδÃout +

√
2κlδÃl

iω + κ
.

(4.1.6)

Here ã and Ã are now in frequency domain. To calculate the reflected field (Ãrefl) and
the transmitted field (Ãtrans), the input-output relations are used

Ãrefl =
√

2κinã− Ãin
Ãtrans =

√
2κoutã− Ãout

(4.1.7)

Substituting ã from Eq. 4.1.6 into the input-output relations gives
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Ãrefl =
(2κin − κtot − iω)Ãin + 2

√
κinκoutδÃout − 2

√
κinκlδÃl

iω + κtot

Ãtrans =
2
√
κinκoutÃin + (2κout − κtot − iω)δÃout + 2

√
κoutκlδÃl

iω + κtot

(4.1.8)

4.2 Classical Cavity Response

4.2.1 Reflection and Transmission

The classical response of the cavity can be calculated by assuming Ãin is the only driving
field, and input vacuum fields δÃout and δÃl are zero.

From Eq. 4.1.8, the cavity transmission T (ω) and reflection R(ω) responses become

R(ω) =
Ãrefl

Ãin
=

2κin − κtot − iω
iω + κtot

(4.2.1)

T (ω) =
Ãtrans

Ãin
=

2
√
κinκout

iω + κtot
(4.2.2)

The magnitude and phase response of an optical cavity as a function of input laser
frequency sweep are shown in Fig. 4.2. This shows the resonance condition is strongly
dependent on the frequency of the incoming field.

Figure 4.2: The magnitude and phase transfer function of an optical cavity. Parameters
were arbitrary chosen to illustrate the cavity behavior (L=1m, λ=1 um, Tin=0.05, Tout =
0.04, Tl=0)
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4.2.2 Over-coupled, Under-coupled, and Critically-coupled

Fabry-Perot cavity is an optical cavity made of two reflecting surfaces. Depending on the
input and output coupler reflectivity there are three cavity coupling conditions:

• Rin < Rout: Over-coupled

• Rin > Rout: Under-coupled

• Rin = Rout: Critically-coupled

Over, under, and critically coupled is defined by which fields are dominated at the
reflection port. Figure 4.3 illustrate the differences between the three cases. Over-coupled
cavity is dominated by the leakage field from inside of the cavity. Under-coupled cavity is
dominated by the promptly reflected field. Finally, the critically coupled cavity has equal
amount of promptly reflected field and the leakage field. Figure 4.4 plots the responses of
all three cases in transmission and reflection. While the amplitude of the over and under
coupled looks the same, the phase on the reflection isn’t. The over-coupled case loses more
phase as most of its fields spend time inside of the cavity compared to the under-coupled.
Some of the practical examples of cavities under these conditions can be found in chapter 2.
An example of an over-coupled cavity would be the arm cavity where the back mirror has
higher reflectivity compared to input coupler. An example of a critically-coupled cavity
where input=output would be an input mode cleaner. An under-coupled cavity in practice
usually means the cavity has a lot of losses.

Rin
Rout

Re�

Trans

Re�

Trans

Over-coupled

Under-coupled

Re�

Trans

Critically-coupled

Rin
Rout

Rin
Rout

Leak

Leak

Leak

Figure 4.3: A visualization of three different cavity conditions. The grey arrows represent
input fields reflecting from different optics. The red up-arrow represents the magnitude of
the promptly reflected field. The red down-arrow represents the magnitude of the leakage
field. The down arrow also indicates a 180◦ phase change relative to the input field.
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Figure 4.4: Magnitude and phase response as a function of frequency sweep of three dif-
ferent cavity cases. The input and output reflectivity for the under-coupled case are 0.8
and 0.9. The input and output reflectivity for the under-coupled case are 0.9 and 0.8. The
input and output reflectivity for the critically-coupled case are 0.9 and 0.9. The amplitude
of the under and over-coupled case overlaps. While there’s not difference in phase on the
transmission the phase on the reflection are clearly distinguished between the under and
the over-coupled case. This is due to the field in the over-coupled case is dominated by the
field that has been inside of the cavity. Having spent more time in the cavity means the
field in over-coupled case loses more phase compared to the under-coupled cavity case.

4.2.3 Free spectral range, Finesse, and Full-Width-at-Half-Maximum

Another set of useful parameters for describing optical cavities are the free spectral range,
the finesse, and the Full-Width-at-Half-Maximum.

The spacing between cavity resonances (shown in Fig. 4.5) is called free spectral range
(FSR). A free spectral range can be defined as

FSR =
c

Lopt
(4.2.3)

where Lopt is the round trip cavity length. For a standing wave cavity, Lopt would be
twice the cavity length.

The finesse (Fin) of an optical cavity describes the sharpness of the width of the
resonances. The higher the finesse, the sharper the resonances. Finesse is related to cavity
mirror reflectivities by

Fin =
π(R1R2..Ri)

1
1+i

1−√R1R2...Ri
(4.2.4)

The width of the resonance peak is described by the Full-Width-at-Half-Maximum
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Figure 4.5: An example of a cavity transmission sweep over multiple FSR.
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Figure 4.6: Full width at half maximum

(FWHM), shown in Fig. 4.6, and is defined by the ratio of FSR and finesse.

FWHM =
FSR
Fin (4.2.5)

4.2.4 Semi-classical cavity response: Noise variances of the reflected and
transmitted fields

In this section we will investigate how optical cavities can be used to filter classical noise
(eg. laser frequency noise) to achieve shot noise limited fields. Such devices are being used
in Advanced LIGO and are known as the Input Mode Cleaner [98] and the Output Mode
Cleaner [86].

Returning to Eq.4.1.8 but this time we will look at only the fluctuating components of
all fields involved
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δÃrefl =
(2κin − κtot − iω)δÃin + 2

√
κinκoutδÃout − 2

√
κinκlδÃl

iω + κtot

δÃtrans =
2
√
κinκoutδÃin + (2κout − κtot − iω)δÃout + 2

√
κoutκlδÃl

iω + κtot

(4.2.6)

Eq.4.2.6 can be written in terms of quadrature operators

δX̃refl
1,2 =

(2κin − κtot − iω)δX̃in
1,2 + 2

√
κinκoutδX̃

out
1,2 − 2

√
κinκlδX̃

l
1,2

iω + κtot

δX̃trans
1,2 =

2
√
κinκoutδX̃

in
1,2 + (2κout − κtot − iω)δX̃out

1,2 + 2
√
κoutκlδX̃

l
1,2

iω + κtot

(4.2.7)

Noise spectra V j
1,2 are defined as the variances of the quadrature operators

Ṽ j
1,2 = 〈| δX̃j

1,2 |2〉 (4.2.8)

Let the out and loss entering fields be at the level of the vacuum state (V out
1,2 = V l

1,2 =
1). Equation 4.2.7 can be written as

Ṽ refl
1,2 =

(2κin − κtot − iω)2Ṽ in
1,2 + 4κinκout + 4κinκl

(iω + κtot)2

Ṽ trans
1,2 =

4κinκoutṼ
in

1,2 + (2κout − κtot − iω)2 + 4κoutκl

(iω + κtot)2

(4.2.9)

where Ṽ refl
1,2 and Ṽ trans

1,2 are the quadrature variances and are shown in Fig.4.7. The
plot is saying that fluctuations at frequency above cavity pole gets filtered (reflected) and
that a cavity can be used to filter noise.

Figure 4.7: An example of a noise variance response of an optical cavity with an input
amplitude noise 10 times above the vacuum noise (V in = 10). The cavity parameters are
the same as those used in Fig.4.2. The left plot shows the cavity response from 0 to 400
MHz. The right plot zooms in the middle where the reflection and transmission crosses.
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4.3 Nonlinear interactions

In contrast to the typical gain media used in lasers, the polarizability of a non-linear
medium responds to an applied electromagnetic field asymmetrically and the re-radiated
field is not directly proportional to the input electric field. The non-linear polarizability
(P ) is related to the input field E by

P = ε0(χ1E + χ2E
2 + χ3E

3...) (4.3.1)

where χn represent the nth order of the non-linear susceptibility and ε0 is the electric
permittivity of free space. In a linear process χ1 is the only non-zero term. χ3 is the third
order nonlinearity and is not considered in this thesis. χ2 nonlinearity is responsible for
the process called three-wave mixing. There are two ways three-wave mixing are done:

1. Sum frequency generation/up-conversion process: two lower energy photons
combined into one higher energy photon such that the condition ω1 + ω2 = ω3 is
satisfied. When ω1=ω2 the process is called the second harmonic generation.

ω KTP crystal

ω

2ω

Figure 4.8: A simple illustration of the degenerate SHG process. Two photons of frequency
ω combine to make one photon at 2ω within the nonlinear medium, here being a Potassium
Titanyl Phosphate (KTP) crystal.

2. Difference frequency generation/down-conversion process: A higher energy
photon is converted into two lower energy photons. There are three types of down-
conversion process which can be distinguished by the type of seed field requires.

• Degenerate Optical Parametric Amplification (DOPA): The process is character-
ized by an input pump field at frequency 2ω and a bright seed field at frequency
ω. The output is an amplified seed field.

ω KTP crystal

2ω

ω
ω
ω

Figure 4.9: Illustration of the degenerate optical parametric amplification (DOPA) process.

• Non-Degenerate Optical Parametric Amplification (NDOPA): The process is
characterized by an input pump field at frequency 2ω and a bright seed field at
ω + δ. The output is an amplified seed field ω + δ and a “idler” field with an
offset ω − δ.

• Optical Parametric Oscillation (OPO): The process is similar to an OPA with
no bright seed field. OPO is characterized by an input pump field at ωpump = 2ω
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ω+δ KTP crystal

2ω

ω+δ
ω+δ
ω-δ

Figure 4.10: Illustration of the non-degenerate optical parametric amplification (NDOPA)
process.

and a vacuum field δ. The output is a correlated pair of photons at all frequencies
centering around the frequency of ωpump

2 . These photon pairs are the source of
squeezing.

Vacuum δ
KTP crystal

2ω
ω-δ*
ω+δ*

2ω*

Figure 4.11: Illustration of the optical parametric oscillation (OPO) process.

Conservation of energy dictates the output frequencies such that the total energy
E is conserved

E ∝ ωpump = 2ω

= (ω + δ) + (ω − δ)s
(4.3.2)

We have gone through the four cases of nonlinear interactions that are important for
the devices and presented work in this thesis. The DOPA process is part of the internal
squeezing system which will be discussed in chapte 8, and the NDOPA process is important
to the Coherent Locking Field generation that will be discussed in chapter 6. For the rest
of this chapter we will focus on the up-conversion and the OPO process. the key processes
for the Second Harmonic Generator and Optical Parametric Oscillator respectively.

4.4 Phase matching

When generated field (2ω in SHG or ω in OPO) becomes out of phase with the field
generated earlier, they will interfere destructively which results in an inefficient nonlinear
process. The way to optimized the nonlinear process is to phase match the fundamental
field and the generated field inside the cavity. Energy conservation was introduced in
section 4.3. The phase matching condition between the input and output photons is based
on momentum conservation ∑

i

h̄ki =
∑
j

h̄kj . (4.4.1)

Recall the speed of light in any material is c
n , k = 2π

λ = nω
c , and n is a refractive index.

Let input frequency be ωa and output frequency be ωb. From Eq. 4.4.1 we have

∆k =
nbωb
c
− 2

naωa
c

= 0 (4.4.2)
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Equation 4.4.2 implies for every ωb photon we have 2ωa photons. This means 2ωa = ωb.
Eq. 4.4.2 becomes

nb2ωa
c

= 2
naωa
c

. (4.4.3)

Equation 4.4.3 implies that the refractive index is equal for both an input and output
field

na = nb. (4.4.4)

In case of a weak nonlinear interaction where the conversion of input fields into output
fields is small, the intensity of the output field ωb = 2ωa is given by [99]

Ib = Imaxb

(
sin(∆kL/2)

∆kL/2

)2

(4.4.5)

Where Ib is the second harmonic power whose maximum output degrades drastically
as ∆k = 0 is not satisfied. The periodic structure and the length of the crystal such
as PPKTP (Periodically Poled Potassium Titanyl Phosphate) made this phase matching
condition possible.

Figure 4.12: The change in the nonlinear gain as a function of temperature. The Sinc2

function is given by Eq. 4.4.5 and the relationship with the temperature is given by 4.4.6.

If we pump the crystal with 532nm and generate 1064nm, the length and the poling
period of the crystal depends on the temperature of the crystal and is given by

Lc∆k = 2krLc

(
αKTP (n532 − n1064) +

dn532

dT
− dn1064

dT

)
(T − T0) (4.4.6)

where Lc is the length of the crystal, kr is the wavenumber of the fundamental field in
vacuum, αKTP is KTP expansion coefficient given in Table 4.1. The detail derivation of
Eq. 4.4.6 has been done in [6].

Figure 4.12 plots and example of a relationship between the maximum nonlinear gain
achievable as a function of temperature described by Eq. 4.4.5 and 4.4.6. These equations
are used in the lab to find the most optimal operating temperature of either a SHG or an
OPO crystal.
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Table 4.1: Properties of KTP

αKTP 6.7± 0.7× 10−6[ 1/◦C]
dn1064
dT 1.4774× 10−5[ 1/◦C] 1064nm, 25◦C

dn532
dT 2.4188× 10−5[ 1/◦C] 532nm, 25◦C

4.5 Second Harmonic Generator (SHG)

A second harmonic generator (SHG) is a nonlinear device that converts two lower energy
photons of equal wavelength (ω1 = ω2) into one higher energy photon (ω3). The process
was introduced in section 4.3. An example of a second harmonic generator is illustrated
in Fig. 4.13.

In this case the input coupler has high reflectivity for the fundamental field (1064 nm)
to resonantly amplify the power to be converted while the second harmonic field (532 nm)
is low in reflectivity in order for the doubled light to leave the cavity. The SHG is required
in order to generate enough 532 nm field to “pump” the optical parametric oscillator (OPO)
in order to generate squeezed field. An OPO is another nonlinear device we will discuss in
section 4.6.

κin,rκin,g κl,rκl,g

Ain

Bout

Figure 4.13: Second harmonic generation cavity. A dichroic beam splitter (green optic)
helps separate the pump field and the fundamental field.

4.5.1 SHG equations of motion

Using Fig. 4.13 as a reference for the input and output fields, the equation of motion of an
SHG can be written as

ȧ = −(κtot,r − i∆a)a+ εa†b+
√

2κin,rAin

ḃ = −(κtot,g − i∆b)b−
εa2

2
.

(4.5.1)

Here κtot,r and κtotal,g are the total decay rate for the 1064 nm and the 532 nm field.
Since we are interested in the steady state power, only the time independent part remains
and the time derivatives become zero

0 = −κtot,ra+ εa†b+
√

2κin,rAin

0 = −κtot,gb−
εa2

2

(4.5.2)

where there’s no frequency offset (∆a = ∆b = 0) and κtot,g = κin,g = 1
τ since the input

coupler let all the green light through (recall κj =

√
Tj
τ ). Only 1064 nm is on resonant.
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Using input-output relations 4.1.7, SHG output Bout becomes

Bout = b
√

2κb

= b

√
2

τSHG

= −εa2

√
τSHG

2

(4.5.3)

4.5.2 SHG Conversion efficiency

SHG performance is determined using conversion efficiency, denoted as ηSHG, which is how
much output power is measured per input power.

ηSHG =
P532

P1064

=
2 |Bout|2

|Ain|2

=
2κin,rτSHGε

2 |a|2

κtot,r +
(
ε2|a|2τSHG

2

)2

(4.5.4)

The factor of 2 in front of |B|2 is due to the green photons having twice the energy
compared to the red photons.

Let α be the ratio of the red field lost to green conversion to the total loss

α =
ε2 |a|2 τSHG

2κtot,r
(4.5.5)

Eq. 4.5.4 can be simplified further by letting κin ≈ κtot

ηSHG =
4α

(1 + α)2 (4.5.6)

α becomes the ratio of intracavity loss due to red-green conversion to the input coupler
transmission.

4.5.3 The aLIGO squeezed light source SHG

The aLIGO SHG is based on a design by the Albert Einstein Institution in Hannover
Germany, similar to those described in [7] and [100]. Figure. 4.14 shows the conversion
efficiency of the Hanford SHG measured at the crystal temperature set to 35.9 ◦C which
is where we had the highest conversion from 1064 nm to 532 nm. A single pass phase
matching measurement was done throughly by [6] on a SHG of the same design used in
enhanced LIGO. More details on aLIGO SHG parameters are discussed in section 6.4.

Figure 4.14 plots the conversion efficiency (ηSHG) of the aLIGO SHG. A nominal input
of 100 mW gives us a conversion efficiency of ≈ 48%, which corresponds to α ≈ 0.12.

4.6 Optical Parametric Oscillator (OPO)

An optical parametric oscillator (OPO) is a χ2 nonlinear device used to generate squeezed
vacuum. Doing the opposite to the SHG, the OPO down converts one higher energy photon
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Figure 4.14: aLIGO SHG conversion efficiency as a function of input power. The data is
plotted against the numerical solution using [101]. The input coupler reflectivity is R = 90
%, an intracavity loss of 1.5 %, and a single-pass nonlinear conversion efficiency of 0.0055.

into two lower energy photons of equal wavelength. The optical parametric oscillation
process was briefly discussed in 4.3. Figure. 4.15 illustrate an example of a traveling-wave,
bow-tie cavity design OPO. The input “pump” field generated from a SHG enters the
OPO, gets down converted into squeezed field at fundamental frequency, then leaves the
cavity through the same optic. Although a standing wave Fabry-Perot OPO exists [102], a
traveling wave configuration provides isolation against the backscattered light from entering
the squeezed path [103].

M1M2

M3M4
ε

Pump Input

Pump Re�
SQZ sidebands

Figure 4.15: A simplified drawing of aLIGO Vacuum OPO (VOPO). A pump field enters
M1 then leaves at an angle along with the squeezed vacuum field, which is later separated
by a dichroic beam splitter (not shown).

4.6.1 Classical behavior of OPO

The threshold power is the point where the number of generated down-converted photons
equals the amount of photons lost through cavity losses. Beyond the threshold, down-
converted photons are generated faster than they could escape. The trapped photons
circle back to the crystal and become the seed field causing the output field to become
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uncorrelated with the intended input seed field. We operate aLIGO squeezer below the
threshold.

Before we define OPO threshold, we first need to define the nonlinear interaction
strength x. The nonlinear interaction strength at threshold power can be defined as

xth =
ε | bth |
κtot,a

= 1 (4.6.1)

Where bth is the number of pump photons at its threshold. Eq. 4.6.1 implies the
conversion rate ε | bth | to the cavity loss rate κtot,a are equal. A more generic expression
of x can be defined as

x = xth
| b |
| bth |

=

√
P

Pth
(4.6.2)

The classical equations of motion of a degenerate OPO can be written as

ȧ = −(κtot,a − i∆a)a+ εa†b+
√

2κin,aAin

ḃ = −(κtot,b − i∆b)b−
εa2

2
+
√

2κout,bBin
(4.6.3)

Using similar assumption as in SHG case where there are no frequency offsets, and
assuming no are pump depletions where the small amount of energy from down-converted
photons εa2

2 is ignored, Eq. 4.6.3 can be rewritten as

0 = −κtot,aa+ εa†b+
√

2κin,aAin (4.6.4)

b =

√
2κout,b

κtot,b
Bin (4.6.5)

To calculate the nonlinear gain we solve Eq. 4.6.4 for Aout using b=| b | eiφb and
Aout =

√
2κout,aa

Aout =
2
√
κin,aκout,a

κtot,a

1 + xeiφb

1− x2
Ain (4.6.6)

The first term 2
√
κin,rκout,r
κtot,r

is related to the cavity loss rate and doesn’t change with

the pump power. The second term 1+xeiφb
1−x2 Ain is related to amplification/de-amplification

factor, denoted as G. If we multiply Aout with its conjugate, G becomes

G(x, φb) =
1 + 2xcosφb + x2

(1− x2)2
(4.6.7)

For φb ⇒ 0

G(x, 0) =
1

(1− x)2 (4.6.8)

For φb ⇒ π

G(x, π) =
1

(1 + x)2 (4.6.9)

Equation 4.6.8 describes the parametric de-amplification and Eq. 4.6.9 describes the
parametric amplification and is plotted in Fig. 4.16. We normally refer to Eq. 4.6.9 as
the nonlinear gain g (sometimes referred to as classical parametric gain). Not only we use
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nonlinear gain to find the threshold power of the cavity, but also to determine the health
of the nonlinear crystal which can degrade over time [104].
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Figure 4.16: OPO nonlinear gain curve with an arbitrary threshold power of 1mW, showing
both the amplification and deamplification. At the threshold power the nonlinear gain
approaches infinity. The assumption of no pump depletion breaks down at threshold power.
An OPO cannot have an infinite parametric gain.

4.6.2 Semiclassical behavior of OPO

In a similar treatment to the general optical cavity case, and assuming detuning ∆a, ∆b

is zero, the fluctuating components of the equations of motion becomes

δȧ = (−κtot,a + εb)δa+
√

2κin,aδAin +
√

2κout,aδAout +
√

2κl,aδAl

δȧ† = −(κtot,a + εb)δa† +
√

2κin,aδA
†
in +

√
2κout,aδA

†
out +

√
2κl,aδA

†
l

(4.6.10)

Eq. 4.6.10 can be written in terms of quadrature operators

δẊ1,a = (−κtot,a + εb)δX1,a +
√

2κin,aδX1,Ain +
√

2κout,aδX1,out +
√

2κl,aδA1,l

δẊ2,a = −(κtot,a + εb)δX2,a +
√

2κin,aδA
†
1,in +

√
2κout,aδX

†
2,out +

√
2κl,aδA

†
2,l

(4.6.11)

Using identity 4.1.5 Eq. 4.6.11 becomes

δX̃12,a =

√
2κin,aδX̃12,Ain +

√
2κout,aδX̃12,out +

√
2κl,aδX̃12,l

iω + κtot,a ∓ εb
(4.6.12)

Using input-output relation Eq. 4.1.7, the output quadratures become

δX̃1,out =
(2κout,a − iω − κa + εb)δX̃1,Aout +

√
4κin,aκout,aδX̃1,Ain +

√
4κl,rκout,aδX̃1,Aloss

iω + κtot,a − εb

δX̃2,out =
(2κout,a − iω − κa − εb)δX̃2,Aout +

√
4κin,aκout,aδX̃2,Ain +

√
4κl,rκout,aδX̃2,Aloss

iω + κtot,a + εb
(4.6.13)
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Recall that noise spectra is defined as the variances of the quadrature operators
(Eq. 4.2.8). Again, assuming all the input noise variances are vacuum state (V=1), the
output noise variances become

V1,out = 1 +

(
κout,a
κtot,a

)
4(εb/κtot,a)

ω2/κ2
tot,a + (1− εb/κtot,a)2

V2,out = 1−
(
κout,a
κtot,a

)
4(εb/κtot,a)

ω2/κ2
tot,a + (1 + εb/κtot,a)2

.

(4.6.14)

4.6.3 The aLIGO squeezed light source OPO

Figure 4.17: aLIGO Vacuum OPO (VOPO), the heart of aLIGO squeezer. All the parts
were baked and shipped from MIT then assembled at the site. The nonlinear crystal sits
between two copper plates that act as a temperature regulator (aka the “oven”) to keep it
at the phase-matched temperature. The photo was taken prior to the squeezer installation
inside of the vacuum chamber.

The OPO used in aLIGO (shown in Fig. 10.4) is a bow-tie cavity generating traveling-
wave squeezed light source designed by the Australian National University [105]. The
bow-tie cavity design gives isolation to back scattered light from entering the squeezed
path, decreasing the level of squeezing achievable. The end of the PPKTP crystal has an
unpolled section that is wedged by approximately 1◦ to allow for multiple dual resonance
(1064nm and 532nm) conditions as the crystal is translated across the beam. The change
in the path length travelled through the dispersive medium for both 1064 nm and 532 nm
allows one to find a dual resonance position for the cavity [106]. Note that the SHG crystal
is not wedged as we want the pump field to escape, thus the dual resonance condition is
not required. On the other hand, the OPO required the pump field to be on resonance in
order to generate squeezed vacuum. With the pump field being on resonance, less power
is required in order to operate the OPO near the threshold power. In principle, working
nearer to the threshold power should yield higher levels of squeezing.

The aLIGO OPO is designed to have a threshold power of 7mW with an input coupler
reflectivity of 98% for 532 nm. In practice, an input power is known and a nonlinear gain
can be measured. The threshold power Pth from Eq. 4.6.2 can be calculated

Pth =
Input Power

1− 1/
√
g

. (4.6.15)
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Figure 4.18: OPO nonlinear vs threshold power measurements from October though
November in 2019. The aLIGO OPO parameters used can be found in Table 6.3 of sec-
tion 6.5.

The first measurement done in March 2018 agreed with the expected value [107]. How-
ever, OPO crystal degrades over time resulting in a much higher threshold power by the end
of O3. Figure 4.18 shows the OPO threshold power measurement from October through
November, 2019. The lowest (best) threshold power observed in 2019 was 18 mW measured
in January and the highest threshold power observed was 27-28 mW in November [104].
The OPO at both LIGO Hanford and Livingston suffer from a crystal degradation issue
where increasing input power is required in order to achieve the same amount of nonlinear
gain over a period of time. Currently there is no solution to the crystal degradation issue
except for translating the crystal across the beam path and find a new co-resonance posi-
tion. There are nominally ten positions that allow the red and green light to co-resonate.
After all the positions are exhausted the crystal has to be replaced. aLIGO was able to
operate with just one crystal until the third observing run was suspended early in March
2020 due to Covid-19 outbreak.

Due to the increasing threshold power, the crystal position was adjusted multiple
times. The phase matching measurements were made to make sure that we were oper-
ating at the optimal temperature. Multiple phase matching measurements indicate the co-
resonance temperature for the OPO crystal inside of the vacuum was consistently ≈ 34 C◦

(Fig. 4.19) [108, 109].
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Figure 4.19: Phase matching curve measured inside of vacuum [109].

4.7 Measurement Loss and Phase noise

The amount of squeezing measurable is dictated by loss and phase noise. The higher the
loss, the lower the measurement efficiency, and the lower the squeezing. Phase noise hides
the maximum squeezing by rotating the squeezed ellipse to the unwanted quadrature. This
section discusses both losses and phase noise.

4.7.1 Total Measurement Efficiency

The term κout,a
κtot,a

from Eq. 4.6.14 is also known as the OPO escape efficiency ηesc that
measures how efficient can the generated squeezed field escape the OPO. Figure 4.20 shows
squeezing and anti-squeezing noise variances as a function of frequency at different escape
efficiency levels. In the lossless case squeezing and anti-squeezing are equal. When losses
are present squeezing quadrature is effected more. That’s why low loss systems are crucial
for any squeezer performance. The turnaround point happens at the cavity pole. A cavity
pole is a frequency where the system response drops by 3dB in magnitude (see chapter ??).

In practice, it is more useful to look at the squeeze/anti-squeeze level as a function of
nonlinear gain g. Equation 4.6.14 can be written in a more compact form as follow

V1,out = 1 + ηesc
4x

ω2/κ2
tot,a + (1− x)2

V2,out = 1− ηesc
4x

ω2/κ2
tot,a + (1 + x)2

(4.7.1)

where V1 is the anti-squeezed and V2 is the squeezed quadrature. Here x = εb/κtot,a =

|g|/κtot,a (Recall Eq. 4.6.1).
To this point we have only talked about the OPO efficiency which relates to how

much squeezing can be generated from an OPO. However, what really matters is the
efficiency of the entire system. This includes OPO escape efficiency (ηesc), propagation loss
(ηprop), photodiode quantum efficiency (ηPD measures how well photons are converted into
currents), and a homodyne fringe visibility (FringeV is measures how well a local oscillator
and the squeezed field overlaps, see section 3.4.1). The total measurement efficiency can
be written as
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Figure 4.20: An example of an output noise variance of an OPO cavity in case of no loss
(ηesc = 1) and with loss (ηesc = 0.9).

ηtot = ηesc · ηprop · ηPD · FringeV is2. (4.7.2)

Now Eq. 4.7.1 can be written in terms of total efficiency ηtot

V+ = 1 + ηtot
4x

ω2/κ2
tot,a + (1− x)2

V− = 1− ηtot
4x

ω2/κ2
tot,a + (1 + x)2

(4.7.3)

Figure 4.21 plots an example of squeezing/anti-squeezing level as a function of nonlinear
gain. Three cases are presented where phase noise are kept the same in all three but the
total efficiency ηtot is altered. Phase noise and loss are arbitrary chosen to best illustrate
the effect of losses on squeezing. Similar to Fig. 4.20 loss effects squeezing more than
anti-squeezing.

4.7.2 Phase noise

Another limiting factor to the maximum level of squeezing achievable is phase noise. Phase
noise are fluctuations of the squeezing ellipse away from an intended squeeze quadrature as
illustrated in Fig. 4.22. When the fluctuations happen faster than the measurement time,
it couples the anti-squeezed quadrature into the squeezed quadrature reducing the overall
level of squeezing observed.

For a phase noise of θ radians, the output variance is

Vsqz = V+cos2θ + V−sin2θ

Vasqz = V+sin2θ + V−cos2θ.
(4.7.4)

Figure 4.23 plots the squeezed and anti-squeezed variance as a function of nonlinear
gain as phase noise is altered. Losses affects both squeezing and anti-squeezing while phase
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Figure 4.21: The expected level of squeezing and anti-squeezing as ηtotal changes but phase
noise kept the same. Squeezing can be seen in the negative value and anti-squeezing on
the positive. The lower the negative number, the higher the squeezing.

ΔXθ

ΔXθ+π/2

ΔX-

ΔX+

ΔX-
measured

Figure 4.22: Phaser diagram illustrating squeezing ellipse with phase noise. ∆X− is the
squeezed quadrature and ∆X+ is the anti-squeezed quadrature. ∆Xθ and ∆Xθ+π/2 are
orthogonal quadrature. Phase noise makes the squeezing ellipse jitter. When this jitter
happens faster than the measurement time, squeezing ellipse appears less squeezed.

noise affects squeezing more. In order to cross check the known loss in the system with an
actual loss observed by the squeezed field, losses are generally inferred from anti-squeeze
measurements while phase noise can be inferred from the squeeze measurements.

4.7.3 Maximal squeezing per unit loss and phase noise

We have talked about loss and phase noise affects the squeezing level. Maximal squeezing
per unit loss and phase noise can be calculated by substituting Eq. 4.7.3 into Eq. 4.7.4

Vsqz = 1 + 1ηx

(
sin2θ

(1− x)2 + 4(Ω/κtot,a)2
− cos2θ

(1 + x)2 + 4(Ω/κtot,a)2

)
(4.7.5)

where η is the detection efficiency (1-loss), x is 1-1/√g where g is the nonlinear gain,
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Figure 4.23: The expected level of squeezing and anti-squeezing as θ changes but loss is
kept the same.

θ is rms phase noise, Ω is the frequency of interest, and κtot,a is the cavity field decay rate
of mode a. Because our frequency of interest (few hundred to kHz) is much lower than the
OPO cavity linewidth (MHz), Ω/κtot,a can be set to 0. Taking a derivative with respect
to x to find the maximum level squeezing yield

V ′sqz = 4ηx

(
2cos2θ

(1 + x)3
+

2sin2θ

(1− x)3

)
+ 4η

(
− cos2θ

(1 + x)2
+

sin2θ

(1− x)2

)
. (4.7.6)

Let V ′sqz = 0. Solve for x gives the normalized nonlinear gain where the squeezing level
is maximum. Substitute x back into Eq. 4.7.5 yields

Vsqzmax = 1− η + ηsin(2θ). (4.7.7)

Figure. 4.24 shows the maximum level of squeezing achievable as a function of the total
effective losses and phase noise given the system is shot noise limited and technical noise
is negligible. Given a loss an a phase noise, we can use this plot to determine the limit of
our squeezer.

4.8 aLIGO squeezed light source

This section gives an overview of how an aLIGO squeezed light source is optically put
together. The basic layout and operation of each component is presented, with the perfor-
mance of the aLIGO squeezer as seen on the homodyne detector of the diagnostic table to
conclude this section. Details on the system performance on the full interferometer will be
presented in chapter 6.

4.8.1 Experimental overview

A layout of the aLIGO squeezed light setup is shown in Fig. 4.25. The squeezed light
source employs a nonplanar ring oscillator (NPRO) 1 W Nd:YAG laser operating at a
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Figure 4.24: Possible squeezing as a function of the total effective losses and total squeezed
quadrature fluctuations.

wavelength of 1064 nm. The light from the squeezer laser is then frequency doubled via
a second harmonic generator (SHG, see 4.5.3). The 532 nm pump light is sent to an
in-vacuum OPO (see 4.6.3) where the squeezed vacuum sidebands are generated. There
is a flipper mirror installed to either sent the squeezed field to the interferometer or the
diagnostic table. The squeezed vacuum propagates to an in-air diagnostic table where the
field overlaps with a local oscillator and gets detected by the homodyne. This is to see
how much squeezing we could observe when it’s injected into interferometer (in principle).

4.8.2 Diagnostic table measurements

Figure. 4.26 shows a measurement as seen on a the diagnostic homodyne detector. A
squeezing of 5 dB and an anti-squeezing of 9.5 dB can be observed at a nonlinear gain of
4.86. The measurement can be repeated over multiple nonlinear gain values to generate a
plot like Fig. 4.27 in order to find the system total efficiency and phase noise.

Figure 4.27 plots a measurement of total efficiency and total phase noise of aLIGO
squeezer on the diagnostic table using Eq. 4.7.4. The loss budget measured between the
OPO and the homodyne detector on the diagnostic can be found in table. 4.2.

Table 4.2: loss budget on the diagnostic table path [110]

OPO escape efficiency 98.63% ± 0.03%
VIP efficiency (sqz faraday included) ∼96%
total transmission on the diagnostic table 98%
Homodyne visibility 97-98.5%
Homodyne quantum efficiency 99%
Total efficiency in the homodyne path ∼ 86%

The measurement suggests 20% of loss on the path from the OPO to the diagnostic
table, which is 5% more than expected. The phase noise is expected to be only 15 mrad [8].
Finding out the cause of this inconsistency is an on-going effort and is outside the scope
of this thesis.
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Figure 4.25: The aLIGO squeezed light source overview. The 1064 nm squeezed light source
is denoted as SQZ Laser. EOM1 generates 35MHz locking signal for the Second Harmonic
Generator (SHG). EOM2 generates 80 MHz locking signal for the Optical Parametric
Oscillator (OPO). The blue optics are reflective to 1064 nm. The green optics are reflective
to 532 nm. The red optics are dichroic beam splitters.

Given the measured loss and phase noise, using Fig. 4.24 we now know that our system
is capable of producing up to 5 dB of squeezing inside of the interferometer given no extra
losses and phase noises between the OPO to the photodiodes detecting the gravitational
waves (DCPDs, refer to Fig. 2.3).

4.9 Chapter Summary

In this chapter we introduced the equation of motion for nonlinear cavities written in terms
of the quantum Langevin formalism. We derived the classical and semiclassical models for
the general cavity. We then discussed the nonlinear interaction and phase matching inside
a Periodically Poled Potassium Titanyl Phosphate (PPKTP). We moved on to discussing
the key nonlinear devices of a squeezed light source, the second harmonic generator (SHG)
and the optical parametric oscillator (OPO), including specific measurement examples, on
the devices we deployed at one of the LIGO detectors. Finally, a top layer overview of
how these devices are put together inside the aLIGO experiment was described, and some
diagnostic results were presented.
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Figure 4.26: a 5 dB squeeze/anti-squeeze measurement as a function of frequency as seen
on the diagnostic homodyne detector.

Figure 4.27: Characterization of aLIGO OPO during O3 run as the optimization was on
going. The measurement was taken with the homodyne detector on the diagnostic table
between 1 - 3 kHz. The dashed blue trace is fit to the data point using an efficiency of
80% and a phase noise of 80 mrad.
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Figure 4.28: A replica of Fig. 4.24, showing the (loss, phase noise) point determined by
the Fig. 4.27 measurement.
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Chapter 5

Sensing and Control

As discussed in chapter 2 the aLIGO interferometer has a number of optical cavities that
are precisely sensed and controlled with five degrees of freedom. A control system, or
servomechanism (or “servo”), is one where the output follows the input. This chapter
provides the basic practical knowledge of the control theory required for the reader to
understand the rest of the thesis. Section 5.1 analyses control system design in terms of a
plant, a sensor, an actuator and a compensation filter and introduces the transfer function
and a brief discussion on disturbances. Section 5.2 gives a brief introduction to the topic
of control loop stability and section 5.3 and 5.4 end the chapter with a discussion on cavity
length control and photodiode sensor noise.

5.1 Control System Diagram

A control system usually composes of four main components: a free-running body of a
system that needs to be controlled called a “plant”, a “sensor” senses the action of the
plant, a “feedback” generates a signal that either counteracts or amplifies plant’s action,
and an “actuator” that acts on the plant. Most systems can be simplified into a drawing
similar to figure 5.1. If we were to consider the control of the length of an optical cavity as
an example the cavity would be the plant (P), and the photodetector would be the sensor
(S). A compensation filter (F) would be an electronic servo that compares the voltage from
the photodiode error signal to the set point voltage and then puts out a correction voltage
to the PZT actuator (A) that control the cavity length. The product o alll the components,
PSFA, gives the open loop gain G.

5.1.1 Open-loop gain

An open-loop gain measures how well the system responds to unwanted perturbations as
a function of frequency. An open-loop gain can be defined as

OLG = G ≡ PSFA, (5.1.1)

where G is a measure of the amplitude and phase response that is a function of frequency.
This loop gain measures how the system would respond to an external input if there were
to be no feedback (open-loop). An open-loop gain is normally shown by a transfer function,
or a Bode plot, as an example shown in Fig.5.2. The Bode plot is obtained by exciting the
system at a certain frequency, then dividing the output of the system by the excitation
signal.

63
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The Transfer function

An open loop transfer function can be done with the loop closed. To measure an open-
loop transfer function of a closed loop system (a stabilized optical cavity for instance); an
excitation from a network analyzer is usually applied at or prior to block F as F represents
a servo board that usually comes with ports for input/output signals. Once the excitation
enters the loop, it sees the closed-loop penalty 1

1+G as the loop suppresses it (see 5.1.2).
The excitation after in enters the loop therefore can be defined as

OUT2 = EXC

(
1

1 +G

)
. (5.1.2)

OUT2 then propagates clockwise through the system and become OUT1

OUT1 = OUT2× FAPS.
= OUT2×G

(5.1.3)

Thus, the open-loop gain G becomes

G =
OUT1

OUT2
. (5.1.4)

In the lab, OUT1 and OUT2 is the signal you can actually measure. Measuring these
signals is likely the most convenient way to characterize the response of any systems.

5.1.2 Closed-loop gain

A closed-loop gain (CLG) measures how well the noise gets suppressed as a function of fre-
quency. Once an open-loop gain G has been measured, a closed-loop gain can be calculated
as follow:

CLG =
1

1 +G
(5.1.5)

When an excitation or a disturbance enters a closed-loop system, it gets multiplied
by the closed-loop gain as the system tries to suppress it (see Eq.5.1.2). Similar to an

P

A S

F

P

A S

F

Figure 5.1: A control system diagram usually illustrated with blocks. Each block represents
a transfer function. Every block has a unit that once multiplied together gives a unit-less
result.
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Figure 5.2: An example of a simple Bode plot with an arbitrary gain of 20 dB and an
arbitrary pole at 100Hz. A pole of a transfer function is a point where the magnitude of
the system response drops by 3dB with a 45◦ phase lag in the system’s response. A simple
1/f transfer function has 20dB per decade drop in gain. A nice introductory discussion of
Bode plots is given in [111]
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Figure 5.3: A block diagram depicting how a transfer function is taken. An excitation can
be injected at any point in the loop.

open-loop gain, a close loop gain is usually represented by a Bode plot. Fig. 5.4 shows a
close loop gain transfer function using the same parameters as Fig 5.2.
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Figure 5.4: A simple closed-loop gain example using the same parameters as Fig. 5.2. A
low amplitude from 0-100Hz implies the amount that signals (or excitations) get suppresed.

5.1.3 Round trip loop gain

A round-trip loop gain (RLG) measures how well the system reacts to the disturbances.
In the region where the gain is high, RLG is 1 (0 dB) implying the disturbances does not
effect the system. RLG can be defined as

RLG =
G

1 +G
. (5.1.6)

However, the real world isn’t perfect. Noise and disturbances needs to be taken into
account in order to properly characterize your system.

Disturbances

The length control of an optical cavity is an example of a closed-loop system. An envi-
ronmental noise (δNenv) would be a mechanical instability that effects the length of the
cavity. Sensor noise (δNSens) could mask a small signal such that the cavity length control
couldn’t react to a change in length that is too small. And finally φ would be a measure
of how noisy the whole system is. For instance, if the servo over or under compensates
constantly, the cavity length may be less stable than with no control at all. For the aLIGO
detectors where the optics need to be well controlled, φ is a measure of how much the
optics move after the loop suppression. We want φ to be as low as possible.
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Figure 5.5: Simple round-trip loop gain. A gain of one where the suppression is high
implies that the noise does not effect the system. The same parameters as Fig. 5.2 were
used.
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F

δNenv
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Figure 5.6: A simple control diagram with disturbances.

In a fully equipped lab, δNenv can be measured with an out-of-loop sensor (eg. an ac-
celerometer) and δNsens can easily be characterized with a network analyzer. To calculate
φ, we have to propagate all the disturbances δN , as shown in Fig. 5.6, all the way around
the entire control loop. Doing so φ can be described as

φ =

(
δNenv ×

1

1 +G
× P

)
+

(
δNsens ×

1

1 +G
× FAP

)
. (5.1.7)
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Figure 5.7: a) A mock transfer function of a system with two poles at 10Hz and 100Hz,
20dB gain. b) an inverse Laplace transform of a)

Recall G = FAPS,

φ =

(
δNenv ×

G

1 +G
× 1

FAS

)
+

(
δNsens ×

G

1 +G
× 1

S

)
=

G

1 +G

(
δNenv

FAS
+
δNsens

S

)
.

(5.1.8)

However, what usually happens is phase noise φ and sensing noise δNsens are measured
and the disturbances δNenv is then calculated. To find out where the disturbances come
from, the calculated δNenv is compared to the out-of-loop sensors.

5.2 Stability

A unity gain frequency (UGF) is the frequency at which a transfer function gain crosses
0dB (gain of 1). The phase margin is a measure of how far away your phase is from ±180◦
at a unity gain frequency. In practice a phase margin of 30◦ or greater is required for
control loop stability in order to keep the gain peaking (harsh response of the system) as
low as possible. Figure 5.2 gives an example of a simple transfer function with a single pole
at 100Hz. In a system that involves more than one component (servo boards, actuators,
etc) a transfer function usually composes of more than one pole. Figure 5.7a shows an
example of a stable open-loop gain transfer function that includes two poles at 10Hz and
100 Hz with a gain of 20dB. The phase reads -130◦ at 70Hz where the gain crosses 0dB,
making the phase margin of the system equal to 50◦. Because of the big phase margin, the
system is highly stable as illustrated by a time series response in Fig. 5.7b.
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Figure 5.8: A mock transfer function of a system with two poles at 10Hz and 100Hz, 60dB
gain.

Figure 5.8a shows a transfer function of the same system as Fig. 5.7a but with the
gain increased to 60dB, pushing the UGF to 1000Hz. Because the phase response remains
unchanged, the phase margin at UGF is now <10◦. Figure 5.8b shows the system response
where the feedback overshoots during the first 5 ms after the loop is closed with the
ringdown continues pass 10ms. Note that the excursion in this case is also 18 times larger
compared to Fig. 5.7b. At LIGO, an overshoot is enough to throw the whole interferometer
out of lock. Therefore it is never desirable to leave the phase margin too small.

Finally Fig. 5.9a shows a transfer function with three poles at 0Hz, 10Hz, and 100Hz.
As the phase losses are 90◦ beyond every pole (5.2) the total phase response of the system
can go past 180◦. When the phase responses crosses 180◦ the feedback does the opposite
of what it’s supposed to do and the system becomes unstable. Figure 5.9b shows a time
series response of the system with exponential growth.
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5.3 Cavity length sensing with RF sidebands

The Pound-Drever-Hall (PDH) method uses RF sidebands to generate a high precision
error signal from test cavity length fluctuations with reference to a stabilized laser
[112, 113]. Alternatively the technique can also be used to improve laser frequency
stability by using a more stable cavity as a reference. This error sensing technique can be
used for any device that exhibits a dispersion shaped frequency response and can produce
output signals that are shot noise limited and first order immune to laser intensity noise.

If we assume a steady state sinusoidal optical carrier signal, at frequency ω0 incident
on the input coupler of the test cavity then the relationship between the amplitude and
phase for light circulating within the test cavity Eω0C to the complex field amplitude of
the incident light (Ein) is well known [114]

Eω0C =
Eint1

1− re−iφω0e−α0p
. (5.3.1)

Here t1 =
√

1−R1 is the transmission of the input coupler where R1 is the power re-
flectivity. The product of the reflectivity of all mirrors in the test cavity is given by
r =

√
R1 ∗R2...Rn. The cavity phase at a particular frequency (ωx) for a small shift

away from cavity resonance can be expressed in terms of multiple of round-trips (2π) and
therefore the cavity length fluctuation (δL) can be expressed as a fraction of the laser
wavelength (λ):

φx = ωx/FSR+ 4πδL/λ. (5.3.2)

Loss inside the optical cavity such as absorption loss from a nonlinear crystal is ex-
pressed in terms of e−α0p where p is the perimeter or the round-trip path length of 2L. An
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Figure 5.9: A mock transfer function of a system with three poles at 0Hz, 10Hz, 100Hz
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electro-optic modulator (EOM) is used to impose a pair of phase modulated sidebands at
radio frequencies on the laser carrier field (±Ω) beyond the cavity linewidth. Adding phase
modulated sidebands, where the modulation depth (γ) is the ratio of sideband to carrier
power, removes power from the carrier and modifies the circulating optical field (EΩc) to:

EΩC =
i(γ/2)Eint1

1− re−iφΩe−α0p
. (5.3.3)

When the modulation depth is smaller than 0.5 the amplitude of each sideband can be
approximated to γ/2. To generate the Pound-Drever-Hall error signal, the phase modu-
lation sidebands act as phase references for the carrier beam. When the cavity drifts off
resonance, the phase (and amplitude) of the reflected light shifts by

Eω0r = −r1Ein + t1r2Eω0Ce
−iφω0 (5.3.4)

for the carrier and
EΩr = −r1i(γ/2)Ein + t1r2EΩCe

−iφΩ (5.3.5)

for the sidebands. The reflected optical carrier and PM sidebands are directed to a high
speed photodetector capable of responding at the RF modulation frequency. The reflected
field can be written as

Eref = Eω0r + EΩre
−iΩt + EΩre

iΩt. (5.3.6)

When the carrier is exactly on resonance the phase modulation has a symmetry between
the carrier and each of the sidebands so there is no RF signal to be detected. However when
the carrier frequency is shifted relative to the resonance frequency of the test cavity this
phase modulation symmetry is destroyed by the linear phase shift of the optical carrier.
This produces an amplitude modulation component at the photodetector at the modulation
frequency. The total reflected power at the photodetector (Eq. 5.3.7) has components at
DC, at the modulation frequency, and at twice the modulation frequency [112]. An RF
mixer then combines the photodiode signal with the local oscillator to change the sign and
amplitude of the amplitude modulated component to produce a DC error signal. Since the
output is mixed down and low-pass filtered all components not at the modulation frequency
are ignored. This error signal is proportional to the frequency difference between the optical
carrier and the resonance of the test cavity [115].

PRF = (E∗rω0
)(−ErΩ) + (Erω0)(E∗rΩ) (5.3.7)

Figure 5.10 gives an example of how an error signal is measured on the OPO reflection
port. Figure 5.11 plots a normalized error signal on top of a normalized transmission to
show the relationship between the cavity linewidth and the error signal volt peak-to-peak.
The volt peak-to-peak and the cavity linewidth can be used to calibrate our measurements
from V to Hz. Alternatively we can also use the the spacing of the modulation sidebands
or PZT voltage measured per free spectral range (FSR) to determine the V/Hz (or V/m)
calibration.
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Figure 5.10: The basic PDH illustration for measuring cavity length fluctuations. Essential
components are the electrooptic modulator (EOM), local oscillator (LO), mixer low pass
filter (LPF), photodiode (PD). For the test cavity we show the OPO pumped with 532 nm
light from an SHG and detected on reflection for illustrative purposes.

5.4 Photodetector noise

To know the limit of our measurements, the dark noise and shot noise of the photodetector
needs to be measured. An often used equation for shot noise in terms of electric current is

NEP = R
√

2 · e · I
[

V√
Hz

]
. (5.4.1)

Here R is the transimpedance of the detector, e is the charge of an electron, and I is the
current produced by the photodetector. If we measure voltage out of the detector, knowing
the detector transimpedance, I is simply V

R . In case of dark noise, the photodiode is blocked
and the intrinsic current or voltage is measured. The sensing noise of a photodetector is a
quadrature sum of dark noise and shot noise. Because they are independent noise sources,
we can add them in quadrature.

Sensing Noise =
√

Shotnoise2 + Darknoise2 (5.4.2)

5.4.1 RF transimpedance measurement

A photodiode transimpedance at DC is usually well known. However, a transimpedance
at RF where we normally measure the error signal is not straightforward to determine.
A measurement colloquially called the “light bulb measurement” is deployed in order to
determine the RF transimpedance at the frequency of interest. Equation 5.4.1 can be
written more specifically as

Shotnoise = RRF
√

2 · e · VDCRDC

[
V√
Hz

]
. (5.4.3)

Here Shotnoise is a measure of the demodulated shotnoise in V/
√

Hz, VDC is a voltage
measured with a voltmeter coming out of the photodetector, RDC is a transimpedance at
DC, generally the first resistor after the diode that can be found on a circuit diagram.
Finally, RRF is the RF transimpedance we are interested in.
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Figure 5.11: A normalized PDH error signal is plotted in blue and a normalized transmis-
sion is plotted in red to illustrate the peak-to-peak of the error signal lines up with the
cavity transmission Full Width at Half Maximum (FWHM). Knowing the cavity linewidth
(FWHM/2) the V/Hz calibration can be derived.

Figure. 5.12 illustrates the lightbulb measurement setup. A white light source (eg. a
lamp, an LED) is placed in front of a photodetector. A spectral analyzer measures the
demodulated shotnoise in V/

√
Hz. A digital voltmeter (DVM) measures VDC. Once all

the variables are known, RRF can be calculated. For example the broadband PD used to
lock the OPO with light at 532 nm we measure a voltage of .7 V with a trans impedance
of 1400 Ohms [116].

RF

DC

DVM

Figure 5.12: An illustration of a light bulb measurement setup.
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Part II: Work done at LIGO Hanford
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Chapter 6

Advanced LIGO squeezing
experiment

Squeezed light has become an essential element of aLIGO. It allows an increase in sensi-
tivity by reducing the quantum noise. This is necessary as aLIGO now operates at the
point where a further increase of laser power into the interferometer to improve the signal
would exacerbate to issues such as thermal lensing, radiation pressure, and uncontrollable
parametric instabilities. The level of squeezing is limited by two factors 1) optical loss
and 2) phase noise. Optical loss refers to anything that cause the loss of photons after
the squeezed field is produced including OPO escape efficiency, propagation loss, quantum
efficiency of photodetectors, and fringe visibility that measures how well the squeezed field
overlaps with the local oscillator field. Phase noise refers to relative fluctuations between
the squeezed quadrature and the measure quadrature [117]. There are many sources of
squeezing ellipse phase noise such as acoustic noise and laser frequency noise. Even though
optical losses are currently a limiting factor in aLIGO squeezing, once the losses are mit-
igated the phase noise requirement will become more stringent. The goal of the current
implementation in advanced LIGO is to keep the optical losses below 50% and the rms
phase noise below 10 mrad. This can lead to a 3 dB improvement in shot noise.

The acoustic noise and frequency noise coupling to the squeezing ellipse phase noise
can be mitigated by optimizing the performance of the sensing and control scheme. This
chapter discusses the aLIGO squeezer sensing and control, and the phase noise contribution
to the squeezing ellipse due to the aLIGO squeezer sensing and control system In section
6.1 we provide an overview of aLIGO operation and in section 6.2 give an overview of how
the squeezed light is injected into aLIGO and the required control system. In sections 6.3 -
6.7 we examine the control system in detail in terms of its five component subsystems and
determine a noise budget for each sub system. Finally in section 6.8 we conclude that the
phase noise contribution to the squeezing ellipse from the squeezer control loop is negligible
compared to the phase noise caused by the RF sidebands used to sense various degrees of
freedom inside the interferometer.

The squeezed light control system analyzed in detail in this chapter is currently im-
plemented at both LIGO observatories and was installed at the Hanford observatory by
myself and the commissioning team. The analysis developed in this chapter and the next
chapter has been published in [29]

77
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6.1 Advanced LIGO

We have briefly discussed the basic principle of LIGO in 2.3. In this section we will discuss
Advanced LIGO in slightly more detail. Advanced LIGO configuration is a dual recycled
Fabry-Perot Michelson interferometer. A simplified diagram of aLIGO is shown in Fig.6.1.
The light source, Nd:YAG laser, originates from inside what we call the pre-stabilized laser
(PSL) enclosure where the laser is pre-stabilized in both frequency and intensity. The laser
is then mode-selected by an input mode cleaner – a 3-mirror cavity that is also used for a
second stage of frequency stabilization. After the laser mode is filtered it then propagates
towards the power recycling cavity (PRC). The power recycling cavity is made of a power
recycling mirror (PRM) and the two input test masses ITMX and ITMY, in order to
recycle the power back to the arm cavities. After the PRC the laser propagates towards
the beam splitter where half the beam gets reflected up towards ITMY while the other half
gets transmitted towards ITMX. Once the beams enter through the back of the ITMs they
propagate 4-km towards the end test masses (ETMs) which reflect the beams back to the
ITM’s to form a Fabry Perot cavity in each interferometer arm. The power inside the arm
cavities reached up to ∼200 kW at LHO and ∼240kW at LLO during O3 [9]. The beams
then recombine at the beam splitter and continue down towards the signal recycling cavity
(SRC).

At this point most of what comes through to the SRC should be gravitational wave
signals as the gravitational wave passes through. SRC is made of a signal recycling mirror
(SRM) and the two ITMs. Contrary to its name SRC does not recycle the signals back
into the arms but rather extracts the signals out of the arms. SRC is sometimes referred
to as a resonance sideband extraction (RSE) cavity. The purpose of SRC is to tune the
detector’s observation bandwidth. The combination of power recycling cavity and signal
recycling cavity is referred to as dual recycling [45].

After the signal recycling cavity, sometimes referred to as the dark port of the interfer-
ometer or the antisymmetric (AS) port, the signals propagate through an output Faraday
isolator, to prevent any back propagated beam from entering the interferometer. The sig-
nals then propagate towards the output mode cleaner (OMC) where the residual spatial
modes are filtered. The OMC also filters any RF sidebands used for interferometer sens-
ing and control at frequency above the cavity pole (∼300kHz) [118]. And finally, the DC
readout senses the arm length difference by sensing the changes in brightness of the small
static carrier field. The first 11 gravitational waves were detected during O1 and O2 under
this configuration [119].

A major upgrade to aLIGO, the installation of a quantum squeezer, came during the
commissioning break between O2 and O3. The squeezed vacuum field is injected through
the output port of the output Faraday isolator, enters the interferometer, then interfered
with the static carrier field at the beam splitter. The squeezed carrier field then continues
the same path through the OMC as described previously but now with reduced shot noise
and therefore increased sensitivity.

Figure 6.2 shows the Livingston and Hanford detectors’ sensitivity improvement due to
squeezing. The data was taken during early March, 2019 prior to the official start date of
O3 (April 1, 2019). At the time Hanford detector was able to achieve 2.2 dB of squeezing
and Livingston was able to achieve 3.1 dB of squeezing at frequency > 1 kHz. The ∼3dB
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Figure 6.1: A simplified aLIGO layout where the squeezed light source is injected into the
Faraday isolator and is shown in greater detail in Fig. 6.3. The main interferometer light
source originates from inside the pre-stabilization laser (PSL) enclosure. The laser is then
mode-selected by an input mode cleaner (IMC). After the laser mode is filtered it then
propagates towards the power recycling cavity (PRC). The power recycling cavity is made
of a power recycling mirror (PRM) and the two input test masses ITMX and ITMY. After
the PRC the laser propagates towards the beam splitter where half the beam gets reflected
up towards ITMY while the other half gets transmitted towards ITMX. Once the beams
enter through the back of the ITMs they propagate 4-km towards the end test masses
(ETMs) which reflect the beams back to the ITM’s to form a Fabry Perot cavity in each
interferometer arm. The beams then recombine at the beam splitter and continue down
towards the signal recycling cavity (SRC). The beam is mode selected once again by the
output mode cleaner (OMC) before being recorded as gravitational wave signals by the
photodiodes DCPDs.

squeezing level is equivalent to increasing the intracavity power by a factor of 2. Beyond
3dB, radiation pressure will start to degrade interferometer performance at frequency <
50Hz. A filter cavity is then required in order to perform a frequency-dependent squeezing
that will allow quantum noise reduction to happen at all frequencies [120].

6.2 Squeezed light source setup in Advanced LIGO

6.2.1 An Overview

The design for the Advanced LIGO squeezed vacuum injection system has been presented
in Ref. [8, 121, 122] and is shown in Fig. 6.3. The squeezed light source employs a nonplanar
ring oscillator (NPRO) 1 W Nd:YAG laser operating at a wavelength of 1064 nm. It is
locked to the interferometer carrier light transmitted through a ∼30 m long optical fiber.
With its own laser, the squeezed light source can be operated independently, which greatly
simplifies diagnostics. Light from the squeezer laser is then frequency doubled via a second
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Figure 6.2: A plot of a reference without squeezing (dashed blue, dashed orange) vs. a
squeezed (solid blue, solid orange) amplitude spectral density of the Hanford and Livingston
detector prior to O3. The optimization was still ongoing when the measurement was taken.
The best quantum noise improvement is seen at frequency 1 kHz where the detector is
solely limited by shot noise. LHO spectrum suffered from unknown noise below 500 Hz at
the time.

harmonic generator (SHG) designed by the Albert Einstein Institute and constructed as
a two-mirror cavity with an integrated non-linear crystal [100, 123]. The output intensity
of the SHG is stabilized by an intensity servo using an acousto-optic modulator (AOM3),
which stabilizes the power circulating inside the OPO.

The laser, SHG, and power stabilization are placed on an (in-air) optical table located
outside the vacuum chamber that contains the interferometer antisymmetric port readout
chain. The 532 nm pump light is sent to an in-vacuum OPO [105, 124] via a 5 m long
optical fiber. This is one of the places where fiber noise is introduced. With the known
optical losses and phase noise we could in principle observe as much as 5 dB of squeezing
in the interferometer [8]. However, high levels of higher frequency squeezing will have an
observable radiation pressure effect from anti-squeezing at lower frequency [31]. The goal
for the third observation run was 3 dB of observable squeezing in the interferometer, in
order to optimize the detection efficiency for compact binary inspiral events.

The squeezing angle needs to be locked to the phase of the local oscillator (LO) field
used for gravitational wave detection. Since the squeezed vacuum state contains very little
power, we deploy a frequency shifted RF sideband field referred to as the coherent locking
field (CLF) [7, 125], that is concurrently injected into the OPO to serve as a witness for
the squeezer phase. The CLF is generated by splitting off some of the 1064 nm light after
the squeezer laser and passing it through two AOMs that shift the frequency by −200 MHz
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Figure 6.3: An overview of aLIGO squeezed light source setup with SHG components
highlighted in green (section 6.4), OPO components highlighted in red (section 6.5), CLF
components highlighted in orange (section 6.6), LO components highlighted in dark purple,
and the laser stabilization components highlighted in light purple (section: 6.7).

and +203.1 MHz, respectively. This creates a +3.1 MHz offset field which is sent to the
OPO via an optical fiber (Fig. 6.4a). The non-linear interaction between the CLF and the
532nm pump field in the OPO generates an additional sideband at −3.1 MHz (Fig. 6.4b).
The ±3.1 MHz RF sidebands reflected from the OPO create a 6.2 MHz beat note signal,
which senses the difference between the pump field and the injected CLF field. This signal
is fed back to the 203.1 MHz AOM to lock the phase of the CLF light to the pump
field. The ±3.1 MHz RF sidebands transmitted through the OPO (Fig. 6.4c) enters the
dark port of the interferometer along with the squeezed vacuum state, and mixes with the
interferometer light to create an error signal for squeezer phase noise control (Fig. 6.4d).

+3.1 MHz

(a)

+3.1 MHz

-3.1 MHz

(b)

+3.1 MHz

-3.1 MHz

SQZ

(c)

+3.1 MHz

-3.1 MHz

SQZ

(d)

Figure 6.4: Sketch of CLF sidebands relative to the interferometer signal frequency at var-
ious optical field points in the squeezer layout (see Fig. 6.3). (a) CLF +3.1 MHz sideband
(signal) being generated. (b) CLF sidebands (signal and idler) at the OPO reflection port.
(c) CLF sidebands at the OPO transmission port with the squeezed vacuum field depicted
as an ellipse. (d) CLF sidebands at the antisymmetric output of the interferometer beating
with the local oscillator (LO) field. The squeezed field reduces the shot noise of the LO.

The two CLF RF sidebands, serve as a witness to the squeezer phase angle, co-propagate
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with the squeezed state to the antisymmetric port of the interferometer and beat with
the interferometer local oscillator field. In Advanced LIGO, the local oscillator field is
generated by a small differential offset in the arm cavity length [86]. For future generation
detectors, which may employ a balanced homodyne detector [87], the local oscillator field
would be taken from the input light. Either way, this beat note senses the phase difference
between the squeezed vacuum field and the interferometer field. The beat note is used
to generate an error signal to feed back to the squeezer laser—suppressing any remaining
squeezer phase fluctuations. A control diagram outlining this local oscillator servo, together
with the laser locking servo and the OPO locking servo, is shown in Fig. 6.5. Since a part
of the squeezed light source is located on an (in-air) optical bench, acoustic vibrations
significantly disturb the phase angle of the injected squeezed vacuum at frequencies up to
hundreds of Hz.

VCO

EOM1
Laser
PZT

OPO PZT

Main
Laser

Laser PD
SQZ Laser 

servo

LO servoOPO PD

OPO servo

LO PD

LO

Figure 6.5: A simplified block diagram of squeeze angle sensing and control scheme. The
LO loop mixes the squeezer laser with the interferometer laser and feeds back the phase
difference to the squeezer laser via a voltage control oscillator (VCO). The OPO loop
responsible for generating RF signal and idler used in the LO loop is self-contained. The
CLF loop used to generate a signal for the OPO loop and SHG loop responsible for the
OPO pump field are not shown in this diagram.

The response of a cavity to a frequency variation of the laser shows a particular feature
at each multiple of the free spectral range [126]. Typically, the response will completely
disappear resulting in a notch in the transfer function. A larger concern here is that the
response function for an over-coupled cavity will acquire a delay of a full cycle at each
multiple—making it impossible to build a stable linear servo that has a bandwidth higher
than the free spectral range frequency. Since the injected CLF sidebands are also exposed
to the arm cavities, which have a free spectral range of only 37 kHz, the available servo
bandwidth is effectively halved. As we also require a small safety margin, this in turn
limits the maximum bandwidth in the LO feedback servo to about 15 kHz.

We now turn our attention to the five squeezer control subsystems that allow us to
phase lock the squeezed light to the interferometer. The complete optical layout that we
built for the squeezed light source is shown in appendix 10.2.
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Figure 6.6: The main components of the control system to lock the squeezer laser to the
main IFO laser. The main interferometer (IFO) laser passes through the pre-mode cleaner
(PMC) then through the arm length stabilization (ALS) fiber distribution box. The beam
is then sent to the squeezer table via a 30m long optical fiber (the path shown in blue).
The main IFO laser and the squeezer (SQZ) laser beat at a photodiode on the squeezer
table to create a 160 MHz error signal. The error signal is split into three paths: the FAST
path that actuates on the SQZ laser PZT, the slow path that actuates on the SQZ laser
crystal, and the EOM path that actuates on the EOM.

The first subsystem we will focus on is the squeezer laser sensing and control scheme,
to make sure the squeezer laser follows the main interferometer. The main components of
this scheme are illustrated in Fig. 6.6. A sample of light is picked off from inside the pre-
stabilization laser room after the pre-mode cleaner and then sent to the laser distribution
box [127]. The distribution box shifts the frequency down by -160MHz. The reason for
the frequency downshift is because the sample light has historically been picked off from
behind the reference cavity after the laser has gone through an 80MHz AOM twice (hence
upshifted by 160 MHz). The distribution box frequency downshift was then used to make
up for the +160MHz shift from the AOM. However, now the pick-off point has changed
relative to the distribution box leaving 160MHz downshift in the sample light sent to the
squeezer table.

The sample interferometer carrier light is transmitted though a ∼30 m long optical
fiber to the squeezer table. During aLIGO this table sits outside the vacuum next to
HAM6 [128]. The layout has changed slightly now that the site is preparing for A+ at
the time of this writing. The squeezer laser beats with the interferometer sample light
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Figure 6.7: A simplified control diagram to show how noise propagates through the laser
lock loop. The laser noise, including the environmental noise from the 30m long fiber,
is denoted as δNlaser(ph). The subscript (ph) indicates that the noise is phase noise and
is measured in radians. Laser noise enters the loop prior to the sensor block, propagates
through the the table-top frequency stabilization (TTFSS) along with the sensing noise
denoted as δNsenslaser(u). The subscript (u) indicate the unit is Volt. Both the laser noise
and the sensor noise split into two paths: the PZT actuator path (denoted as A1) and
the EOM actuator path (denoted as A2). The noise from two paths are then combined to
make the control signal, denoted as δclaser. We are interested in how much phase noise
exits the loop. This noise is denoted as φlaser(ph).

generating a 160MHz beat note. The signal from the photodiode is sent to a table-top
frequency stabilization servo (TTFSS) where it is demodulated to generate an error signal.
The error signal is then split into three paths: the slow path, the fast path, and the EOM
path. The slow path actuates on the laser crystal temperature and has a bandwidth of no
more than 1 Hz. The fast path actuates on the laser PZT and has a bandwidth of ∼30
kHz. The EOM path actuates on the 35MHz EOM and has a bandwidth of ∼300 kHz.

6.3.1 Laser noise contribution to SQZ angle

Figure.6.7 illustrates how noise propagates through the laser lock loop. We are interested
in φlaser which is the leftover noise after the loop suppression that will enter the next loop
and eventually contribute to the squeezing ellipse phase noise. The two main sources of
disturbances for the laser lock loop are the laser phase noise δNlaser and the photodetector
sensing noise δNsenslaser. Note that δNlaser also includes environmental noise picked up
by the 30m long optical fiber that delivers light to the in-air squeezer table from the ALS
distribution box. φlaser is the quadrature sum of δNlaser and δNsenslaser.

To calculate φlaser we need to first calculate the open loop gain Glaser

Glaser = S · F0 ·
(
F1 ·A1 · 2π

s
⊕ F2 ·A2

)
(6.3.1)

Where F1 and A1 are transfer functions on the PZT actuation path, F2 and A2 are
transfer functions on the EOM actuation path, and S denotes the sensor. For simplicity,
let A1 · 2π

s = A′, F1 ·A′ = PZT and F2 ·A2 = EOM,
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Glaser = S · F0 · (PZT ⊕ EOM) (6.3.2)

where φlaser can be described as quadrature sum (⊕) of the disturbances

φlaser =

(
δNlaser ·

1

1 +Glaser

)
⊕
(
δNsenselaser

Glaser
1 +Glaser

· 1

S

)
. (6.3.3)

However, we need to extract the noise information from the information we actually
have, which is the control signal. The control signal after F0 is divided into two paths, The
PZT path (δcPZT ) and the EOM path (δcEOM ). The PZT control signal can be described
as

δcPZT =

(
δNlaser ·

1

1 +Glaser
· S · F0 · F1

)
⊕
(
δNsenslaser ·

1

1 +Glaser
· F0 · F1

)
= F1 ·

(
δNlaser ·

Glaser
1 +Glaser

· 1

PZT + EOM

)
⊕
(
δNsenslaser ·

Glaser
1 +Glaser

· 1

S
· 1

PZT + EOM

)
(6.3.4)

and the EOM control signal can be described as

δcEOM =

(
δNlaser ·

1

1 +Glaser
· S · F0 · F2

)
⊕
(
δNsenslaser ·

1

1 +Glaser
· F0 · F2

)
= F2 ·

(
δNlaser ·

Glaser
1 +Glaser

· 1

PZT + EOM

)
⊕
(
δNsenslaser ·

Glaser
1 +Glaser

· 1

S
· 1

PZT + EOM

)
.

(6.3.5)
When G is high ( Glaser

1+Glaser
∼ 1, below 100 kHz) and the sensing noise is low relative to

the mechanical noise, each of the control signal becomes

δcPZT ∼ δNlaser ·
F1

PZT + EOM

δcEOM ∼ δNlaser ·
F2

PZT + EOM
.

(6.3.6)

The total control signal δclaser can then be written as

δclaser = δcPZT ·A1′ ⊕ δcEOM ·A2

∼ δNlaser.
(6.3.7)

Now we can write Eq. 6.3.3 in terms of the control signal and sensing noise, which is
the information we can actually measure

φlaser =

(
δNlaser ·

1

1 +Glaser

)
⊕
(
δNsenselaser

Glaser
1 +Glaser

· 1

S

)
. (6.3.8)

Figure. 6.8 plots φlaser which is the quadrature sum of suppressed squeezer laser fre-
quency noise and the sensing noise. δNlaser ∗ TTFSS_CLG represents the first term
of Eq. 6.3.8 where TTFSS_CLG = TTFSS close-loop gain = 1

1+Glaser
. Similarly,
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Figure 6.8: The noise of the laser lock loop after suppression. δNlaser in this plot is derived
from the error signal instead of a control signal because it is mathematically more conve-
nient. In this plot δNsenslaser already includes 1/S calibration. Sensing noise dominates
up to 100 kHz. Dashed lines are the rms values. The residual noise of this loop is 1.5
mrad of φlaser shown in bold, dashed, red line.

δNsenselaser ∗TTFSS_RLG represents the second term in Eq. 6.3.8 where TTFSS_RLG
is TTFSS round trip loop gain = Glaser

1+Glaser
. We will continue to use these notations for the

noise plot legends for the rest of the chapter. For details on close-loop gain and round trip
loop gain see chapter 5.

φlaser propagates forward through the next loop, the SHG lock loop, which we will
discuss in the next section.

6.4 Second Harmonic Generator sensing and control scheme

We briefly discussed the basic principle of how a SHG operates in section 4.5. In this
section we will discuss the details of how the SHG is integrated into the aLIGO squeezer
control system. The aLIGO SHG design is similar to that of the AEI Hannover design
described in [100, 125] with the aLIGO SHG parameters listed in table 6.1. A simplified
SHG set up is shown in Fig. 6.9. The squeezed light source propagates through EOM1
that imposes 35.5 MHz RF sidebands for SHG cavity locking. Half the power is split to
the coherent locking field (CLF) path while the other half continues to the SHG. The
input power into the SHG is controlled optically with a beam splitter cube and a half
wave plate. The nominal operating power is 100 mW which yield 48% conversion efficiency
at the crystal temperature of 39.5 C. A SHG mode matching efficiency of >99% can be
achieved. Two motorized input steering optics have been installed for remote alignment
control when needed.

A dichroic beam splitter is placed in front of SHG input coupler to separate any back
reflected 1064 nm light from the 532 nm that pumps the OPO. The SHG input coupler
reflectivity is 0.9 for 1064 nm and close to 0 for 532 nm to let the generated pump light
through. The SHG output coupler reflectivity is 0.9985 for 1064 nm light and > 0.999 for
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To the OPO

SQZ Laser

Dichroic 
Beam 

Splitter

EOM1

EOM2 SHG

Figure 6.9: A simplified diagram of the components for the aLIGO SHG sensing and
control. The SHG is locked to the squeezer laser and the 532nm light is sent to the OPO
via an optical fiber

532 nm light (see Table. 6.1). The small amount of 1064 nm light transmitted from the
SHG is used for SHG cavity sensing and control.

The generated pump light emerges out of the SHG input coupler, continues to EOM2
where 80MHz RF sidebands are generated for OPO sensing and control. The pump light
then enters the fiber coupler that sends the light into the vacuum chamber where the OPO
is located.

Table 6.1: aLIGO SHG parameters. aLIGO SHG is the same design as enhanced LIGO
SHG so more details can be found in [6].

Input coupler reflectivity (M1) 0.9 for 1064 < 0.02 for 532
Output coupler reflectivity (M2) .9985 for 1064 >.999 for 532
PPKTP Crystal Length (mm) 10
Cavity length (mm) 50
Free spectral range (GHz) 3.0
Finesse 58.8 (1064)
Full width at half max (MHz) 51
PZT calibration 60V/FSR

The aLIGO SHG has a linewidth of 25.5 MHz and is RF locked to the laser by comparing
the transmitted 35.5MHz sidebands to the partially transmitted 1064 nm carrier light.
The photodetector sensing SHG transmitted signal has a responsivity of 0.1A/W and a
transimpedance of 2 kΩ [129]. The signal is demodulated and sent to the filters that
shape the response of the output signal. The output goes to an SHG PZT. The unity
gain frequency (UGF) of the SHG loop at the nominal operating point is ∼ 200Hz with a
phase margin of ∼ 50◦. Although the SHG loop gain itself can be pushed further, high gain
induces mechanical noise that shows up on the coherent locking field (CLF) spectrum [121].
We will discuss the coherent locking field in section 6.6.

6.4.1 SHG noise contribution to squeeze angle

Fig. 6.10 illustrates how noise from various sources propagates through the SHG loop. The
three main noise sources in the SHG loop are SHG length noise/mechanical noise (denotes
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as δNSHG), SHG photodetector sensing noise (denotes as δNsensSHG), and remaining laser
phase noise from the previous loop (denotes as φlaser). Once again we are interested in the
noise residual of this loop, that is pump phase noise (φpump). We write φpump in terms of
incoming noise as

φpump = 2 ·HP
(
δNSHG ·

1

1 +GSHG

)
⊕ δNlaser

(
LP2 +

GSHG
1 +GSHG

)
⊕
(
δNsens ·

GSHG
1 +GSHG

· 1

LP1 · S

) (6.4.1)

Similar to the laser loop, we can’t measure SHG length noise δNSHG directly but
instead derive δNSHG from the known information, that is the control signal δcSHG. We
can write the control signal in terms of SHG length noise as

δcSHG =
GSHG

1 +GSHG
· 1

A
(δNSHG ⊕ φlaser) (6.4.2)

However, in the case of the SHG, the sensing noise is so high that we should not try to
extract SHG length noise out of the information that we have. There is no evidence that we
measured any SHG length noise. The suppressed error signal is plotted in Fig.6.11 showing
the noise that is mostly flat due to the sensing noise from the photodetector. However as
we are after the noise contribution to the squeeze angle from the SHG loop, we do not need
to include φlaser since the laser noise goes right through and will be added in quadrature
at the end to derive squeezing ellipse phase noise. Thus the SHG noise contribution to the
squeeze angle is just SHG sensing noise
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Figure 6.10: A block diagram of the sensing and control scheme for the SHG subsystem.
We multiply the pump phase by a factor of two to account for the conversion from light
at 1064 nm to light at 532 nm. We also include high pass (HP) and low pass (LP) filters
for the noise that is generated within the cavity itself and the laser noise filtering at the
cavity pole respectively. The high pass and low pass frequency is the cavity linewidth (25.5
MHz).
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Figure 6.11: SHG suppressed error signal (green trace) is mostly flat due to sensing noise
from the SHG photodetector (dashed green trace). SHG loop-corrected error signal is
plotted in blue. The transparent lines are the rms of each plot.

φpump =
√

2 · δN2
sensSHG. (6.4.3)

The total noise contribution from SHG loop to the squeezing ellipse phase noise is
plotted in fig. 6.12. The SHG rms noise contribution to the squeezing ellipse phase noise
mostly comes from SHG sensing noise.

6.5 The Optical Parametric Oscillator sensing and control
scheme

We briefly discussed the basic principles of how squeezed light is generated from an OPO
in 4.6. In this section we will discuss the details of aLIGO OPO operations. As mentioned
previously, the aLIGO OPO is a bow-tie cavity designed by the Australian National Uni-
versity [105]. The aLIGO OPO is similar to the one used in enhanced LIGO with slightly
different finesse for 1064nm and a much higher finesse for 532nm. The aLIGO OPO spec-
ifications can be found in Table 6.2. The aLIGO OPO layout is shown in Fig. 6.13.

Table 6.2: aLIGO OPO parameters

Parameter Value
PPKTP Crystal Length (m) 10−3

Free Spectral Range (MHz) 856.54
Finesse, 1064 46.37
Finesse, 532 130.16
Full width at half max, 532 (MHz) 2.76

The OPO arrived on site with a lower finesse of 43.6 for 532nm. This was because
previously all the OPOs were operated in-air and high finesse would couple environmental
noise from the OPO to the squeeze field. The aLIGO OPO was the first OPO designed
for use in gravitational wave detectors to operate in vacuum. The environmental noise
such as acoustic and table vibration are no longer the issues as the OPO is operated on a
suspended platform inside the a LIGO vacuum envolope. Higher green finesse also provides
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Figure 6.12: The plot showing the total noise contribution from SHG loop to the squeezing
ellipse phase noise. The nomenclature of the noise terms in the legend is consistent with
equation 6.4.1. where the terms in the legend refer to the terms added in quadrature. The
SHG rms noise contribution (dashed purple trace) to squeezing ellipse phase noise is 0.12
mrad. The sensing noise is plotted in brown which lies underneath the dark green (φpump)

implying main noise contribution comes from SHG sensing noise itself.

M1M2

M3M4
ε

Pump Input

Pump Re�
SQZ sidebands

CLF Re�

CLF input

Figure 6.13: aLIGO OPO.

a better PDH signal for OPO locking and requires less green input into the OPO for the
same amount of intracavity power. Both LIGO Hanford and Livingston are using a high
finesse OPO for 532nm. The mirror reflectivity for the OPO installed in aLIGO can be
found in Table 6.3.

For O3, the LHO OPO escape efficiency was 98.63 ± 0.03% [130] while LLO OPO
escape efficiency 99.0% [131]. The LHO OPO phase matching temperature as operated in
O3 was ∼33.8 C with a circulated power of ∼ 1 W for 532nm.

Table 6.3: mirror reflectivity for the aLIGO OPO

Mirror Reflectivity (R) 1064 532
M1 .875 .98
M2 .998186 .99998
M3 .999935 .99998
M4 .999936 .99998
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Figure 6.14: A block diagram of the sensing and control scheme for the OPO subsystem.
We include a calibration from length noise to phase noise (m2rad) and filters to account
for both the cavity pole (LP) and the noise that is generated from the cavity itself (HP)

Figure 6.15: The plot showing the total noise contribution from OPO loop to the squeezing
ellipse phase noise. The legend has consistent notation with Fig. 6.12. The OPO rms noise
contribution to the squeezing ellipse phase noise is 0.1 mrad (dashed purple trace).

6.5.1 The OPO noise contribution to squeeze angle

The major noise contribution from the OPO at 1032 Hz is likely due to a bending mode of
the breadboard that supports the OPO optics excited by the PZTs. The OPO breadboard
has a relatively large cutout to accommodate the crystal oven and translation stage. This
frequency is consistent with finite element modeling showing a bending mode in the kHz
region [118]. Similar to the SHG loop, φpump from the previous loop enters the OPO loop
but here we only count the noise contribution to the squeezing ellipse phase noise that are
coming from the OPO loop. Fig. 6.14 shows how noise from various sources propagate
through the OPO control loop. OPO noise propagation is similar to that of SHG loop (see
section 6.4) so we just state the result. Unlike the SHG loop, OPO length noise δNOPO is
significant compared to the photodetector sensing noise. The OPO noise contribution to
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the squeezing ellipse phase noise is a quadrature sum of length noise and sensing noise

φgreen =
√
δN2

OPO + δN2
sensOPO

(6.5.1)

6.6 Coherent locking field sensing and control scheme

The squeezed vacuum fields are so weak they can’t be used as locking signals. Introducing
a seed field to be used as an error signal would also degrade the amount of squeezing [132].
To track the phase difference between the squeezed field and the main interferometer laser,
a coherent locking field technique is deployed [7, 125]. Fig. 6.16 illustrates the CLF path
to the interferometer. The CLF signal is generated by splitting some of the 1064nm light
before the SHG and passing it through two AOMs that shift the frequency by -200 MHz and
+203.1 MHz respectively, resulting in a signal field that is shifted by +3.1 MHz relative to
the squeezer field [133]. This +3.1 MHz signal then propagates towards the fiber coupler,
then gets delivered to the in-vacuum OPO via an optical fiber. Inside the OPO, the non-
linear interaction between the CLF and the 532 nm pump field in the OPO generates an
additional sideband at -3.1 MHz called an idler field. This -3.1MHz idler beats with the
promptly reflected +3.1 to create a 6.2 MHz beat note signal, which senses the difference

To SHG

IFO

SQZ Laser

EOM AOM1 AOM2
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DCPD
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-3.1MHz 3.1MHz
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Figure 6.16: A simplified diagram of the components for the aLIGO coherent locking field
(CLF) sensing and control. AOM1 and AOM2 downshift and upshift the frequency of the
squeezer laser by -200 MHz and 203.1 MHz to generate a +3.1 MHz signal. Inside the
OPO the nonlinear process generate a -3.1 MHz idler pair that beats with the +3.1 MHz
providing a locking signal for the CLF loop.



§6.6 Coherent locking field sensing and control scheme 93

between the pump field and the injected CLF field. This error signal is fed back to the
+203.1 MHz AOM to lock the phase of the CLF light to the pump field.

The ±3.1 MHz RF sidebands transmitted through the OPO enters the dark port of
the interferometer along with the squeezed vacuum state, to mix with the interferometer
carrier light (local oscillator field) to create a 3.1 MHz error signal for squeezing ellipse
phase control. More on the 3.1 MHz loop in section 6.6.1.

6.6.1 CLF noise contribution to squeezing ellipse phase noise from the
CLF control loop

The squeezing ellipse phase noise contribution from the CLF loop is the most complicated
of all five loops involved in controlling the squeezing ellipse. Figure. 6.17 shows three path
ways of how CLF acoustic noise (δNCLFacous), CLF sensing noise (δNsensCLF ), and CLF
noise induced by the pump field (2δNCLFacous) propagate through the CLF loop. We will
discuss the noise terms (φsensCLF , φCLF1,2, φCLF3) in the next subsections.

CLF sensing noise

First let’s get the CLF sensing noise out of the way as it is the simplest noise to propagate.
The CLF sensing noise contribution to the squeeze angle can be written as

φsensCLF = δNsensCLF ·
GCLF

1 +GCLF
· 1

SCLF
. (6.6.1)

CLF acoustic noise

There are two sources of CLF acoustic noise. The first acoustic noise source refers to 1064
nm acoustic noise picked up anywhere after pre-SHG pick-off that doesn’t represent what
the squeezer sidebands are doing. Let’s call the first noise source Term1. The second
acoustic noise source refers to 532 nm acoustic noise introduced by the pump field. The
latter does represent what the squeezer sidebands are doing since the pump field gets down
converted into the squeeze field. Let’s call this second noise source Term2. Unfortunately,
because the loop sees both noise sources and can’t distinguish between the noise that
represents the squeezing ellipse phase noise and the noise that doesn’t, we have to assume
the worse case scenario where all the noise comes from the pump field. Thus both Term1
and Term2 get suppressed by the CLF loop. Let Term1+Term2 = δNCLF . The noise
contribution from both 1064 nm and 532 nm acoustic noise (φCLF1,2) can be written as

φCLF1,2 = δNCLF ·
1

1 +GCLF
. (6.6.2)

The third noise term, referred to here as Term3 or φCLF3, occurs when the OPO pump
field introduces noise in the CLF idler while the CLF signal remains unchanged. This is
a problem when the noise occurs above the CLF loop bandwidth but below the LO loop
bandwidth that controls the squeezing ellipse phase noise (which we will discuss in the
next section). For instance, if pump field moves by 10 Hz, this would also cause the idler
to move by 10 Hz as the signal and idler are symmetric around the pump field. But for the
LO loop it’d appear that the idler field moves by 20 Hz and would incorrectly compensate
for it. Thus, φCLF3 noise from CLF contributes to the squeezing ellipse phase noise up to
the bandwidth of the LO loop



94 Advanced LIGO squeezing experiment

δNCLF_acous(ph)

фCLF1,2

x Pole (2π/s)
x PZT calibration (Hz/V)

x Electronics (V/V)

PDH calibration
(V/rad)

A
(203MHz VCXO)

F
(Common Mode 

Board)

Sensor
(CLF Re�)

-1

(a)

x Pole (2π/s)
x PZT calibration (Hz/V)

x Electronics (V/V)

δNsensCLF(u)

PDH calibration
(V/rad)

фsensCLF

A
(203MHz VCXO)

F
(Common Mode 

Board)

Sensor
(CLF Re�)

-1

(b)

δNCLF_acous(ph)

фCLF3

x Pole (2π/s)
x PZT calibration (Hz/V)

x Electronics (V/V)

PDH calibration
(V/rad)

A
(203MHz VCXO)

F
(Common Mode 

Board)

Sensor
(CLF Re�)

-1

x2

(c)

Figure 6.17: A block diagram of the sensing and control scheme for the CLF subsystem.
Noise contribution to SQZ angle can be divided into three parts: a) noise contribution from
CLF acoustic noise at both wavelengths φCLF1,2 b) noise contribution from CLF sensing
noise φsensCLF and c) noise contribution from acoustic noise induced by pump field φCLF3.

φCLF3 = 2 · δNCLF ·
1

1 +GCLF
· GLO

1 +GLO

= 2 · φCLF1,2 ·
GLO

1 +GLO
.

(6.6.3)
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CLF total noise contribution

Therefore, the overall noise contribution to the squeezing ellipse phase noise from CLF
loop can be written as a quadrature sum of φCLF3 and the CLF sensing noise

φCLF = φCLF3 ⊕ φsensCLF . (6.6.4)

Figure 6.18 plots all the noise terms involved in the H1 CLF loop and the total rms
contribution to the squeezing ellipse phase noise. The first and second acoustic terms
(Term1 and 2) combines, suppressed, and denoted as a single noise source δNCLF . The
third terms involves both the first and the second terms and occurs when the LO loop
(discuss in section 6.7) mistaken the unsuppressed idler noise for being the squeezing ellipse
phase noise. The CLF loop during O3 was operated at a 3 kHz bandwidth.

Figure 6.18: The plot showing the total noise contribution from CLF loop to the squeezing
ellipse phase noise. The CLF rms noise contribution to the squeezing ellipse phase noise
is 1.72 (dashed purple trace).

6.6.2 CLF noise contribution to squeezing ellipse phase noise due to RF
sideband imbalance

Unequal amplitude of the modulation sidebands can add phase noise to the carrier field.
Depending on how the sidebands are oriented, the amplitude of the two sidebands either
add or subtract. In case of CLF, we want to optimized our ±3MHz error signal. Thus the
two sidebands add. The rms noise due to CLF sideband imbalance can be written as

φCLFimb =
i+ s√
Pcr

, (6.6.5)

where i is the amplitude of the CLF idler field, s is the amplitude of the signal field,
and Pcr is the power of the carrier field at the DCPD. The height of each sideband can
be calculated using the error signal ellipse which can be obtained by plotting the real and
imaginary part of the error signal on the oscilloscope using the XY mode, and by knowing
the total power of the two sidebands. For LHO, the CLF sidebands ratio with an input
power of 40 µW at a nonlinear gain of 4.9 is 0.44. The sideband power hitting the DCPC
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is 21 nW and the interferometer carrier power is 25mW. After solving for i and s, using
Eq. 6.6.5 we find that CLF sidebands contributes 1.2 mrad the squeezing ellipse phase
noise.

6.7 Local oscillator field sensing and control scheme
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Figure 6.19: A simplified diagram of the components for the aLIGO LO sensing and control.

The local oscillator field loop, or the LO loop, is the last of the loops involved in squeeze
angle sensing and control. The LO loop relies on the CLF signal and idler field to witness
the squeezing ellipse phase noise. Fig. 6.19 illustrates the path of the LO signal propagates.
After the CLF sidebands enter the interferometer along with the squeeze vacuum field, they
mix with the main interferometer field and come back to the dark port with the squeezed
IFO carrier field. The ± 3.1 MHz sidebands beating with the carrier that is no longer
dark, generate a 3.1 MHz error signal that senses the phase difference between the main
IFO field and the squeeze vacuum field. The signals then transmitted through the output
mode cleaner, and gets detected by the two DCPDs. The signal from the two DCPDs
adds, then split into two paths: one to actuate the differential arm length, the other to be
demodulated by the 3.1 MHz. The 3.1 MHz signal indirectly actuate on the squeezer phase
by actuating on the squeezer laser voltage control oscillator (VCO) that controls the 160
MHz demodulation frequency (recall section 6.3). And that’s it! The loop is completed!
The squeezer laser now follows the main IFO laser.

6.7.1 LO noise contribution to squeeze angle

The main noise source for the LO loop comes from the squeezer laser noise itself. This
includes the unsuppressed Mephisto frequency noise and the noise picked up by the 30 m
long fiber that sends the detector main laser sample to be a reference for the the squeezer
laser. Figure. 6.20 shows how noise enters and propagates through the LO loop. The
LO noise (δNLO) enters the loop, gets suppressed, enters the interferometer then sees the
output mode cleaner low pass filter (LPOMC) on the way out of the interferometer dark
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Figure 6.20: A block diagram of the noise propagation for the aLIGO LO subsystem.

port. The total noise contribution from LO loop to the squeeze angle (φLO) can be written
as

φLO =

(
δNLO ·

1

1 +GLO
· LPOMC

)
⊕
(
δNsensLO ·

GLO
1 +GLO

· 1

S

)
. (6.7.1)
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Figure 6.21: LO noise budget with 4kHz bandwidth suppression as operated in O3. Both
the LO photodetector sensing noise and the fiber/acoustic noise are included in φLO

Figure. 6.21 plots the unsuppressed LO noise δNLO, the in-loop LO noise (Eq. 6.7.1
first term), the in-loop LO sensing noise (Eq. 6.7.1 second term), and the total LO noise
contribution φLO that includes both the loop sensing noise and the fiber/acoustic noise.
The measurement was made during O3 with a suppression bandwidth of 4 kHz.

6.8 Total squeezing ellipse phase noise in advanced LIGO

The goal of the current implementation in advanced LIGO is to keep the optical losses
below 50% and the rms squeezing ellipse phase noise below 10 mrad. This can lead to a
3 dB improvement in shot noise. Table 6.4 shows the noise contribution to the squeezing
ellipse rms phase noise in aLIGO.
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Table 6.4: Squeezing ellipse phase noise budget for the current Advanced LIGO squeezed
light source. All the noise sources are added in quadrature to obtain the total noise of 15
mrad.

Contribution mrad
Laser locking 0.73
SHG 0.12
OPO 0.10
CLF 1.72
Fiber/acoustic noise 0.48
LO sensing noise 0.18
RF sidebands (CLF) 1.2
RF sidebands (interferometer sensing) 15
Total 15

It turns out that the major noise contribution to the squeeze angle comes from the
interferometer fields rather than the fields from the squeezer subsystem. The interferom-
eter intentional leakage field beats with the RF sidebands used to sense various degrees
of freedom inside the interferometer produces both amplitude and phase noise. When no
squeezed vacuum field is present, only amplitude noise matters and would appear in the
total detector strain sensitivity as shot noise. However, when a squeezed vacuum is intro-
duced, phase noise of the interferometer leakage field adds to the existing phase noise in
the squeezed vacuum ellipse.

There are two sources of squeezing ellipse phase noise caused by the interferometer RF
sidebands: 1) the beating between the leakage carrier field due to contrast defects and
the RF sidebands, and 2) the RF sidebands imbalance. The difference between contrast
defects and sideband imbalance is illustrated in Fig. 6.22.

Table. 6.5 lists all the relevant parameters known at LHO. The total power at the AS
port (aspwr) is 250 mW which composes of 19.4% carrier (asdc), 6.3% 9 MHz (as9), 74.3%
45 MHz (as45). The ratio between the two 9 MHz sidebands (ratio9) is 1.6. And the ratio
between the two 45 MHz sidebands (ratio45) is 1.2. Total carrier measured after the OMC
(pdc) is 25 mW, including the leakage power due to contrast defects (ac) of 2 mW.

Table 6.5: All the known, measurable, aLIGO parameters

Total power at the AS port (mW) %carrier %9MHz %45MHz
250 19.4 6.3 74.3
Sideband frequency (MHz) Sideband ratio
9 1.6
45 1.2
Total power after the OMC (mW) %contrast defects
25 8
OMC parameters
FSR (MHz) 264.8
Finesse 390

To calculate squeezing ellipse phase noise contribution from the IFO fields, the carrier
and the sideband amplitudes are required. The fields at the dark port can be defined as
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Figure 6.22: pictures illustrating the AS port fields due to a) arm length mismatch and b)
contrast defects. They’re 90 degrees apart by definition.

RF ′m = RFme
iωt

RF ′p = RFpe
iωt

LO = (al + iac)e
iωt

(6.8.1)

Where RF ′m and RF ′p are the minus and plus sideband fields of the radio frequency, LO
is the IFO carrier field. Here we need to find the minus sideband amplitude (RFm), plus
sideband amplitude (RFp), and carrier leakage field amplitude due to the intentional arm
length offset (al). Knowing the total power and the contrast defects power, the power due
to interferometer intentional offset can be calculated. Recall pdc is the total power after
the OMC (at the DCPD) equal to 25 mW and ac is the amplitude of the contrast defects,

a2
l + a2

c = pdc = 25× 10−3

a2
c = 2× 10−3

ac = 0.045

al = 0.15.

(6.8.2)

Knowing the sidebands ratio, the amplitude of each of the 9 and 45 MHz sideband after
the OMC can be calculated

RF 2
m = ratio9,45 ·RF 2

p

RF 2
m +RF 2

p = TOMC9,45 · as9,45 · aspwr,
(6.8.3)
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where TOMC9,45 is the OMC transmission factor for the 9 MHz or 45 MHz that can be
approximated to

TOMC9,45 =
(OMCFSR/2 ·OMCFinesse)

9, 45MHz
. (6.8.4)

Using Eq. 6.8.3 the amplitude of plus and minus 9MHz and 45 MHz sidebands can be
solved.

RF9p = 0.0029

RF9m = 0.0037

RF45p = 0.0022

RF45m = 0.0024

(6.8.5)

We are interested in the squeezing ellipse phase noise caused by the orthogonal RF
sideband terms beating with the IFO carrier field

RFphasenoise9,45 = =
{

(RFm +RFp + LO) · LO∗
pdc

}
=
−acRFm cos(wt)− acRFp cos(wt) + alRFm sin(wt)− alRFp sin(wt)

pdc
.

(6.8.6)
Subsitute in the number from 6.8.5 to get

RFphasenoise9 = −0.0118 cos(wt) + 0.0047 sin(wt)

RFphasenosie45 = −0.0081 cos(wt) + 0.0013 sin(wt)
(6.8.7)

The total squeezing ellipse phase noise from interferometer sensing as listed in Table. 6.4
can be obtained by adding RFphasenoise9 and RFphasenoise45 in quadrature

RFphasenoisetot = RFphasenoise2
9 +RFphasenoise2

45. (6.8.8)

Looking at Eq. 6.8.7 you may notice that the larger squeezing ellipse phase noise con-
tribution from the interferometer comes from the contrast defects related term. In the
future there is a plan to deploy a Homodyne detector scheme at the interferometer dark
port that would allow for an external local oscillator field to manipulate and minimize the
contrast defect field. More about the future detector in chapter 7.

6.9 Quantum-enhanced advanced LIGO detectors: the per-
formance

Both the L1 and H1 detectors were running with squeezed vacuum in O3. Squeezing
enhanced L1 sensitivity by 2.7 dB in a shot-noise limited region above 50 Hz leading to a
14% increase in BNS range and enhanced H1 sensitivity by 2dB leading to 12% increase in
BNS range [8, 9]. At Livingston, radiation pressure can be observed below 50 Hz preventing
any more squeezing injected even though up to 3.2 dB of squeezing can be observed at
frequency above 50 Hz [8, 9]. At Hanford, the level of squeezing injected is limited by loss.
L. McCuller et al. 2021 [134] shows that L1 detector suffered from 12% mode mismatch
loss in addition to 31% known loss while H1 suffered up to 35% loss due to mode mismatch
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in addition to the 34% known loss. These losses deteriorated the amount of squeezing seen
even at high frequency, limiting the squeezing at Hanford detector to 2dB above 1kHz
compared to ∼3.2 dB at the Livingston detector. [134].

Losses are the main source of squeezing limitation in advanced LIGO. In A+, there is a
plan in place to deploy lower loss Faraday isolator [135] and active mode matching system
to optimize the mode matching between the squeezed beam and the interferometer beam.
The goal for A+ is to reach 6dB squeezing.

6.10 Chapter Summary

First we introduced the basic layout of aLIGO and the squeezed light source setup for O3.
We then discussed the squeezed light source control scheme and the squeezing ellipse phase
noise contribution from each control loop and then showed that the squeezing ellipse phase
noise contribution from the squeezer sensing and control scheme is negligible compared
to the phase noise from RF sidebands used for interferometer sensing. And finally we
summarized the performance of aLIGO detector with squeezed light source integrated.
This work is currently the operational squeezer control system for aLIGO.
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Figure 6.23: An amplitude spectral density plots of the total quantum and classical noise
in a) LIGO Livingston detector and b) LIGO Hanford detector. The black trace is the
detector noise without injected squeezing. Gray plot is when the shot noise is subtracted
from the reference. Other plots are various level of squeezing/anti-squeezing as the squeeze
angle rotates. With classical noise subtracted, both detectors achieved -4 dB of quantum
noise reduction at ∼100 Hz [134].



Chapter 7

Low Phase Noise Squeezed Vacuum
for Future Generation Gravitational
Wave Detectors

In the previous chapter, we showed that the phase noise introduced by the squeezer setup
and control system in aLIGO is negligible. Therefore, this control system does not limit
the sensitivity improvement that can be achieved from squeezing in current generation
GW detectors. Future gravitational-wave detectors aim for higher sensitivity which will
place a more stringent limit on the allowable phase noise. In principle, phase noise could
be mitigated by increasing the bandwidth of the servo used to lock the squeezer laser to
the interferometer laser. However, the current control scheme requires the interferometer
laser to be delivered to the squeezer table via a 30 m long optical fibers that is susceptible
to acoustic noise and relies on the LO loop, whose bandwidth is limited by the length of
the 4-km interferometer arms, to suppress those noises. LO bandwidth is currently limited
to ∼15 kHz. Cosmic Explorer, a proposed next-generation GW detector [136], will have
40-km-long arms, thus limiting the bandwidth to 1.5 kHz, which is not high enough to
suppress fiber and acoustic noise. This means that the squeezer control scheme used in
aLIGO cannot be used for a future detector like CE that aims for 10 dB of quantum noise
reduction [29].

In this chapter, we present and analyse an alternative control scheme that will increase
the overall phase noise suppression by using the in-vacuum filter cavity as a reference
for stabilizing the laser frequency of the squeezed light source. This will allow for rms
phase noise of less than a milliradian—a negligible level for all planned future-generation
gravitational-wave detectors [117].

7.1 Filter Cavity as a frequency reference

Since the servo bandwidth is limited to less than half the free spectral range of the arm
cavities, future generation detectors, such as Cosmic Explorer, with ten times longer arm
length will be limited to a bandwidth of 1.5 kHz or less with their local oscillator servo.
This will not be high enough to suppress the effects of acoustic vibrations to a negligible
level. In fact, reducing the bandwidth would introduce an additional ∼6 mrad rms of
squeezer phase noise, which is higher than the requirement for future gravitational wave
detectors. Therefore, it will be necessary to employ a shorter in-vacuum cavity that will
serve as a frequency reference and which will preserve or even extend the servo bandwidth.

The next upgrade to Advanced LIGO will introduce a 300 m suspended filter cav-
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Figure 7.1: A sketch of the experimental configuration covering both control configurations
mentioned in section 7.2 including the filter cavity mentioned in section 7.3. Only the servo
controls for the SHG and CLF are shown. The servo controls for the OPO, the LO, and
the filter cavity loop are shown in separate figures.

ity [137] which will rotate the squeezer angle, in order to simultaneously reduce shot noise
at high frequencies and radiation pressure noise at lower frequencies. The suppressed
length noise of the filter cavity is designed to be better than 1 × 10−16 m/

√
Hz above

20 Hz [138], which was set by the backscatter noise requirement [138]. Any future ground-
based gravitational wave detector is likely to include a filter cavity in the design as well.
We can take advantage of this filter cavity and use it as the frequency reference for the
squeezer laser, instead of using the interferometer laser delivered from the pre-stabilized
laser (PSL) enclosure located 30 m away, and lock the laser to the filter cavity with a
bandwidth in the 10–100 kHz range. The LO locking loop can then feed back to a length
actuator of the filter cavity at a much lower bandwidth—probably no more than 10-20 Hz
will ultimately be required for backscatter reasons. The optical setup is shown in Fig. 7.1,
and the corresponding control diagram is depicted in Fig. 7.2a.

In Table 7.1 we present the squeezer phase noise budget for 4 different configurations:

• the current aLIGO detector, with 4 km arms and the squeezer laser locked to the
PSL (this is the configuration that was analyzed in chapter 6).

• a future generation detector with 40 km arms and the squeezer laser locked to the
PSL (discussed in section 7.2).

• a future generation detector with 40 km arms and the squeezer laser locked to a
300-m-long filter cavity using a variant of the CLF scheme (discussed in section 7.3).

• a future generation detector with 40 km arms and the squeezer laser locked to a 300-
m-long filter cavity using a frequency-shifted green beam (discussed in section 7.3).
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Figure 7.2: Controls diagram of the filter cavity reference configuration in (a), and a
simplified noise model how phase noise enters the squeezed light control loops in (b). The
laser is locked to the filter cavity with a high bandwidth servo feeding back to the VCO.
Then, the LO error signal is fed back to filter cavity length actuator with a much lower
bandwidth.

A simplified model how phase noise is injected into the squeezed light is shown in
Fig. 7.2b.

7.2 Future detector using PSL reference

In the second configuration, the projection of squeezer phase noise is similar to the current
aLIGO detector, but with reduced LO bandwidth. The LO servo bandwidth is limited
by the free-spectral-range of the arm cavities to about 1.5 kHz, which limits the available
suppression for fiber and acoustic noise. While the laser frequency noise (0.73 mrad)
remains unchanged, the noise contribution from the SHG, OPO, CLF, and fiber/acoustic
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Table 7.1: Phase noise budget for the current aLIGO squeezed light source
and projections for future generation detectors. For the latter we are modelling
3 cases: a simple reduction of the LO bandwidth to 1 kHz (using PSL as a
reference), the addition of a filter cavity with IR sensing (FC IR) using 10 kHz
bandwidth for the laser feedback, and the addition of a filter cavity with green
sensing (FC green) using 100 kHz bandwidth. Contributions are given in mrad
rms.

Contribution (value in mrad) aLIGO
PSL

Future Generation
PSL FC IR FC green

Laser locking 0.73 0.73 0.73 0.73
SHG 0.12 0.36 0.066 0.017
OPO 0.10 0.20 0.079 0.035
CLF 1.72 1.89 <0.1 <0.02
FC length noise – – 0.003 0.003
FC sensing noise – – 0.26 0.005
Fiber/acoustic noise 0.48 3.55 0.18 0.017
LO sensing noise 0.18 0.11 0.044 0.044
RF sidebands (CLF) 1.2 2.1 1.1 0.7
RF sidebands (interferometer sensing) 15 4.2 – –
Total 15 6.2 1.4 1.0

noise increase due to less final (LO) loop suppression.
This configuration also includes a balanced homodyne detector [139]. The balanced

homodyne detector uses an independent local oscillator that can be locked to the interfer-
ometer field at an angle that removes the effect of the carrier contrast defect. Here the
contrast detect refers to the small amount of light that leaks into the LO independently
of the interferometer offset because of a small reflectivity mismatch in the interferometer
arms. Without the phase noise due to contrast detects, the rms phase noise of the squeezing
ellipse is estimated to be about 6 mrad, which doesn’t meet the future generation detectors
requirement.

Figure 4.24 shows the level of squeezing achievable as a function of loss and phase noise.
At 10 dB of squeezing, with 25 mrad of rms phase noise the optical losses can be no larger
than 5%. However, with ≤1 mrad of rms phase noise the optical losses can be as high as
10% [117, 136, 140]. Since some optical losses cannot be avoided, it is highly desirable to
keep the contribution from phase noise negligible.

7.3 Filter cavity configuration: using a filter cavity as a ref-
erence

The third and fourth model configuration both use a 300 m filter cavity as the frequency
reference for the squeezer laser. There are two basic ways to generate a Pound-Drever-Hall
type locking signal [112] from the filter cavity: (i) using an infrared sideband similar to
the CLF but with a frequency that makes it resonant in the filter cavity, or (ii) splitting
off a part of the green pump light, frequency shift it to be resonant, add RF sidebands and
inject it into the filter cavity for locking. The first method suffers from the same problem
as the CLF in that the available light power is extremely small. Advanced LIGO has a
requirement that the filter cavity sensing noise be better than 10−4 Hz/

√
Hz below the

filter cavity pole of 50 Hz, and due to a flat shot noise a corresponding phase noise of
2 × 10−6 rad/

√
Hz above. This sensing noise in turn will be added to the squeezer laser
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frequency, if we feed it back to the laser with a high bandwidth servo. The bandwidth
would be around 10 kHz in this case—high enough to suppress acoustic noise on the input
light, but not too high as to add excess sensing noise to the laser. Assuming the sensing
noise in the LO loop is similar to the one for the filter cavity, the corresponding phase
noise contribution from the LO sensing noise is rather small due to the low bandwidth
requirement of 100 Hz only. However, the phase noise contribution from the CLF RF
sidebands will be rather large. We assume that we can increase the local oscillator from
25 mW to 100 mW to partially mitigate the problem. An alternative solution would be
to increase the attenuation provided by the output mode cleaner (OMC) which currently
attenuates the CLF power by about a factor of 100. A higher attenuation factor would
allow for a higher CLF power to lock the filter cavity by simultaneously decreasing the
phase noise from the CLF RF sidebands in the interferometer. Any contributions from
the RF sidebands of the interferometer have been neglected as we are assuming that we
will be able to provide adequate suppression through the OMC. This leads to an estimated
squeezer phase noise of 1.4 mrad rms.

The second method is using green light to lock the filter cavity and does not have the
same power limitations. It can therefore provide a lower sensing noise for the filter cavity
error signal. This enables a higher 100 kHz bandwidth for the laser locking loop, limited
by the free-spectral-range of the filter cavity. Realistically, the finesse for green light will
not be nearly as high as for red light. In Advanced LIGO, the green finesse is about a
factor of 16 lower, which results in a 800 Hz cavity pole. Using 3 mW of green light, we
can achieve the same sensing noise as with infrared (IR) sensing, 1× 10−5 Hz/

√
Hz below

the filter cavity pole, which corresponds to a phase noise of 1.25 × 10−8 rad/
√

Hz above.
This is low enough that closing a high bandwidth servo back to the laser will contribute
a negligible amount of sensing noise. The noise budget for the filter cavity with green
sensing is shown in Fig. 7.3. We assumed that we can further increase the local oscillator
field to 200 mW, which then leads to an estimated squeezer phase noise of 1.0 mrad rms.
Strictly speaking, this is probably not required. In the next section, we will see that the
phase noise from RF sidebands acts differently from phase noise at lower frequencies.

Below about 20 Hz, the frequency noise of both schemes will be dominated by the
motion of the filter cavity mirrors, which are suspended on a seismic isolation platform.
However, this motion can be suppressed by the LO servo feeding back to the cavity length.

7.4 Advanced LIGO using OPO reference: a proof-of-concept
experiment

In the Advanced LIGO configuration, we were able to perform a test with the OPO serving
as the reference cavity. The OPO in Advanced LIGO is a free space cavity with a free
spectral range of 850 MHz. The mirrors are mounted on an optical breadboard with two
of the mirrors employing PZT actuators to change the OPO length.

We were able to lock the laser directly to the OPO cavity using a 300 kHz bandwidth
servo. The squeezer phase error signal was then fed back to the OPO length using one of the
PZT actuators. The corresponding control diagram is shown in Fig. 7.4b. This scheme has
enough loop gain to successfully suppress frequency noise from the laser and the acoustic
noise from the fibers to a negligible level. However, the performance of the OPO reference
configuration was limited by an internal body mode of the optical breadboard supporting
the OPO, see Figure 7.5b. The motion of this bending mode near 1 kHz was impressed
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Figure 7.3: Noise budget for filter cavity configuration with green sensing.

on the squeezing angle by the servo which locks the squeezer laser to the OPO. Overall,
this resulted in a somewhat worse phase noise performance. Nevertheless, we consider this
OPO reference configuration a successful validation of the concept that the frequency of
the squeezed light source can be referenced to a separate shorter cavity with increased
control bandwidth.

7.5 Other considerations

7.5.1 Phase Noise from RF Sidebands

In aLIGO, the largest contribution to the squeezer phase noise comes from the RF side-
bands that are used to sense the auxiliary degrees-of-freedom of the interferometer. A
9.1 MHz pair of RF sidebands and a 45.5 MHz pair are used. They are partially stripped
off by the output mode cleaner before reaching the photodetector measuring the differen-
tial arm length. The cavity pole of the output mode cleaner is around 300 kHz. Reducing
the modulation index of the RF sidebands will reduce their effect on squeezing, but also
introduce additional sensing noise in the auxiliary degrees-of-freedom. The latter is already
problematic, so we do not envision that future gravitational wave detectors will reduce the
modulation depth significantly.

RF sidebands mix the vacuum states near the frequency of the RF sidebands back to
low frequencies. Because of the output mode cleaner this is fundamentally different than
phase noise affecting the squeezed vacuum states at lower frequencies. At the frequencies
below the cavity pole of the mode cleaner phase noise mixes back states of anti-squeezing,
whereas well above the cavity pole, it mixes back shot noise. In this sense, RF sidebands
act similar to an optical loss, where we can estimate the equivalent optical loss by the ratio
of RF sideband power over the local oscillator power. For aLIGO, this ratio is around 1%.
For the future detectors, there are plans to install balanced homodyne detectors with a
separate local oscillator field. Having a separate local oscillator field allows for the field
rotations that could counteract the contrast detects term to eliminate the phase noise
contribution from RF sidebands [138].
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Figure 7.4: Controls diagram of the PSL reference configuration (a), and the OPO reference
configuration (b). In the PSL reference configuration, the OPO length is locked to follow
the laser frequency and the LO error signal is fed back to the voltage control oscillator
(VCO). The VCO sets the frequency offset between the squeezer and main laser by locking
the beat note to the VCO frequency and feeding the error signal back to the squeezer laser.
In the OPO reference configuration, the squeezer laser is directly locked to follow the OPO
length and the LO error signal is fed back to the OPO length actuator.

7.5.2 Laser Frequency Noise

Using the filter cavity as a reference for suppressing phase and frequency noise makes
it possible to reach sub milliradian phase noise performance. The laser frequency noise
contribution is listed as 0.73 mrad in all 4 cases. The bulk of the rms noise is acquired at
frequencies above 100 kHz due to marginal suppression of the intrinsic NPRO frequency
noise. One could improve this by splitting off a small part of the main laser light after
the input mode cleaner instead of using a separate squeezer laser. In aLIGO, the filtering
provided by the input mode cleaner reduces the laser noise above 8 kHz. This will be
particularly important, if future generation detectors use a different type of laser, which
may exhibit excess high frequency noise. We anticipate that a different laser would be
required in order to support a change in the wavelength or to obtain a higher power with,
perhaps, an all-fiber amplifier design. Alternatively, the squeezer laser could be equipped
with its own mode cleaner cavity to provide the desired high frequency filtering.
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Figure 7.5: Measured performance of OPO reference configuration in aLIGO. The error sig-
nal of the squeezer phase, referred to here as the LO error signal, measured while operating
with (a) the PSL reference configuration and with (b) the OPO reference configuration. In
the OPO reference configuration, the phase noise is dominated by the OPO breadboard’s
bending mode. The PSL reference configuration is much less susceptible to OPO length
noise. The major noise contribution to the left plot comes from acoustic noise, such as
from the 30 m long optical fiber that delivers the interferometer carrier light to the optical
bench of the squeezer. Acoustic noise also affects the optical mounts on the squeezer bench
as well as the two optical fibers which deliver the green pump light and the CLF into the
vacuum chamber, respectively. The measurement on the left was taken using the local
oscillator at the antisymmetric port of the interferometer, while the measurement on the
right was taken with a homodyne detector on the diagnostics table.

7.6 Conclusions

The current squeezer control scheme meets the Advanced LIGO and A+ performance
requirements for squeezer phase noise. Future detectors will not be able to reach the higher
levels of squeezing envisioned without improving phase noise significantly, which is not
possible with the control scheme currently used in aLIGO. We have shown that the current
scheme is sensitive to optical fiber noise and acoustic vibrations of in-air components. We
expect that these noise sources will be harder to suppress in future generation gravitational
wave detectors with extremely long arm cavities, where the free-spectral-range of the arm
cavities will set an upper limit on the available servo bandwidth. We have successfully
demonstrated that higher bandwidth can be achieved by using the in-vacuum OPO as a
reference cavity—albeit with extra phase noise. We propose a new control scheme where
the filter cavity, which enables frequency dependent squeezing, is used as the frequency
reference for the squeezer laser. This will result in an rms phase noise for the squeezed
light source that is around or below 1 mrad—especially if frequency doubled light is used
to sense the length of the filter cavity. If this scheme is employed in future GW detectors,
squeezer phase noise will have a negligible effect on the overall squeezing performance.
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Chapter 8

A TSR Interferometer for Internal
Squeezing

Gravitational waves from colliding neutron stars carry information on matter at extreme
densities that can be used to fine tune the equation of state. In a similar manner to
how physicists are constantly fine-tuning the Hubble constant that dictates how fast the
Universe is expanding, physicists are constantly fine-tuning the “combined dimensionless
tidal deformability” Λ̃ that dictates the state of matter given a set of physical conditions.
This information is expected to be found at 2-4 kHz frequency range, that is outside
of any ground-based detector bandwidth. Although aLIGO high sensitivity region can be
adjusted to kHz range by tweaking the signal-recycling cavity (SRC) length [141, 142, 143],
operating the interferometer at detuned configuration is not trivial as the sensing and
control of the detector becomes more challenging. A new detector with a design that
targets gravitational wave information at kHz range would open up a new window to the
Universe. In Australia, a kHz range detector known as Neutron Star Extreme Matter
Observatory has been proposed [25]. The proposed sensitivity is comparable to full third-
generation detectors around kHz bandwidth at 1/10 of the cost with a squeezed light source
included in the proposal.

There are many techniques that can be used to enhance the sensitivity of a GW inter-
ferometer in the kHz range. An interferometer topology that uses a long signal recycling
cavity can be used to enhance a narrow bandwidth sensitivity at kHz [144]. A twin sig-
nal recycling (TSR) technique provides a resonance doublet feature that can be tuned
to enhance kHz band sensitivity [145]. While the external squeezing [3, 8, 29] technique
currently deployed at LIGO detectors will be part of gravitational wave detectors for the
foreseeable future, there is a more recent technique that uses an internal squeezing where a
non-linear element is placed directly inside a cavity. The highest squeeze factor inside the
cavity is reached at threshold. However the squeeze factor outside the cavity is not funda-
mentally limited due to the destructive interference between the incoming coherent field
and the outgoing squeezing [146]. However the (gravitational wave) signal originates inside
the cavity and its deamplification is therefore limited. The noise therefore gets deamplified
more than the signal and therefore improves the signal to noise ratio and therefore the
sensitivity of the detector. Also note the bandwidth is reduced as the internal squeezing
increases the sensitivity inside the cavity linewidth. For a rigorous mathematical treatment
and more comprehensive explanation we refer the interested reader to the excellent work
of Korobko [147].

And finally, we [27] have proposed an internal squeezing scheme inside a long signal-
recycling (SR) interferometer where the length of the SRC is relatively long (∼300m)
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compared to the 4-km Michelson arms. The internal squeezing inside a long SRC scheme
has also been proposed to be part of the future detector configuration [25].

In this chapter we discuss each of the individual techniques used in [27] in section 8.1.
Then we develop and demonstrate a new control scheme with a Michelson interferometer
and a twin signal recycling cavity that allows the Michelson to operate on dark fringe and
meets the low loss requirement of the internal squeezing in section 8.2.

8.1 A Twin-Signal-Recycling Interferometer for internal
squeezing: important concepts

In this section we will discuss some of the important concepts that we chose to demon-
strate on a table top experiment as part of the possible future gravitational wave detector
technologies.

8.1.1 Long signal recycling cavities

A conventional SRC such as the one used in the aLIGO detector, whose peak sensitivity
was designed to be at a 100 Hz band, is considerably shorter than the arm length. The SRC
length is just 56m long compared to a 4km long arms [148]. In order to build a detector
that directly targets information at a kHz frequency band, a long SRC was proposed [144].

The Michelson arms and the SRC together makes a coupled oscillator systems whose
splitting frequency (fsp) and cavity bandwidth (γ) is given by [27, 149]

fsp =
c
√
TITM

4π
√
LarmLsrc

γ =
cTSRM
4Lsrc

(8.1.1)

Where c is the speed of light, TITM and TSRM are the input test mass and signal
recycling mirror transmissivity, Larm and LSRC are the lengths of the arm cavities and the
signal recycling cavity length. For a 4-km long detector to be sensitive at 2.5kHz band,
the SRC length would have to be 319m long.

8.1.2 Internal squeezing

Internal squeezing is the process where the squeezed light is generated from inside an
SRC instead of being injected from outside of a detector (Fig. 8.1). A nonlinear crystal
is placed in the middle of an SRC and is pumped below the threshold power. Internal
squeezing effects both signal and noise with the noise squeezed more than the signal is
deamplified [147]. This technique allows up to 6 dB of quantum noise improvement in
addition to an improvement provided by an external squeezed light source. In addition,
the squeezed field generated inside the detector is frequency-dependent without a need of
a filter cavity. An internal squeezing technique has been demonstrated and proposed as a
method for expanding the detection bandwidth of gravitational wave detectors [26].

8.1.3 Internal squeezing inside a long SRC

A Michelson interferometer with arm cavities and a single SRC can be simplified to a
three-mirror coupled cavity system as shown in Figure 8.3) [150]. Using the mathematical
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Figure 8.1: A simplified layout of a long signal recycling interferometer with internal
squeezing.

framework in [26, 143] the normalized quantum noise spectral density (Sh) of such detector
can be written as [27]

Sh =
h̄c

8ω0LarmPcirc

(Ω2 − ω2
s)

2 + (γ − χ)2Ω2

γω2
s

(8.1.2)

where Pcirc is the circulating power inside the arm, χ is the squeezing factor, ω0 is the
main laser frequency, ωs is the splitting frequency, and Ω is the gravitational eave sideband
frequency.

Figure 8.2 shows quantum limited sensitivity of detectors of various schemes. A long
SRC takes advantage of a resonance doublet to enhance a kHz band sensitivity at an ex-
pense of sensitivity at lower frequency (Fig. 8.2 dashed black). Internal squeezing can be
used to further improve the sensitivity at the frequency of interest in addition to external
squeezing without sacrificing sensitivity anywhere (Fig. 8.2 solid red). We further show [27]
that a combination of internal squeezing and long SRC, together with the external squeez-
ing technique, can improve the sensitivity at 2.5kHz band by three orders of magnitude
compared to the current aLIGO sensitivity and even surpasses Einstein Telescope, the
future gravitational wave detector across a very narrow bandwidth.

The gravitational wave of a post-merger remnant of a binary neutron star is expected
to be found in the 1-3kHz band [25]. With the current aLIGO detector this information
passes through undetected. The proposed high-frequency detector would cost a fraction
of the billion-dollars required for the third generation broadband instruments and could
potentially come online before the third generation detectors [25, 27].

8.2 A Twin-Signal-Recycling Interferometer for a internal
squeezing: a table-top demonstration

The previous section showed that enhanced signal to noise performance, beyond the addi-
tion of external squeezing, should be achieved in GW interferometers with internal squeez-
ing inside a long SRC. In this section we will discuss the initialization of a table-top set-up
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Figure 8.2: Quantum noise limited sensitivity of detectors in a different schemes. Solid
black uses current LIGO parameters with 6dB reduction from external squeezing. Dashed
black simulates current LIGO detector with a longer SRC (319 m instead of 53m). Dashed
red (aLIGO-HF) is aLIGO+ with long SRC with internal squeezing. Solid red is the
proposed long SRC detector with internal and external squeezing.

by demonstrating a new control scheme that doesn’t require any pick off from inside of the
cavities. Such scheme is compatible with the low loss requirement of the internal squeezing
and to our knowledge has not been previously demonstrated.

8.2.1 Experiment setup

The experimental setup is shown in Fig. 8.4 where the main laser source is 1064 nm
continuous-wave single-mode Nd:YAG (Mephisto 1200) with output power up to 1W. RF
sidebands for controlling the various optical cavities are generated via EOM at 104 and
112.7 MHz. When the setup is at its nominal operating condition, most of the injected
power comes back to the Faraday isolator (reflected port in the figure) and this rejected
light is used for control purposes.

The SRM and the Michelson interferometer form the first signal recycling cavity. The
SRM and TSRM form a second signal recycling cavity, referred to as a twin-signal-recycling
cavity (TSRC – not to be confused with the entire coupled-cavity system, referred to as
TSR interferometer). In the future, a nonlinear crystal will be placed between the SRM
and TSRM to allow for intracavity squeezed light generation.

A single SRC Michelson interferometer with arm cavities is equivalent to a Michelson
interferometer without arm cavities with twin signal recycling cavities (TSRC) [144, 145].
The latter scheme is simpler to implement in a lab as we do not want to deal with high
optical power and difficulties of lock acquisition of a high finesse cavity in an environment
where the table is not well isolated from environmental noise. Since we are not limited
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Figure 8.3: (a) A system with Michelson arms + a single SRC can be simplified to (b) a
simplified 3-mirror cavity system

by the input power, a power-recycling cavity was omitted to further simplify our setup.
Fig. 8.4 shows a simplified illustration of our table top experiment without the internal and
external squeezing component. Relevant degrees of freedom (DOF) of TSR interferometer
are defined as

LTSR+ = LSRC + LTSRC

LTSR− = LSRC − LTSRC
L− = LX − LY

(8.2.1)

where

LSRC = lSRC +
(LX + LY )

2
. (8.2.2)

All the cavity lengths are denoted in Fig. 8.4. The three optical degrees of freedom
are named, in turn: common TSR (LTSR+), differential TSR (LTSR−), and the Michelson
(MICH) differential arm length (L−). Note that we do not control Michelson common arm
length (LX+LY ) as we do not have a power recycling cavity and both end test masses’
PZTs are used for the MICH differential arm length control.

The 104 MHz sidebands are used for common and differential TSR locking and RF
excitations for optical transfer functions. The 112.7 MHz is used for locking the MICH
degree of freedom. Additional details about the sensing and control of the experiment are
in 8.2.3.

8.2.2 Simulation of cavity response

The idea of using a Michelson with a twin signal recycling for gravitational-wave detec-
tion was first proposed and demonstrated as a table top experiment by [145, 150]. We
used a similar mathematical framework and parameters to [150] to model our table top
experiment.

A simplified illustration of such coupled cavity system is shown in Fig. 8.5. It is
convenient to start with the electric field propagation in TSRC as illustrated in Fig. 8.6.
Each mirror denoted M2 and M3. Let the input field into TSRC cavity be Ein2, the
reflected field be Erefl2, the circulated field be Ecirc2, and the transmitted field be Etrans.
The derivation is similar to that of the single cavity case
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Figure 8.4: A simplified illustration of the twin signal recycling (TSR) Michelson Inter-
ferometer. The three optical degrees of freedom are defined in the legend and are named,
in turn: common TSR (LTSR+), differential TSR (LTSR−), and the Michelson (MICH)
differential arm length (L−). The definition of LSRC is also given in the legend. The Sig-
nal Recycling Cavity components are highlighted in yellow and the Twin Signal Recycling
Cavity components are highlighted in red.

Ecirc2 = −t2Ein2 + r2r3Ecirc2e
−2ikL2

=
t2Ein2

1− r2r3e−2ikL2

(8.2.3)

The reflected field at M2 can be written as

Erefl2 = −r2Ein2 + t2r3Ecirc2e
−2ikL2

= Ein2

(
−r2 +

t22r3e
−2ikL2

1− r3r2e−2ikL2

) (8.2.4)

The transmitted field at M3 can be written as

Etrans = t3Ecirc2e
−ikL2

=
t2t3Ein2e

ikL2

1− r3r2e−2ikL2

(8.2.5)

Erefl2 and Ein2 can be rearranged to get the back cavity reflection coefficient rb

rb =
Erefl2
Ein2

= −r2 +
t22r3e

−2ikL2

1− r3r2e−2ikL2

(8.2.6)
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Figure 8.5: The TSR with a Michelson interferometer can be simplified down to a 3-mirror
Fabry-Perot system. The first optic represents MICH (M1), the second represents SRM
(M2), and the third represents TSRM (M3).
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Figure 8.6: A TSR cavity. This is the back cavity of Fig. 8.5

And the transmission coefficient tb can be written as

tb =
Etrans
Ein2

=
t2t3e

−ikL2

1− r2r3e−2ikL2

(8.2.7)

Now that we have solved for the reflection and the transmission coefficient of the back
cavity, the three-mirror cavity system can be reduced to a simpler 2-mirror cavity system
as shown in Fig. 8.7

L1

t1,r1 tb,rb
Ein

Ere�

Etrans
Ecirc1

Figure 8.7: A 3-mirror Fabry-Perot now reduced to a 2-mirror Fabry-Perot with the front
mirror representing MICH and the back mirror representing the TSRC reflectivity.

The fields Ecirc1, Erefl, and Etrans can now be written as the input coupler coefficient
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(r1, t1), and the back cavity coefficient (rb, tb)

Ecirc1 =
t1Ein

1− r1rbe−2ikL1
(8.2.8)

Erefl = Ein

(
−r1 +

rbt12e−2ikL1

1 + rbr1e−2ikL1

)
(8.2.9)

Etrans =
t1tbEine

−ikL1

1− rbr1e−2ikL1
. (8.2.10)

When either of the cavities in the 3-mirror system shown in Fig. 8.5 is off-resonant,
the system behaves similar to the 2-mirror cavity. However, when both are on resonance,
the resonance doublet appears at every free spectral range (FSR). This principle is used
in the measurement of the response of the system shown in section 8.2.4. Figure. 8.8 plots
the 3-mirror cavity response on the transmission (Etrans) and the reflection (Erefl). The
resonance splits around 0 rad.
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Figure 8.8: Power transmission (a) and reflection (b) of a 3-mirror cavity system with
R1=0.9, R2=0.8, R3=0.9, as the two cavities shown in figure 8.5 are detuned simultane-
ously. The cavity lengths are equal (L1=L2=1.33m) and the reflectivity of each optics
were arbitrary chosen.

It is more meaningful to look at this splitting in the frequency domain. Fig. 8.9 shows
the resonance doublet as seen on a Homodyne detector where both positive and negative
signal sidebands are simultaneously enhanced. Homodyne detection was chosen for the
model with the final internal squeezing setup in mind where a homodyne detector would
be required to best measure the amount of squeezing achievable. Knowing the mirror
reflectivity and the cavity length, the splitting frequency can be solved. For the Michelson
with TSR cavities system, the angular splitting frequency wsp is determined by signal-
recycling mirror reflectivity RSRM and SRC length LSRC

1−RSRM = 1− 4cos2(2
ωspLSRC

c ρ2
end)

(1 + ρ2
end)

2
(8.2.11)

where ωsp = 2πfsp and ρend is the reflectivity R of the output coupler. In this case, the
output coupler would be the end mirror of the TSRC. To avoid the classical laser frequency
noise, we chose our splitting frequency to be above 3MHz. There are no theoretical limits
to the upper bound of the splitting frequency other than the availability of the optics and
the bandwidths of our photodiodes. For these reasons we chose the length of the SRC and
TSRC to be 1.33 m. However, in order to allow the RF sidebands to enter and leave the
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Michelson for sensing and control purposes, a Schnupp Asymmetry, that is the difference
between the two arm lengths of 1 cm is required. This in combination with the availability
of off-the-self optics set the splitting frequency to be 8.3 MHz. The parameters used in
our experiment is shown in Table. 8.1 and the modeled resonance doublet as seen by a
homodyne detector is shown in Fig. 8.9.

Table 8.1: Parameters used to simulate behaviors of table top TSRC.

Parameter Measured Design
EX Reflectivity > 0.999 1
EY Reflectivity > 0.999 1
BS Reflectivity 0.5
BS loss
MICH loss 0.13
SRM Reflectivity (measured) 0.785 0.8
TSRM Reflectivity (measured) 0.903 0.9
Schnupp Asymmetry 1.3 cm 1 cm
X Arm cavity length (BS to EX) 113.4 cm
Y Arm cavity length (BS to EY) 114.7 cm
SRM to BS 18.5
SR cavity length (SRM-EX/SRM-EY average) 132.55 cm 133 cm
TSR cavity length 133.3 cm 133 cm
Input Power 95 mW
MICH locking RF sideband (112.7 MHz) modulation depth 0.25
SRC-TSRC locking RF sideband (104.162MHz) modulation depth 0.063
FSR - 112.704 MHz
Splitting Frequency 7.1 MHz 8.3 MHz
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Figure 8.9: Modeled 8.3 MHz resonance doublet of the table top TSR interferometer. The
design parameters in 8.1 were used.

With the SRC alone the response of the optical system would look like a normal Fabry-
Perot with a cavity pole set by the SRM reflectivity and SR cavity length (see Fig. 8.10
blue plot). There are couple of ways to enhance a specific frequency beyond the cavity pole:
detuning the SR cavity which has been successful in GEO600 but posses control challenges
such as the imbalanced RF sidebands used for sensing and control [151], or add another
optic behind SRM to form a coupled-cavity system. Figure 8.10 shows the difference
in system response between 1) tuned Michelson-SRC system 2) detuned Michelson-SRC
system and 3) tuned Michelson-TSRC system as a function of differential Michelson. The
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detuned Michelson-SRC system sacrifices one out of two signal sidebands. Therefore, the
peak sensitivity drops compared to the tuned SRC-Michelson case by 3 dB. The Michelson-
TSRC scheme on the other hand does not require any detuning. The scheme keeps all the
signal sidebands and does not suffer from 3 dB penalty compared to the tuned Michelson-
SRC case, leading to an increased sensitivity in a small frequency range. Both detuned
Michelson-SRC and tuned Michelson-TSRC sacrifices sensitivity outside the bandwidth of
interest.
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Figure 8.10: System response of tuned Michelson-SRC (blue), detuned Michelson-SRC
(green), and tuned Michelson-TSRC (red). The coupled cavities configuration is suitable
for a targeted search such as binary neutron star coalescences. The design parameters
in 8.1 are used for the model.

Ideally we’d like to actuate the Michelson arm length difference not only to simulate
gravitational wave signals but also reduce the signal loss due to small Schnupp asymmetry.
However, the Michelson end mirrors are equipped with PZTs which have kHz bandwidth.
Instead we send RF excitations to the coupled cavities via EOM1. Figure 8.11 shows a
simulation of the coupled cavity response we expect to see in an optical transfer function.

Both common loop and differential loop are controlled by error signals generated from
EOM1 but separated 90 degrees after demodulation. Unlike a traditional Fabry-Perot,
the determination of whether we have good error signals from a coupled cavity is not
a trivial matter. The error signal looks different depending on cavity resonance condi-
tions. Figure 8.12 shows a simulation of error signals under three possible scenarios: a)
while scanning SRC and TSRC in the opposite direction b) scanning TSRM while keeping
TSR common loop locked and c) scanning SRM and TSRM in the same direction. The
parameters from Table 8.1 were used in the simulation.

Now that we have simulated both the cavity response and the expected error signals of
the table top TSR interferometer, the next subsection will discuss the sensing and control
scheme for the experiment.
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Figure 8.11: A simulation of the coupled cavity response as a function of EOM sweep. The
first peak is the designed splitting frequency located at 8.3 MHz. The smaller peak located
at 16.6MHz is a beat frequency of the 8.3 MHz frequency doublet. The next double peak
is an FSR away with the resonance doublet separated by 16.6 MHz.
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Figure 8.12: A simulation of error signal at the coupled cavities reflected port as a function
of cavity length detuning while (a) scanning SRC and TSRC differentially (b) scanning
TSRM while keeping common TSR locked) (c) scanning SRM and TSRM commonly. Blue
trace represents I phase of the error signal, red trace represents Q phase of the error signal.
The X-axes units are in m and the Y-axes units are in W/m.

8.2.3 Sensing and control

Although a successful TSR interferometer control scheme has been demonstrated in [150],
it is not ideally suited for intracavity squeezing as it requires a pick-off from inside the
SRC cavity and a pick-off from behind one of the Michelson end mirrors. These pick-off
points are seen as loss by both the internal and external squeezing and thus reduces the
amount of squeezing achievable.

Our detection options are limited to the TSR interferometer reflection and transmission
ports. Because we operate on dark fringe, the back reflection that is rejected by the Faraday
isolator can be utilized as sensing and control signals for the Michelson differential arm
length, common TSR, and differential TSR degrees of freedom.

A sensing matrix showing how much signal from each DOF shows up on the detector
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Figure 8.13: A simplified TSR interferometer control diagram. The frequencies 104.162
MHz and 112.7 MHz are abbreviated to 104 MHz and 112 MHz respectively.

and the cross coupling between different DOFs calculated for the TSR interferometer is
shown in Table 8.2 and a simplified control diagram is shown in Fig. 8.13. A phase
modulation at 104.162 MHz is sent to EOM1 to generate common and differential TSR
locking sidebands. A second phase modulation at 112.7 MHz is sent to EOM2 to generate
Michelson differential locking sidebands. The Michelson error signal drives the EX and
EY PZT differentially. The common TSRC error signal (Refl I 104) is fed back to the
laser PZT (since actuating on the laser PZT results in a change that is common to both
SRC and TSRC, hence the signal is named “common TSR”). The differential (Refl Q 104)
TSR feeds back to TSRM PZT (only affects TSRC). The Refl I 112 SRC-TSRC-Michelson
coupling is not a concern since Michelson DOF is controlled using Refl Q RF 112 only.

Michelson differential arm length sensing and control

The Michelson interferometer alone with TSRC blocked will lock at any frequency as long
as Schnupp asymmetry allows it. Figure 8.15 illustrates a simplified diagram of MICH
control. Figure 8.14 shows the signal transmission through a Michelson as a function of
frequency where the roll-off frequency is set by the Schnupp asymmetry. However, when
the TSRC is unblocked, 112.7 MHz becomes the system’s free spectral range and the RF
signal at this frequency locates in the middle of the double peak feature. When the coupled
cavities are locked, a very small amount of 112.7 MHz transmits through the coupled-cavity
system. Being at the FSR frequency, both positive and negative RF sidebands that leak
into coupled cavities cancel out leaving 112.7 MHz to be sensitive to only MICH differential
degree of freedom. The simulated error signal of MICH differential degree of freedom is
shown in Fig. 8.16.
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Table 8.2: Sensing matrix of TSR interferometer. Terms used for control highlighted in
bold. Unwanted cross-coupling highlighted in red. 112 MHz and 104 MHz modulation
depths from Table.8.1 were used. Note that even though there is a high coupling from
MICH at 104 MHz but Michelson is locked on dark fringe. So ideally 104 MICH column
would be zero. The coupling factor is not normalized and the unit is in W/m.

MICH Common TSR Differential TSR
Refl I RF 112 0 1464 1342
Refl Q RF 112 6263 0 0
Trans I RF 112 0 0 0
Trans Q RF 112 -6261 0 0
Refl I RF 104 5584 -47045 153
Refl Q RF 104 113704 -235 -4974
Trans I RF 104 -12870 0 0
Trans Q RF 104 -713 0 0

Table 8.3: RF frequencies of the developed control scheme

Degree of freedom (DOF) fdemod/φdemod
Differential MICH 112.704/90◦

Common TSR 104.413/0◦

Differential TSR 104.413/90◦

X Not used

∆Φ
EOM2

TSR IFO

X

Y

G

-1

To MICH PID

To TSRC PID

TSRC Re�

Re� RF

112.7 MHz

To EX PZT

To EY PZT

Cos(Φ)

Sin(Φ)
100 Hz

LP 

Figure 8.14: A simplified diagram of MICH control. An input field passes through EOM2
where the 112.7 MHz sidebands are generated. The field continues to the interferometer,
reflects back to the TSRC Refl diode where the signal is demodulated and sent to X and
Y arm PZTs. Cos(φ) represents the I phase of the error signal and Sin(φ) represents the
Q phase. Only the Q phase error signal is used in MICH control.

Common and differential TSR sensing and control

Since MICH needs to be operated on dark fringe in order to produce the coupled cavity
double peak, the light we could possibly use to probe SRC and TSRC is limited. As the
coupled-cavity peak is predicted to be±8.3 MHz away from the 112.7 MHz FSR, we decided
to take an advantage of the double peak feature by sending in 104 MHz (≈112.7-8.3MHz)
RF sidebands via EOM1 to probe SRC and TSRC.

It would be ideal to control the TSR differential degree of freedom with a PZT glued
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Figure 8.15: The MICH transfer function at the transmitted port as a function of EOM1
sweep. A small MICH offset is required in order to get light through for the measurement.
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Figure 8.16: Michelson error signals in the coupled-cavity system as a function of MICH
detuning. Refl Q plotted in red, Refl I plotted in blue.

to the SRM optic. Due to space constraints (see detailed table layout in Appendix 10.3)
we were able to install PZTs only on TSRM, EX, and EY optics. Potential improvements
and suggestions on how we can improve the system is discussed in section 8.2.5. In the
meantime, we rely on high common SRC-TSRC loop gain to suppress most of the acous-
tic/environmental noise in Refl I 104. Any leftover noises are taken care by the Refl Q 104
signal that has a lower loop gain. An optical transfer function of a MICH-TSRC system is
shown in Fig. 8.11. The error signals of TSRC scanned under various conditions is shown
in Fig. 8.12. The SRC and TSRC control loop transfer function is shown in Fig. 8.19.

8.2.4 A demonstration of coupled cavities

To take a measurement of the system optical response we look at the transmission port
where we expect the signal to be dominated by 104MHz which is on resonance inside SRC
and TSRC.

First we inject audio sidebands (our excitations) from a frequency response analyzer
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Figure 8.17: MICH transfer function measured as MICH operating at an offset from the
dark fringe. This measurement is a proof that we have a working Michelson interferometer
that agrees with the model shown in Fig. 8.15.
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Figure 8.18: A simplified diagram of TSRC control. The input field passes through EOM1
where the 104 MHz sidebands are generated. The field continues to the interferometer,
reflects back to the TSRC Refl diode where the signal is demodulated. Both I and Q phase
of the error signals are utilized as Refl I is sent to the laser PZT while Refl Q is sent to
the TSRM PZT.

into an RF combiner box. The excitation combines with the 104MHz from a function
generator and becomes EOM1 signal. The input field into TSR interferometer can be
written as

E0 ∗ exp(I(w0t+ γCos(Ωt) + αCos(Ωaut))) (8.2.12)

where E0 is the field amplitude, w0 is the carrier, Ω is the 104 MHz sidebands, γ is
the 104MHz modulation depth, Ωau is the audio sidebands (excitation) frequency, α is the
injection strength. These parameters are listed on Table 8.1.

An intentional offset is added to MICH for operation slightly off dark fringe to allow for
some carrier to leak out that can beat with the injected audio sidebands yielding a higher
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(a) (b)

Figure 8.19: Transfer functions of SRC and TSRC loop are plotted with orange trace that
are the results of the error signal (cyan) divided by an excitation (yellow). (a) SRC (Refl
I 104) transfer function with a bandwidth of ∼10 kHz and (b) TSRC (Refl Q) transfer
functions with a bandwidth of ∼700Hz.
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Figure 8.20: A setup for the proof-of-coupled cavity transfer function measurement.

SNR signal than what we’d get without the leaking carrier field. Without any carrier there
will be no signal to beat with the 1MHz-150MHz excitation Ωau except for the 150MHz
RF sidebands, which would result in the transfer function appearing up at 2ω.

The result shown in Fig. 8.21 shows that we have a working TSR interferometer. Fig-
ure 8.21 is basically fig 8.11 plotted on a linear scale to emphasize the double-peak which
is the feature of a TSR interferometer. The coupled cavity model described in section 8.2.2
was used along with nonlinear fitting techniques to fit the data and the results are shown in
Fig. 8.21. The measurement can be explained by imperfections of the experiment such as
small offsets at various DOFs, contrast defects, and the imperfect SRC and TSRC length.
For instance, the relative heights of the splitting frequency at 8 MHz and the double peak
at 112.7 MHz can be explained by the Schnupp asymmetry as asymmetric cavity lengths
leads to asymmetric enhancement of the sidebands (see Fig. 8.15). The width of the peaks
can be explained by the coupled cavity finesse as a cavity bandwidth is given by

FWHM =
2FSR

Finesse
, (8.2.13)

and the distance between the double peak can be explained by SRM reflectivity as
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shown in Eq. 8.2.11. The parameters used in the model is shown in Table 8.4 1.

Figure 8.21: A measurement of TSR IFO optical response looking at the transmitted port.

Table 8.4: Parameters that were allowed to be adjusted by the nonlinear fit routine. Both
the fitted value and the uncertainties reported by the routine are listed

Parameter Value 1σ uncertainty
MICH offset (rad) 0.004 ± 0.0004
SRC offset (rad) 0.1 ±0.01
TSRC (rad) 0.03 ±0.01
Schnupp asymmetry (m) 0.006 ±0.0007
SRC length (m) 1.335 ±0.006
TSRC length (m) 1.35 ±0.005
ITMX Reflectivity 0.85 0.0089
ITMY reflectivity 0.91 0.007

With this result we have proven that our control scheme works and the coupled cavity
is ready for the next stage of the experiment.

8.2.5 Conclusion and future work

The goal of this chapter is to illustrate that we have a working twin-signal-recycling cavity
with Michelson interferometer with the Michelson operating on dark fringe. We developed
a sensing and control scheme that works without having to pick off a beam anywhere
from inside the cavity, which would have introduced extra losses for both the internal and
external squeezing that we plan to implement in the future. The sensing matrix can be
improved with the installation of additional actuators. A new mode matching solution is

1The values in table 8.1 were measured upon placement of optics and the minor discrepancy between
the fitted parameters presented here and 8.1 can be attributed to parallax.
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required in order increase the space between SRM and TSR1 to allow for a differential
DOF actuator to be installed (See Appendix 10.3 for a detailed layout of the experiment
setup). The mode matching of TSR interferometer is currently measured to be somewhere
between 80-85%. With more time and patience the mode matching can be improved to
prevent the cavity from locking to the wrong mode.

The next immediate step, other than the possible improvements mentioned above,
would be to implement the internal squeezing inside the TSR cavity. The detailed investi-
gation of a control scheme that utilizes the idler generated from an internal squeezing has
been done by [152].



Chapter 9

Conclusions and Future Work

The focus of this thesis was the use of squeezed light to improve the sensitivity of gravita-
tional wave detectors. There were two key investigations. The first investigation, detailed
in chapter 6 and 7, was the installation and testing of an external degenerate squeezed light
source at the LIGO Hanford Observatory and its integration into the main interferometer.
The second investigation, detailed in chapter 8, explored the topology and control of a
coupled cavity system as a precursor to a demonstration of a degenerate internal squeezer
in a long signal recycling cavity.

This chapter gives a summary of the results of these investigations, technical challenges
and future work that could be pursued to enhance external squeezing and the potential for
more sophisticated internal squeezing options in the future.

9.1 The external squeezer at LHO

The goal for the third observation run was 3 dB of observable squeezing in the interferom-
eter, in order to optimize the detection efficiency for compact binary inspiral events. The
external degenerate squeezed light source we installed at the LIGO Hanford Observatory
had the nonlinear gain set to 2.3±0.1. This corresponds to 7 dB of squeezing generated
at the OPO assuming an escape efficiency of 0.98 [8] for measured squeezing levels of
2±0.1dB at 1.1-1.4 kHz. Higher levels of frequency independent squeezing would have had
an observable effect on radiation pressure from the anti squeezing at low frequency.

The OPO was delivered to LHO with a finesse of 43.6 for 532nm and was increased to
130. The low finesse for the pump wavelength was historically used because a higher finesse
would couple in environmental noise from the OPO into the squeezed field. However as
the OPO at LIGO is operated under vacuum with substantial seismic isolation the pump
field finesse could be increased to allow for a better error signal for controlling the OPO.
Both LIGO Hanford and Livingston are using high finesse OPO for 532nm.

To get a 3 dB reduction in shot noise we need to keep optical losses below 50% and the
rms phase noise below 10 mrad. We show in this thesis that although the total phase noise is
15 mrad the vast majority of this noise comes from the interferometer fields due to contrast
defects and sideband imbalance rather than the squeezer subsystem. We also found that
LHO suffered from optical losses of up to 35% due to mode mismatch of the squeezed light
to the interferometer in addition to 34% of known losses from optical components. These
losses limited the squeezing at LHO to 2 dB above 1 kHz. LLO also sees a similar number
of loss ??.

Phase noise can be mitigated by having a high bandwidth servo to stabilize the squeezer
phase to the light from the interferometer. In aLIGO, this control loop bandwidth is
limited by the 4 km arm cavity free spectral range to about 15 kHz. For proposed future
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detectors with an arm length of 40 km the control loop bandwidth will be limited to only
1.5 kHz adding 6 mrad of phase noise, more than the budget for future gravitational wave
detectors. We demonstrated an alternative control scheme where the OPO is used as a
frequency reference and we were able to show that the frequency of the squeezed light
source can be referenced to a separate shorter cavity with increased control bandwidth to
300 kHz. However the OPO itself had a mechanical mode that added an unacceptable
amount of phase noise to the squeezed light. We therefore modeled a control scheme that
uses the proposed in-vacuum suspended filter cavity, designed to rotate the squeezer angle
with frequency, as a reference for stabilizing the laser frequency of the squeezed light source.
This will allow for a rms phase noise of less than a milliradian, that has a negligible effect
on the squeezing performance for future generations of gravitational-wave detectors.

9.1.1 Future work for the aLIGO squeezer

The filter cavity to enable frequency dependent squeezing is scheduled to be installed for
the fourth observing run (O4). A set of optics to allow for testing the squeezed light control
scheme proposed in this thesis, that uses this filter cavity as a reference, are also being
installed. Adaptive mode matching technology developed by the university of Adelaide is
being installed to improve the mode matching between the squeezed light and the interfer-
ometer and to mitigate losses [153, 154, 155, 156]. A low loss Faraday isolator [135] is also
scheduled to be installed for O4. The goal for O4 is to reach 6dB squeezing. We have also
shown that the largest squeezer phase noise contribution from the interferometer comes
from the contrast defect. In the future there is a plan to deploy a Homodyne detector
scheme at the interferometer dark port that would allow for an external local oscillator
field to manipulate and minimize the contrast defect field. Beyond A+ the high bandwidth
squeezed light control scheme proposed here would benefit future GW detectors that have
even longer cavity arms such as cosmic explorer.

9.2 Internal Squeezing

In chapter 8 we show that the addition of a combination of a long SRC and internal squeez-
ing to the advanced LIGO+ design, has the potential to significantly increase the frequency
sensitivity in the kHz regime [27]. We also show that such a configuration is robust to
internal losses in comparison to short SRCs. Such a gravitational wave detector could po-
tentially come online before third generation detectors [25]. The increased sensitivity from
this proposed upgrade would pave new pathways for study of high energy astrophysical
objects such as neutron stars and their equation of state.

We then showed progress towards a full table top experiment designed to simulate the
proposed interferometer with a long SRC that uses internal squeezing. We were able to
demonstrate a twin-signal-recycling cavity with Michelson interferometer with a control
scheme that works with the Michelson operating on a dark fringe. We developed a system
that works without having to pick off a beam anywhere from inside the cavity, which would
have introduced extra losses for when we want to demonstrate internal squeezing.

9.2.1 Future work for degenerate internal squeezing

There is still some optimization of the control system needed for long term stability. One
cause of instability is the lack of a true differential actuator. A possible solution would
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be to update the mode matching solution to allow enough distance between the SRM and
TSR1 for a PZT to be installed on the SRM to allow independent cavity control. This
will degrade the contrast defect caused be the mode matching differences between the
two end mirrors and SRM. However this can be addressed by changing the curvature of
one of the end mirrors to match beams from both arms at the beam splitter. The mode
matching of TSR interferometer is nominally between 80-85%. Any future work should
include improved mode matching to prevent the cavity from locking to the wrong mode.

Beyond these improvements the next step would be to install the nonlinear crystal
and associated control systems. The nonlinear crystal needs a temperature control and a
coherent locking field (CLF) will be required to control the squeeze angle produced from
internal squeezing. Additional work could include the possibility of the introduction of
external squeezing in addition to internal squeezing.

Another consideration compatible with my experiment is the demonstration of nonde-
generate internal squeezing to enhance gravitational wave detection in the kHz regime. It
has been shown that this is a viable and an all optical alternative to stable optomechan-
ical filtering [152]. The topology of nondegenerate internal squeezing is compatible with
degenerate internal squeezing, illustrated in Fig. 8.1, with the major difference being the
operation of the nonlinear crystal in the nondegenerate regime discussed in section 4.3.
The improvement in the overall signal to noise ratio of a detector with such a system arises
from amplification of the gravitational wave signal above the quantum noise levels thereby
providing additional resilience against optical loss compared to the system demonstrated
in my thesis.
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Chapter 10

Appendix

10.1 Appendix A: Quadrupole Tensor

Here we outline the derivation for the quadrupole tensor for mildly relativistic sources that
follows MIT lecture notes available online [157]. We start with the inhomogeneous wave
equation (2.1.12), (

1

c2

∂2

∂t2
−∇2

)
ψµν = −16πG

c4
Tµν (10.1.1)

Equation 10.1.1 can be solved with the Green’s function treatment [158]. The solution is

ψµν(t, R̄) =
4G

c4

∫∫∫
Tµν(t− |R̄− r̄|/c, r̄)

|R̄− r̄| d3r, (10.1.2)

where tr = t− |R̄− r̄|/c is the ‘Retarded Time’ and implies that the effects of gravitation
propagate outwards at speed c. The relevant geometry is illustrated in Fig. 10.1 To simplify
Eq. 10.1.2 we first assume than an observer is very far from the source this implies |R̄ >> r̄|
for all points in the source S. Therefore,

1

|R̄− r̄| ≈
1

r
. (10.1.3)

If the mass distribution of the source (S) is also relatively small, then

t− |R̄− r̄|/c ≈ t− r/c. (10.1.4)

Finally, from general relativity it can be shown that the timelike components of hab do
not radiate – so we can neglect them in the analysis that follows. Therefore we have a
simplified solution of Eq. 10.1.2,

ψab(t, R̄) =
4G

c4R

∫∫∫
Tab(r̄, tR)d3r. (10.1.5)

Furthermore using the properties of the stress-energy tensor it can be shown that∫∫∫
Tab(r̄)d

3r =
1

2

d3

dt2

∫∫∫
T00(r̄) · xaxbd3r (10.1.6)
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In the limit of a weak-gravity source T00 = ρc2, where ρ is the combined density of mass
and energy. If we then define the quadrupole moment tensor as

Iab =

∫∫∫
ρ(r̄)xaxbd

3r (10.1.7)

then we have as a result

hab =
2G

c4R

d2

dt2
Iab (10.1.8)

which is the quadrupole formula for the gravitational wave amplitude.

Figure 10.1: Geometry for equation 10.1.2 [157].
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10.2 Appendix B: aLIGO Squeezer Source Layout

S
H

G

P
O

P
O

 

S
O

P
O

 

C
O

P
O

 

LO
 

P
S
LLO

 

FI2

M
R

1

1
2

’’
2

4
’’

3
6

’’
4

8
’’

6
0

’’
7

2
’’

8
4

’’
9

6
’’

1
2

’’

2
4

’’

3
6

’’

4
8

’’

flip

P
S
L 

FiberSwitch

4
1

0
m

W

4
5

0
m

W
 (m

a
x
)

4
5

0
m

W36 mW

FI1 L1

H
W

1

D
S
1

D
S
2

D
S
3

E
O

M
2

E
O

M
1

B
S

1P
D

1

L1
3

B
S

3
8

:9
2

16  mW

8
 m

W

L7P
B

S
2

A
O

M
2

A
O

M
1

B
S

1
1

5
0

:5
0

B
S

4

3
.6

 m
W

B
S

5
5

0
:5

0

B
S

9
8

:9
2

1
 m

W

D
C

7

S
H

G
Tra

n
s.

D
C

3
D

C
4

L5

P
B

S
1

Q
W

2

M
R

6

M
R

7

B
S

7

M
F4

P
Z

T
1 L1

0B
S

1
0

D
C

8

M
R

1
1

L1
1

H
W

6

Q
W

5

M
R

1
1

2
0

0
m

W

H
W

G
2

L1
5

H
W

G
1

M
G

1B
G

1

P
D

2

L2

H
W

9

S
H

G
B

B
P
D

P
B

G
1D

C
6

M
G

2

B
G

2

Q
W

G
1

H
W

G
3

M
F1

M
F
3

M
F2

H
W

7
H

W
8

Q
W

4

H
W

3

Q
W

1
H

W
4

D
C

5

M
R

3
M

R
4

M
R

5

B
S

6

1
9

6
 m

W D
C

1

B
S

8 P
B

S
4

D
C

2
M

R
1

8

FS
S
1

1
6

1
1

H
W

5

M
R

1
3

M
R

1
2

M
R

1
3

M
R

1
4

M
G

3

L8

P
Z

T
2

Q
W

3

P
B

S
3

B
S

1
1

L1
4

L6
H

W
2

0
th1

st

0
th 1

st
-2

0
0

 M
H

z

+
2

0
3

.1
 M

H
z

L3

L4

P
B

S
1

M
R

2
0

M
R

2
1

M
R

2
2

M
R

8

M
R

9

M
R

1
7

M
R

2

M
R

1
0

X
M

R
8

Q
W

1
A

0
.3

 m
W

B
S

2
5

0
:5

0

9
5

:5
9

5
:5

8
:9

2

9
5

:5

2
1

6
 m

W
 (M

A
X

)

9
5

:5

190 mW

9
8

:2

L9

8
:9

2

Figure 10.2: ISCT6 layout
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Figure 10.3: ISQZT6 (diagnostic table) layout [159]
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Figure 10.4: aLIGO Vacuum OPO (VOPO) layout as of O3. LHO layout looks the same.
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10.3 Appendix C: Internal Squeezing Experiment Layout
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Figure 10.5: Internal squeezing experiment layout
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