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Abstract

Milligram-scale optomechanical systems are unique systems that have the potential to realize
macroscopic yet quantum phenomena. To achieve a sensitivity that reaches the dominant re-
gion of quantum mechanics, we propose a system in which the optical radiation pressure traps
the mirror in the rotational degrees of freedom even in a suspended linear cavity, and a high

power laser beam can be coupled to it.

An optomechanical system consists of mechanical oscillators and optical fields coupled to
it. It is suitable for macroscopic quantum experiments because even a macroscopic oscilla-
tor’s displacements can be read out with a precision greater than the wavelength of light. As
mechanical oscillators, pendulums are often used above the milligram scale since they are

resistant to environmental vibrations.

However, when a linear cavity is built with a suspended mirror, the rotational motion of the
mirrors become unstable due to the optical radiation pressure inside the cavity, a phenomenon
known as Sidles-Sigg instability. To avoid the Sidles-Sigg instability, experiments were con-
ducted using triangular cavities or rigid suspensions that reduce the effect of radiation pressure.
However, quantum fluctuation was concealed by thermal noise in the complicated part of the
system. Linear cavities consisting of only two mirrors are advantageous for high sensitivity
reaching the quantum fluctuation.

In this research, we find that even in a linear cavity, the Sidles-Sigg instability can be over-
come if the masses of the two mirrors are unbalanced and the curvatures of the mirrors are
shorter than the cavity length. We succeed in constructing a linear cavity with the smallest sus-
pended mirror with curvature. Our optomechanical system becomes a highly sensitive force
sensor by using a tiny 8-mg mirror as a test mass. With this system, we quantitatively evaluate
the optical torsional spring effect due to the radiation pressure in the cavity, and validate our
configuration. Furthermore, we demonstrate a quantum noise reduction technique by inject-
ing classical intensity noise that imitates quantum noise. Improvements in the sensitivity are
observed, and they are consistent with theoretical predictions. In addition, as a prospect for
improving the sensitivity of our system towards the quantum regime, we discuss the idea of
modifying the simple pendulum to a torsional pendulum, and show its promise. As a conse-
quence, we establish a class of linear cavities, and present that these systems are competent for
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macroscopic quantum experiments.
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T pi: m = 3.1415926535 - - -
c speed of light: ¢ = 299792458 m/s
g gravitational acceleration: g = 9.80665 m/s>
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kg Boltzmann constant: kg = 1.38064852(79) x 10723 J/K
f Fourier frequency
w Fourier angular frequency
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fo laser frequency
wo laser angular frequency
A wavelength
laser power
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Wm mechanical angular resonant frequency
m mass of an oscillator
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1. Introduction

Quantum mechanics is an established theory in modern physics. Many phenomena that can-
not be explained in the frame of classical mechanics are described explicitly in the quantum
theory [[1-4]]. For some time after quantum mechanics was formulated, the microscopic world
was the main playing field of quantum mechanics [5]. Even now, the boundary between the
macroscopic world, where classical mechanics is dominant, and the microscopic world, where

quantum mechanics is crucial, is a critical issue in physics.

It is not entirely clear what makes classical systems classical. Some classical theories were
derived from quantum mechanics by the approximation at macroscopic systems with many
assumptions [6]]. However, in particular, how to incorporate gravitational effects into quantum
mechanics has not yet been clarified. Theories including quantized gravity are exemplified by
string theory [[7H14]] or loop quantum gravity [15-23]]. However, these theories are not com-
plete. It is unknown in string theory whether the extra dimensions can be chosen to satisfy
the standard model, and loop quantum gravity has not yet be able to reproduce general rela-
tivity [24] in the classical limit. Apart from quantum gravity, there are proposed theories to
explain decoherence in macroscopic systems to explain the absence of a macroscopic quantum
phenomena, such as gravitational decoherence [25-27]] or continuous spontaneous localization
models [28,29]. These proposed theories modify quantum mechanics by introducing a mech-
anism of spontaneous decoherence in macroscopic systems, so that macroscopic systems are
projected to classical states. We note that although Bose-Einstein condensates [30] or superflu-
idity of liquid helium are a sort of macroscopic phenomena, massive objects, not many-body
systems, are also essential to elucidate the unification of gravitational interaction or the mod-
ified quantum mechanics. Thus, in the dissertation, we will use the word macroscopic in the

sense of mass scale.

These theoretical approaches to study macroscopic quantum mechanics leads to a demand
for the realization of a macroscopic quantum system to test proposed theories. However, ex-
perimental observation of macroscopic quantum phenomena, such as implication of superpo-
sition state, have been limited up to nanogram scale. The situation has been changing. Recent
progress in experimental techniques provides a suitable opportunity to realize a macroscopic
quantum system. In particular, optomechanical systems have been increasingly attracting at-



1. Introduction

tention for precision measurements [31]. An optomechanical system is composed namely of
mechanical oscillators and optical fields coupling to the oscillators. Radiation pressure of light
acts for coupling an optical field to a mechanical oscillator. By utilizing the interference of op-

tical fields, optomechanical systems measure the displacement of the oscillator precisely.

Among optomechanical systems, milligram scale optomechanical systems are suitable for
macroscopic quantum experiments. The oscillator is more massive than the Planck mass for
macroscopic quantum experiments, and the precision can be limited by quantum fluctuations to
elucidate the nature of quantum mechanics. Methods to inspect the quantum nature of gravity
with optomechanical systems are being actively discussed [32-37].

Macroscopic quantum systems are also important from the aspect of experimental applica-
tions. The best example is gravitational wave detectors. Gravitational waves are waves of
warping spacetime predicted by Einstein [38,39], and gravitational wave detectors measure
the strain of them. While gravitational waves are unique signals that give us information about
black holes [40-43]], the equation of state of neutron stars, and the Big Bang [44], detecting
gravitational waves is difficult because of their small amplitudes. Even relatively large gravi-
tational waves that are emitted by coalescence of binary stars or explosions of supernova, the

amplitude of the strain is about the order of 1072,

To detect such a weak gravitational wave, the modern and future gravitational wave detectors
become huge experimental instruments [45,46[]. Nevertheless, their sensitivities are so precise
that quantum effects have to be taken into account. In other words, the sensitivity will be
limited by quantum noise in broadband frequencies. In particular, quantum radiation pressure
noise, which is one of quantum noises, limits the sensitivity in the range between 10 Hz and
100 Hz, which is important band for gravitational waves from compact stars. Consequently,
the gravitational wave detectors can be seen as a part of macroscopic quantum experiments.
To enhance the future sensitivity, quantum noise must be reduced. Therefore, platforms of
researching the characteristics of quantum noise in macroscopic optomechanical systems are

desired.

These two motivations from macroscopic quantum experiments lead the active development
of optomechanical systems, and pendulums are often used as the oscillators of milligram-scale,
or more massive optomechanical systems. A pendulum is robust to the environmental vibra-
tion, and favorable for experiments of precise measurements. However, a suspended mirror
in a linear cavity suffers from the instability due to the radiation pressure inside the cavity.
This instability is called Sidles-Sigg instability [47)]. In the dissertation, a stable configuration
of a linear cavity that overcomes the Sidles-Sigg instability is presented and realized with a
milligram-scale mirror. We report the evaluation of the stability of our optomechanical system,
Furthermore, we demonstrate a quantum noise reduction technique as the proof of utility for



our setup. In addition, the practical feasibility of reaching quantum regime is discussed.

Outline of the dissertation

This dissertation is organized as follows. In Chapter[2] optomechanical systems are reviewed
focusing on the sensitivity and the uses as precise sensors. The previous works are also re-
viewed, and the issues of them are pointed out. In Chapter [3| we pay attention to quantum
noises in an optomechanical system. A method for the theoretical calculation of quantum
noises are introduced. Chapter 4 shows our experimental setup. This chapter includes the
concept and design of the linear cavity. Chapter[5]describes and discusses the stable configu-
ration of a suspended linear cavity in detail. Chapter[6|shows the results of the experiment for
demonstrating a quantum noise reduction technique. Chapter[7discusses the current sensitivity
of our optomechanical system and the possible upgrade for observing quantum radiation pres-
sure fluctuation to reach quantum regime. Chapter [§]summarizes the results, future prospects,

and concludes the dissertation. The conceptual diagram of the structure of the dissertation is

shown in Fig.
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Macroscopic quantum mechanics

Chapter 1
i Chapter 2
Theo :
The ol;i},gin of decoherence E())( I:(?rl;llcglh?r}itcal system
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Figure 1.1.: Background and structure of the dissertation. The chapters written in green text
compose the review part. The chapters written in magenta text are the main part

representing the achievement of the dissertation.



2. Optomechanical system

2.1. Concepts

An optomechanical system consists of mechanical oscillators and optical fields. They are
connected with the radiation pressure of the optical fields. The interaction via the radiation
pressure is enhanced with optical cavities. For this reason, cavities are often used in optome-
chanical systems, and in particular, the study for such systems is called cavity optomechanics.
The conceptual drawing of the model of an typical optical system is described in Fig.

Optomechanical systems can be used for precise measurements. The displacement of the
oscillator is read out by utilizing the interference of the optical field. Therefore, even if
the mechanical oscillator is massive, its displacement is measured on a scale better than the
wavelength. Since it is a favorable precise displacement/force sensor, optomechanical sys-
tems are utilized as, for example, gravitational wave detectors [48-50] and dark matter detec-
tion [51H56].

The characteristic of optomechanical systems is related to quantum experiments. Since the
energy scale of the photon 7wg of a laser beam is much larger than the environmental energy
scale of kgT, the laser light propagates without decoherence. Therefore, the quantum nature of
the mechanical oscillator can be efficiently extracted. In other words, the sensitivity of optome-

chanical systems has the potential to reach the quantum regime. To discuss the quantumness of

Figure 2.1.: Schematic drawing of an optomechanical system that consists of a linear cavity.
The right mirror is the mechanical oscillator, which is in the harmonic potential.
The laser beam enters from the left side. After interacting with the mechanical

oscillator, the beam returns towards left side to be measured.
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Figure 2.2.: Schematic picture of quantum noise. The quantum shot noise is a sensor noise
due to the photon number fluctuation itself at the photo detector (left panel). The
quantum radiation pressure noise is a force noise for the oscillator that the photon

number fluctuation makes via optical radiation pressure (right panel).

an optomechanical system, let us introduce noise sources in optomechanical systems including

quantum noise in the next section.

2.2. Noise sources

An optomechanical system measures the displacement of the mechanical oscillator. However,
oscillators are subject to the undesirable forces as well as the external force that we try to
measure. In addition, noises associated with the sensing is also indistinguishable from the

displacement of the oscillator. In this section, let us view these noises one by one.

2.2.1. Quantum noise

Quantum fluctuations in the optical field and the oscillator of an optomechanical system in-
troduce a principal noise into the system. Such noise is called quantum noise. There are two
types of quantum noise: quantum shot noise and quantum radiation pressure noise. Quantum
shot noise is a sensor noise that originates from the quantum fluctuation in the photon number
of the laser beam. Quantum radiation pressure noise is a force noise that the photon number
fluctuation produces via optical radiation pressure. The conceptual picture is shown in Fig.
The quantum radiation pressure is also called quantum radiation pressure fluctuation, or quan-

tum back-action noise. The more detailed introduction and calculations of quantum noise are
described in Chapter

2.2.2. Thermal noise

Thermal noise is a class of noise sources that arise from the thermal motion of the oscillator or
other environments. Typical thermal noises are those of the mirror substrate and coating and



2.2. Noise sources

those caused by the residual gas. The power spectral density of thermal noise S, (w) is obtained
by the fluctuation-dissipation theorem as

A4kpT
Se(w) = ——

Im[H(w)]. 2.1

where kg is the Boltzmann constant, 7 is the temperature of the thermal bath coupling to the
system, w is the angular frequency of the motion, and H is the transfer function from the force
to the displacement x of the oscillator. For example, the transfer function of a simple pendulum
is described by

1

H(w) = m [wi(1 +ig(w)) — w?| ’

(2.2)

where wy is the resonant angular frequency, and ¢(w) is the loss angle. Loss angle is a pa-
rameter to characterize the energy dissipation of the system. Equation (2.1]) leads to the noise

spectrum,

AkgT wip(w)

mo (2 - a)%)2 + wg¢2(a)).

(2.3)

There are two dissipation models; one is called viscous-damping model, and the other is called
structure-damping model. The viscous-damping model is a model where the oscillation en-
ergy is decayed with a force in proportion to its velocity. In the structure-damping model, the
internal structure cause the energy loss. The loss angles and decay rates in Fourier space are
expressed in each model as follows:

viscous-damping model : ¢(w) = L, v = @, (2.4)
Quwo Q
. 1 g
structure-damping model : ¢ = —, y(w) = —. (2.5)
Q Qu

Let us consider examples in the following part of this section.

Suspension thermal noise

When we use a pendulum for the oscillator, the pendulum mode has its thermal noise. This
suspension thermal noise is a structure thermal noise of a pendulum. According to Eq. (2.3)),
the noise spectrum Sy is expressed as

4kB] tha)2 ®pend
pend 7 Pen
S)SCLIS( )

A (2.6)

where wpeng 18 the resonant angular frequency and ¢penq is the loss angle of the pendulum, and
we assume that the frequency band of interest is much higher than the resonant frequency.
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Mirror substrate/coating thermal noise

To calculate the mirror substrate/coating thermal noise, it is convenient to introduce the Levin’s
reciprocal approach [57]], instead of Eq. (2.1). With this approach, the power spectral density
is described by the following form:

Sy(w) = -

8k TiWiiss.i
B Z dlSS,l, (27)

w? F?
where Fj is the amplitude of an imaginary sinusoidal test force whose distribution is identical
to that of the laser beam intensity. 7; is the temperature of each thermal bath, and Wy 1s
the energy loss per unit time to the corresponding thermal bath while the imaginary force is
applied. By using Levin’s approach, the thermal noise of the mirror substrate/coating, SS°,
§¢oat “are obtained as [584/59]]

SSub — R 28
2 2 2
S;oat(w) — 4kBT dc¢;: Yc2 (1 + Vs) (1 - 22Vs) + Ys2 (i + VC) (1 - 2Vc)’ (29)
w 7w, YYe (1= ve)

where ¢ is the loss angle of the mirror substrate, wg is the beam radius on the mirror, v is the
Poisson ratio, Y is the Young modulus, and d. is the coating thickness. The subscription s

indicates the mirror substrate, while c indicates the mirror coating.

Residual gas noise

When an oscillator is in a less than perfect vacuum, the residual gas becomes a resistive force
proportional to the velocity of the oscillator. Therefore, the residual gas noise is modeled by the

viscous-damping model. It is known that the Q value of the residual gas is described by [60]

Cma)o kBT
- , 2.10
Q=—7p ‘/mmol (2.10)

where S is the area of the surface, P is the pressure of the gas, my, is the molecular mass of

the gas, and C is the factor depending on the shape of the oscillator, which is nearly unity for

cylinder-shaped mirrors.

2.2.3. Other noises

Laser frequency noise

Since the optomechanical system utilize the interferometry to measure the phase of the light
to sense the displacement of the oscillator, laser frequency fluctuation is a noise source indis-
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tinguishable from the oscillator’s displacement. For the laser angular frequency wy, the phase
rotation ¢ through a distance of L variate as

2d¢

_ 2w (d—L+@). 2.11)

L Wy

Therefore, the displacement spectrum of the laser frequency noise S™°¢ is expressed by

/Sfreq( )
\SE(f) = Lff—of, 2.12)

where S;req( f) is the power spectral density of the laser frequency fluctuation, and f; is the
laser frequency.

Seismic noise

The ground on the Earth continuously vibrate, and the oscillator’s seismic motion introduce a

displacement noise that is called seismic noise. The typical spectrum of the seismic motion is

10~ m/VHz (f < 0.1 Hz)
10-7 x (%)2 m/VHz (f >0.1Hz)

VSseis(f) ~

(2.13)

To reduce the seismic noise, a vibration isolation system for the oscillator is necessary. For
example, a multiple suspension system (n-stage pendulum) can suppress the seismic noise by
the factor of f~2" above the resonant frequencies.

2.3. Uses for macroscopic quantum experiments

Optomechanical systems are suitable for macroscopic quantum experiments. By utilizing the
interference, optomechanical systems can sense the oscillator’s displacement on a scale better
than the wavelength of the optical field even if the oscillator is massive. The joint characteris-
tics lead to the quantumness and macroscopicity of the system simultaneously. In this section,
let us see some examples for uses of optomechanical systems for macroscopic quantum exper-
iments. The examples indicate the supremacy of milligram-scale optomechanical systems for
their purpose. They cannot be conducted with large scale systems, such as gravitational wave
detectors, due to the lack of flexibility. On the other hand, the small scale below the Planck
mass is not enough heavy to observe gravitational effects or mass dependency in the modified
quantum theories.
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Figure 2.3.: Proposed experiment to measure the decoherence time of a superposition state of
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a massive object by Marshall et al. [61].

2.3.1. Testing macroscopic quantum mechanics

Quantum mechanics is an established theory in modern physics. Many microscopic phenom-
ena are explained precisely according to quantum mechanics. However, although quantum
mechanics itself does not limit the scope by a mass scale, no quantum phenomenon indicating
the superposition state of a massive object has been observed. It is an open question whether
quantum mechanics holds valid along all the mass scale, or quantum mechanics breaks at some
mass scale and needs to be modified. Therefore, experimental tests are desired by realizing
macroscopic quantum systems.

Let us introduce proposed optomechanical experiments of a superposition state with a mas-
sive object. After developing macroscopic quantum optomechanical systems, the following
experiments will come true and will be able to test macroscopic quantum mechanics.

Marshall et al. [61] proposed an experiment to measure the decoherence time of the super-
position state of the massive mirror in an optomechanical system. The optomechanical system
is a Michelson interferometer, whose arms have linear cavities, as described in Fig. The
target mirror that will be observed in a superposition state is placed at the end of a linear cavity.

The other end mirror is fixed. By injecting a single photon, the state would be

004D p+[1)410)p
7 ,

where the subscriptions A, B refer to each system of the arms. The state describes the super-

¥ (0)) =

(2.14)

position of a state where the photon exists in the arm A and a state where the photon exists in
the arm B.
If the target mirror is cooled down to its ground state |0),,, the state will evolve with time ¢

10
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— T
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Figure 2.4.: Proposed experiment to realize a superposition state with massive mirrors by
Miiller-Ebhardt et al. [|62]).

as

W) = = [100410) 10, + S nrmen 1) oy e (1 - 7o)} | @)
V2 m

where we define ¢ = (wy/Lwn,) m, and wy, is the angular resonant frequency of the

target mirror, m is the mass of the mirror, L is the cavity length, and wy is the angular frequency

of the single photon. The decoherence time is measured by the visibility of the interferometer.

While the entangled state holds, the visibility should oscillate with the mirror oscillation. After

the decoherence, the visibility will keep zero.

Miiller-Ebhardt et al. [62] proposed an experiment to realize the entangled state with mas-
sive mirrors. The proposed configuration, based on that of gravitational wave detectors, is
shown in Fig. When the sensitivity of the interferometer reach the standard quantum limit,
the common mode and the differential mode of the interferometer will be entangled. The dis-
placements of the common and differential modes are measured by photo detectors placed at
the each port, respectively. The entanglement can be evaluated by the logarithmic negativity
of the system. An finite logarithmic negativity implies the existence of the entangled state

between the massive end mirrors.

2.3.2. Platform for demonstrating advanced technologies in

gravitational wave detectors

Gravitational wave detectors are one of the representative optomechanical systems. The sensi-
tivity of the gravitational wave detectors are, and will be limited by quantum noises. Quantum
noises are fundamental noises and can not be reduced by classical manipulation. Although

11
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several advanced techniques to reduce quantum noises were proposed, a number of techniques
are waiting their experimental demonstrations.

Table-top scale experimental platform to demonstrate advanced techniques are crucial in
the gravitational wave detectors. The modern gravitational wave detectors are typically huge
experimental apparatus; they consists of kilo-meter scale interferometers. It takes much efforts
to incorporate and install new technologies into them. Thus, it is consequential to assure the
validity of the techniques before the actual installation.

Let us give an example of advanced technologies of quantum noise reduction. Typical grav-
itational wave detectors are based on a Michelson interferometer. To enhance its sensitivity,
a mirror that is called signal recycling mirror is installed at the output port of the Michelson
interferometer. The signal recycling mirror composes a cavity to enhance gravitational wave
signals. This cavity is called signal recycling cavity. In conventional configurations, the phase
delay can be ignored between the signal recycling mirror and the beam splitter in the Michelson
interferometer. However, recently, it was proposed that the quantum noise could be reduced
by using a long recycling cavity by considering the effect of the phase delay. Although the
technique has not yet been validated experimentally, there is a proposals to incorporate the
effect into the proposed future gravitational wave detector [63]. Therefore, the experimental

demonstration with a table-top scale system is desired.

2.4. Previous works

We have seen the uses of optomechanical systems for macroscopic quantum experiments. In
this section, we will review previous works that experimented with optomechanical systems

that were aimed to be conducted in the quantum regime.

2.4.1. Observation of quantum radiation pressure fluctuation

One criteria of quantum regime for optomechanical systems are observing quantum radiation
pressure fluctuation. Quantum shot noise is observed even in the absence of optomechanical
interactions, and have been already observed or reduced with squeezed light at various mass
scales [64-66]. However, dominance of quantum radiation pressure fluctuation was realized
only below the nanogram scale.

In 2013, Purdy et al. reported observation of quantum radiation pressure fluctuation with
7 ng membrane. In 2018, Cripe et al. observed quantum radiation pressure fluctuation with a
50 ng cantilever. This was the most macroscopic system that succeeded in the direct observa-
tion. The line width of the observation was 500 kHz and the mechanical resonant frequency

12
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was 876 Hz. The resonant frequency increased to 10 kHz with an optical spring effect. The
observation is realized in broadband frequencies, though it is at the mechanical resonant region.

In 2020, the gravitational wave detectors, Advanced LIGO and Advanced Virgo also re-
ported the effect of quantum radiation pressure fluctuation [67,68]]. Although quantum radia-
tion pressure noise is not dominant, they observed the increases in noise spectra due to quan-
tum radiation pressure noise. For quantum macroscopic experiments, direct observation of
quantum radiation pressure fluctuation is necessary, and this has been achieved in experiments
below the nanogram scale. It is expected to expand the mass range where direct observation
of quantum radiation pressure fluctuation is possible. In particular, the milligram scale is a
key scale because it is inferred that the displacement induced by the gravitational coupling can
be sensed in milligram scale optomechanical systems with realistic parameters [69]. In other
words, the milligram scale is the unique scale that has the potential to simultaneously observe
quantumness and gravitational effects; this feature is essential for fundamental physics as we
have seen in the Chapter [T}

2.4.2. Impediments to improvement of the sensitivity at milligram
scale

Let us review macroscopic optomechanical systems over microgram scale. The direct obser-
vation of quantum radiation pressure fluctuation has not yet been accomplished in this mass

range. However, several groups are actively working towards this goal.

Suspended pendulum

Suspended pendulums are often adopted as mechanical oscillators in optomechanical systems
over microgram scale [[67,/69-77], while membranes and cantilevers are widely used in many
experiments of smaller mass scales [[78-80]. An advantage to use suspended pendulums is
a feature that they can be well isolated from the environment. In other words, pendulums
are resistant to seismic noise and thermal noise. In addition, pendulums have a broad free-
mass region over the resonant frequency. For this reason, in general, pendulums have a wide

sensitive frequency range.

Sidles-Sigg instability

However, the issue of suspended pendulums as mechanical oscillators is their instability in the
rotational degree of freedom. The yaw rotational motion of suspended mirrors changes the
beam spot position of the laser inside a cavity. Due to the change in the position of the beam
spot, the radiation pressure in the cavity can behave as an anti-restoring torque and destabilize

13
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the cavity. In particular, either of two degrees of freedom in a rotational direction is unstable,
and it is so called Sidles-Sigg instability [[47].

In the case that the mechanical restoring torque is dominant in the rotational degree of free-
dom, Sidles-Sigg instability does not matter because the radiation pressure torque would be too
weak to make a pendulum unstable. Thus, several experiments used multiple wires to suspend
a mirror to stiffen the pendulum in the rotational degree of freedom [75,/76,/81]. However, in-
crease of wires induces a stronger coupling to a thermal bath. As the result, the thermal noise
due to the suspension can get larger. In addition, suspension with multiple wires is technically
difficult to suspend a pendulum symmetrically. For example, Neben et al. [76] built a linear
cavity with 1 g suspended mirror to observe quantum radiation pressure fluctuation. The mir-
ror is suspended with two fibers to overcome Sidles-Sigg instability. However, the thermal
noise at the bonding of the fiber covered quantum radiation pressure fluctuation.

Another way to deal with Sidles-Sigg instability is introducing feedback control in the rota-
tional motion [82,83]]. Ifan oscillator has actuators applying torque on it, the unstable rotational
motion can be suppressed by a feedback control. However, milligram or gram scale oscilla-
tors are often too small to attach actuators to [[74]. In such cases, more complicated feedback
systems were required to actuate a tiny oscillator remotely [84}85]].

As a different approach, some experiments used triangular cavities to avoid Sidles-Sigg
instability [[71-73]. When the number of mirrors consisting in the cavity is odd, the radia-
tion pressure behaves as a positive restoring torque, as shown in Fig. Thus, the Sidles-
Sigg instability does not exist. However, additional mirrors are noise sources. Actually, Ko-
mori [[73,86]] reported that the sensitivity of their system with triangular cavities was limited
by thermal noises of the additional mirror in the broad region of several hundred Hz. For the
best sensitivity, a cavity with only two mirrors —a linear cavity— is favorable. Therefore,
a stable configuration of linear cavities is desired. In other words, more sensitive milligram-
scale optomechanical systems can be realized by designing a stable trapping of a linear cavity

MmIrror.

2.5. Summary of this chapter

Optomechanical systems are suitable for precise measurements. In particular, it is expected that
milligram-scale optomechanical systems can be used for macroscopic quantum experiments.
Up to the nanogram scale, there are experiments that realized a quantum optomechanical sys-
tem. However, over the microgram scale, the instability due to the radiation pressure inside a

linear cavity impeded observation of quantum radiation pressure fluctuation.

14



2.5. Summary of this chapter
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Figure 2.5.: Triangular cavity to avoid Sidles-Sigg instability. In the case of a linear cavity,
tilt of a flat cavity mirror causes changes in the cavity axis. As the result, the
tilting mirror is subject to radiation pressure torque in the same direction as the tilt
direction. Thus, the tilt becomes larger, and the system is unstable. On the other
hand, in a triangular cavity, the tilting angle is flipped by additional mirror. The
resulting radiation pressure torque acts as a positive restoring torque. Therefore,

the system is stabilized with the radiation pressure.
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3. Quantum noise in optomechanical
systems

In this chapter, we review the basic concepts of quantum noise in optomechanical systems. In
addition, the mathematical description and calculations of them are introduced.

3.1. Conceptual overview of quantum noise

There are two types of quantum noise: quantum shot noise and quantum radiation pressure

noise. This section provides an overview of them one by one.

3.1.1. Quantum shot noise

According to quantum electrodynamics, the photon number of an optical field is an observable,
and photon number can have the quantum fluctuation. Shot noise originate from the uncertainty
of the photon counting due to the quantum fluctuation on the photon number. In case that an
optical field is in a coherent state, the outcome of the measurement on the photon number

follow the Poisson distribution. That is, the probability of finding n photons is

P, = ﬂe—w, (3.1)
n!

where (n) is the expected value of the photon number. This is the Poisson distribution with
variance (n). The Poissonity implies that the shot noise has a flat spectrum.

3.1.2. Quantum radiation pressure noise

Let us consider a harmonic oscillator that couples to an optical field. The oscillator is subjected
to radiation pressure from the optical field. The radiation pressure Fy,q 1S given by

2P
Fraqa = 7’ (32)
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Figure 3.1.: Standard quantum limit with quantum shot noise and quantum radiation pressure
noise. The sensitivity is limited by the SQL even when the laser power is changed.

where P is the power of the optical field. Therefore, when P fluctuates as quantum shot noise,
the radiation pressure also fluctuates. This force noise is called quantum radiation pressure

noise.

3.1.3. Standard Quantum Limit

Before moving onto the detailed calculation of quantum noise, we introduce a concept called
standard quantum limit (SQL). The standard quantum limit is a fundamental limit of the sensi-
tivity for optomechanical systems. It is defined as the sum of quantum shot noise and quantum

radiation pressure noise.

The signal to noise ratio of quantum shot noise is in proportion to 1/VP since it follows a
Poisson distribution. On the other hand, the signal to noise ratio of quantum radiation pressure
noise is proportional to VP. Therefore, there is a lower bound on the sum of quantum shot noise
and quantum radiation pressure noise independently to the laser power. This lower bound is
the standard quantum limit. The plot for the standard quantum limit is shown in Fig.
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3.2. Quantized electromagnetic fields

3.2. Quantized electromagnetic fields

In optomechanical systems, optical fields are coupled to mechanical oscillators. To describe
optomechanical systems, firstly we review the mathematical description of quantized electro-
magnetic fields.

3.2.1. Quantization of electromagnetic fields

The Maxwell’s equations in vacuum are:

V.E(r1) =0, (3.3)

V. B(r.1) =0, (3.4)

V x E(r,1) = _(ia_]?’ (3.5)
1 0F

VXB(T‘,I’) = ;E, (36)

where E(r,1) is the electric field and B(r, 1) is the magnetic field (magnetic flux density). The
electric and magnetic fields can be also represented using the scalar potential ¢(r,7) and the
vector potential A(r, 1) as

dA
E(r.1)=——-~ V¢, (3.7)
B(r,t)=V x A. (3.8)

When we use the Coulomb gauge, V - A = 0, the vector potential follows the wave equation

as

vl 0 A(r,1) =0 (3.9)
c2 or? S '
The solutions imply the existence of electromagnetic waves. The wave vector k of the solution
is orthogonal to its vector potential A(k), and we define the unit vectors in the directions of
polarizations, e, (k) (u = 1,2), so that they are orthogonal to the unit vector k of the propa-

gating direction as k = ej(k) X ea(k). Then, the vector potential is written with the angular

frequency of the electromagnetic wave as

Art) = 3 (AR 4 (k) lou k) ¢ (). (3.10)
wk
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Therefore, the electric field is described with wg by

B(ri)= Y i (Age—“wkf—’f"’“) - (Ag) e"<wkf—’”>) e (k). 3.11)
wk

while the magnetic field is

B(r.i)= Y ik (Age-“wkf-’“‘” - (Ag) ei<wkf-’“"‘>) ke x e, (k). (3.12)
wk

Note that £ = |k|. Let us calculate the energy of the electromagnetic wave in a cube of the

volume V and the side length /. The integrations of

/E2 dr =V Z [_wkw i (A#Av —ilw o)t (A,u) (Av )* i(Wp+w_ k)t) e (ki) e, (=k)
wv.k

1202 (Ag)* AZ] (3.13)
and

/ B2dr=V )y i’ [(A“AV —iwrw-t (A“) (A7,)" el@rro- k”) eu(k) - e,(-k)

vk
2(a) ay] (e

indicate the energy H is

o2, b op2| 2 AN
H= /( &F +2MOB) %;ngw(k) V(Ak) Al (3.15)

To derive the above expression, we should use the dispersion relation w(k) = ck. By defining

the generalized coordinate QZ and the generalized momentum P,’: as

0! = 2[5V Re (A‘,;) , (3.16)
P! = 2w \J5oV Tm (A;;) , (3.17)
the energy is rewritten by
w=d 3| et or)] 18
wk
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which is identical to the hamiltonian of a harmonic oscillator. Thereby, let us impose the

following commutation relation:
(0%, P}, = ih6p10uy (3.19)
to describe the quantized hamiltonian of the electromagnetic field as
.1 o\ 2 .\ 2
=53 (r) et (o)) (3.20)
wk

As we often do with harmonic oscillators, we define the annihilation operator by

P, 3.21
2hwy k ( )

Wk A
Al J7i .
a, = | =0, +i
k 2n =k

Since the vector potential operator is written by

Ho_ A
A =\ Ty (3.22)

the expressions of the quantized electric field and magnetic field are

N 17} . T
E(r,1) = Zi ’2:;?/ (ﬁZe_'(wkt_k'r) _ (&Z) ez(wkt—k-r)) eﬂ(k), (3.23)

wk
= . l-‘Ohwk A —i(wgt—kT) AU T i(wrt—k7)) 1.
B(r,t) = Zz oy |dke —(a¥) e kx e (k). (3.24)
wk
The commutation relations between the creation operator (&z)T and the annihilation operator
aj, are

[&g, (ag,)*] = 1By (3.25)

while the commutation relations of the other combinations are zero.

3.2.2. Two photon formalism

In the previous section, we discuss the canonical quantization of the electromagnetic field. In
the case that we focus on the optomechanical systems, it is often useful to adopt two photon for-
malism [87589]. In this section, we review the two photon formalism; two photon formalism
is derived by transformation of the annihilation operator.

Firstly, let us consider an electromagnetic wave propagating in the direction of z axis in
free space. To deal with free space propagating as [ — oo, the summation is replaced by
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the integration over the continuous values of the frequency as }; — 1/(2nc/l) f dw. The
Eq. (3.23) is simplified as

E() = / h—“’(awe-"wwaj)el’w) dw, (3.26)
0 dregcA

where A is the effective cross section area of the propagating beam, and the annihilation op-
erator corresponding to the angular frequency w is defined by d,, = i\/2nc/ld; exp(iwz/c).

Correspondingly, the commutation relation for the continuous case is

[aw,a}] =276 (0 - &), (3.27)

w

and the commutation relations of the other combinations are zero.

Considering an optomechanical system, when an external force of angular frequency Q is
applied to the oscillator, sideband lights of angular frequency wy + Q and wy — Q generate
around the carrier light angular frequency wq. Thus, the quantum noise that contribute to limit
the sensitivity is at the sideband frequencies. Therefore, it is convenient to use the creation and
annihilation operators at the sideband frequencies. In the case of Q <« wy, and the quantized
electric field is rewritten by

N h 0 . . ; . P .
E([) = & / [e—zwot (a/\+e—lQ[ + d_elQZ) + elwol‘ (d_;—elﬂl‘ + cfii_e—lgt):l dQ, (328)
drggeA Jo

where the a, = d,,,+q 1s the annihilation operator of the upper sideband and a_ = d,,,-q is the

annihilation operator of the lower sideband. The commutation relations are calculated as
[a+,aj,] = 2716 (Q - Q), [d_,ai,] — 26 (Q - Q). (3.29)

The commutation relations of the other combinations are zero.

The quantized electric field can be decomposed into the quadratures as

4rhiwg

E@) = [d1(2) cos (wpt) + da(f) sin (wot)] . (3.30)

&oC

Therefore, the quantized amplitude quadrature d; and the quantized phase quadrature ds are
described by

5.+ a4t
+

a1(Q) = “*\/;-, (3.31)

~ &4_ - di

da(Q) = (3.32)
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where
A (. —i A ior) Q.
aj(t):/ (aj(g)e Q’+aj(Q)Tth)2— (G =1,2). (3.33)
0 T

These are the Fourier transformations of the quadratures since d;(—2) = AJT.(Q). The commu-
tation relations are

[al(g), a) (Q’)] o [@(Q), al (@) = i2ns (@ - ), (3.34)

while the commutation relations of the other combinations are zero.

3.2.3. Quantum states of the optical field

So far, we have seen the expressions of the electric field operators. To calculate the expectation
values and fluctuations of the electric field, it is necessary to specify not only the operators,
but also the quantum states. In this section, we will see two characteristic states: vacuum state
and coherent state. These two states is the typical quantum states for optical systems with laser

beams.

Vacuum state

The vacuum state |0) is defined as the state without any excitation at every frequency; a, |0) =
0.

Let us consider the power spectral density of the signal to noise ratio of the external force
signal and quantum noise for the vacuum state. For the pair of operators 01 and O, the single

sided spectral density Sy 4, (f) is defined by
1 A A ’ AT rO\A 1 ’
5 (O101Q0L(Q) + 04@)01(Q)I0) = S218(Q - X)Sp,5,(F)-  (3.35)
The commutation relations of Eq. (3.29) and Eq. (3.34) show
Lot At s L ,
§(O|(ajak, +a,,d;)|0) = 527r(5(Q—Q)5jk. (3.36)

Therefore, when the operator of the signal to noise ratio is described as the form of xs,(Q) =

n1d1 + na2ds, the power spectral density can be obtained by

Se(f) = Iml” + Inal?. (3.37)
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Coherent state

The coherent state |«) is defined by

@) = D(a)|0) (3.38)

= exp [/ (21_60 (a/a,&z) - a/j)dw)] [0) . (3.39)
0 /4

The coherent state is the eigenstate of the eigenvalue a: a, |a) = a(w)|a@). The operator
D(«) is called the displacement operator, and it is unitary: DD = I. Thus, we can replace

the coherent state with the vacuum state by transforming the electric field according to
la) — [0y, E — D'ED, (3.40)

without changing physical quantities.
The single mode laser beam is modeled by the coherent state of @ = Ag/ V2 x 276(w — wp).

The electric field operator that incorporates the displacement operator is

4 ha)o
&0 cA

E.(t) = [(Ag + a1(2)) cos wot + as(t) sin wt], (3.41)

which implies that it is the sum of a classical amplitude and quantum quadratures. The classical
intensity of the electric field P4 = |Ag|*fiwy/2.

3.3. Optomechanical systems

In this section, we review mathematical treatment of optomechanical systems. Firstly, we
define a general definition for operators of optical fields. For an electromagnetic field A, we

write the expectation value as A and the fluctuation as a with quadrature decomposition:

4rhwg
goCcA

A=

(A+a)- ( (3.42)

cos wot
sinwot |

A and a(Q) are vectors that consist of their amplitude quadrature and the phase quadrature:

A= ( N ) (3.43)
a= ( @ ) . (3.44)
ag

A consists of classical numbers, while a can be a vector of operators.
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Figure 3.2.: Free space propagation

3.3.1. Dynamics of the electromagnetic field
Free space propagation

Let us consider the case of an electric field propagating in free space over a distance L, as
shown in Fig Since this is equivalent to time delay by 7 = L/c,

B(t) = (A1 + a1(t = 7)) cos wo(t — 7) + (Aa + as(t — 7)) sin wy(t — 7). (3.45)
By calculating this equation, the output field is expressed as

B = R(¢)A, (3.46)

b(t) = R(p)a(t — 1), (3.47)

where ¢ = wot (mod 27) is the phase rotation by the propagation, and R(¢) is the rotational

matrix:
cos¢ —sing¢
R(¢) = ( ) ) . (3.48)
sing cos¢
The Fourier transform of the fluctuation of output electric field is
b(Q) = e R(¢)a(Q), (3.49)

where @ = —Qr is the phase delay at the angular frequency Q.

Transmission and reflection on a mirror

A mirror can be regarded as an optical element with two inputs and two outputs as shown in
Fig. Let the amplitude reflectivity and the amplitude transmissivity be r and . When
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Figure 3.3.: Transmission and reflection on a mirror.

optical loss at the mirror is zero, 2 + ? = 1 according to the energy conservation. The output
fields are

C(1) = rA(t) + tB(r), (3.50)

D(t) = tA(r) — rB(7). (3.51)

Therefore, their quadratures and the fluctuations are

C=rA+1B, (3.52)
D=tA-rB, (3.53)
c(Q) = ra(Q) + tb(Q), (3.54)
d(Q) = ta(Q) - rb(Q). (3.55)

3.4. Modeling of a linear cavity

Cavities are a class of interferometer. Cavities allow light to circulate between mirrors that
consist in them. Linear cavities are a simple cavity with two mirrors facing each other, as
shown in Fig. In this section, we review the mathematical description of the linear cavity

and calculate quantum noise in it.
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Figure 3.4.: Reflection on a free mass mirror.

3.4.1. Free mass mirror

To calculate the response of a linear cavity, firstly we consider the reflected light field on a free
mass mirror, as described in Fig. Here, we assume that the displacement of the mirror dx
is small. The reflected light field will be

B(t) ~ (A1 + a1(t) — 2A2kpdx(t)) cos wot + (A + as(t) + 2A1kodx(1)) sin wot, (3.56)
where kg is the wave number of the optical field. This leads to

B=A, (3.57)

b(t) = a(t) + 2k ( _AA
1

2 ) 5x(1). (3.58)

To obtain the Fourier transformation of Eq. (3.58)), let us consider the equation of motion of the
mirror. The radiation pressure due to the momentum transfer of the photons at the reflection is

Fip(t) = 2hkg x % (41 + @1(0)? + (A2 + ax(0))?) (3.59)

The constant part of the radiation pressure is balanced by the mechanical restoring force. Thus,
we need to consider only the fluctuation part of the radiation pressure: 6 Fy, (1) =~ 2hiko(A1aq(t)+

Asas(t)). When the external force m% is introducing the mirror displacement,
d*(5x(2)) & xex (1)
mT = 6Frp +m de . (360)

We consider small displacements of the mirror; therefore, the equation of motion is identical
to the one of classical theory, though the variables are replaced by the operators. The Fourier
transform of this equation of motion leads to

5)6(9) = —% (Alal(Q) + AQGQ(Q)) + xex(Q). (361)
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Figure 3.5.: A linear cavity.

Therefore, the Eq. (3.58) in the frequency domain is obtained as

Vot
b(Q) = P(1,£4) a(Q) + ——na, xex(Q), (3.62)
XSQL
where we define
1 0
P (1,€4) = R(éA) o R(=€A), (3.63)
and the unit vector that perpendicular to the A as
—sin fA
ny, = ( ) , &a =arctan(As/A1). (3.64)
cos éa
Here, { is represented by
8PA(.U0
= ——, 3.65
mc2Q? (3.65)

and called the optomechanical coupling constant. We also define the standard quantum limit

of the mirror mass of m as

2h
XSQL =\ —~3- (3.66)
m

3.4.2. Linear cavity

Finally, we introduce quantum noise in a linear cavity as described in Fig. Let the am-
plitude reflectivities of the input mirror and the end mirror be r; and rg, respectively. The
amplitude transmissivities are t; = (/1 — rl2 and 1rg = /1 - ré. The cavity length is L, and the
phase rotation due to propagating one way is ¢ = Lwg/c (mod 27).
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3.4. Modeling of a linear cavity

For the classical electric fields, the relations between them are written as

B=-nA+4D, C=tA+nD, D=R)F, E=R¢C, F=rnE G-=E.

(3.67)
These relations lead to
B = [-nl +ffrg [I - nreR(2¢)] ' R(29)] A, (3.68)
1 t2rgA 20 —

T N W) 3.69)

0 L+ rirg — 2rirg cos 2¢ sin 2¢
G = nte [I - reR(29)] ™' R(9)A, (3.70)
_ nitg Ao (1 -rrg) Cf)S 2¢ . 3.71)

1+ rfrg —2rirgcos 2¢ \ (1 + ryrg) sin 2¢

Since the light intensity is proportional to the square of the amplitude of the electric field, the
(classical) intensity of the reflected light Pp, the (classical) intensity of the transmitted light
Pg, and the (classical) intensity of the intracavity light Pg are written by

2, .2
i + g — 2rrg cos 2¢

= ) 3.72
B 1+ rfré — 2r1rg cos 2¢ 4 ( )
2.2
PG = ik P4, (3.73)
1+ rlzré — 2nrg cos 2¢
12
Pg ! (3.74)

= Py.
1+ rIQrg — 2r1rg cos 2¢ A

As inferred from the energy conservation, Pg + P = P4. When 2¢ = 0 (mod 2r), the
intracavity (and the transmitted light) intensity is at its maximum, and the cavity is said to be
resonant. The interval at which the resonance appears is called the Free Spectral Range (FSR),
and the frequency interval of FSR frgr is

c

= —. 3.75
frsr 51 (3.75)
The Full Width at Half Maximum (FWHM) of the resonant peak frwmwm 18
1—rrg
= , 3.76
SrwnMm e Jrsr (3.76)

while we assume the reflectivities of the mirrors are high (=~ 1). Finesse is a characteristic
parameter of the cavity that is defined by the ratio of the FSR and the FWHM as

F - fresk  mWnre  2n
frwam  1—rnre 2 4+12

(3.77)
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3. Quantum noise in optomechanical systems

Hereafter, we consider the case of the input mirror is fixed, and the end mirror behaves as a
free mass. The reflectivity of the end mirror is one to maximize intracavity power (r; = r, t; =

t, rg = 1). The input-output relation for the fluctuations of the electric fields are

b=-ra+td, c=ta+rd, d=¢e"R(¢)f, (3.78)
e=c"R(¢p)e, f=P(é)e+ ﬁnEjCex(Q), (3.79)
XSQL

where @ = —LQ/c is the phase rotation for the one way path. When the cavity is on resonance
(¢ = 0), the coupling constant is reduced to be t = 8Ppwy/(mc*Q?) = 16F Pawy/ (7mc*Q?).

By solving Eq. (3.78)) and Eq. (3.79) for b,

l‘2 2ia 1— i 0 t i F 0
b = |=rl + 6—2 re 9% a + © D) \/_ 2 xCX(Q)'
(1 - re?a) -t 1-re™ (1 —re%ia)”xsqu |\ 1 —re”®
(3.80)

If the transmission of the mirror ¢? and the phase delay « is small, then the fluctuation of the
output field is reduced to

2yt
—-iQ 1 0 -iQ VoI | 0
~ Y l vt a + Y ! ) Xex(Q), (3.81)
Y + iQ —m \ /72 + 02 XSQL 1
where
tc
= — 3.82
Y= (3.82)
P
_ 8Prwo (3.83)
mLc
By defining
Yt
K= —F——— 3.84
B = arctan(—-Q/y), (3.85)
Eq. (3.81) is expressed by the simple form:
. 1 0 SV28 [ 0
b = e?F a+cP Xex(Q). (3.86)
-8 1 xsQL | 1

The first term represent the fluctuation of the electric field, and the second term represent the
external force signal. The fluctuation of the electric field can be regarded as the noise. Then,
the operator of the signal to noise ratio is

XSQL

Xsnr(Q) = o (-Ka1 + az) e®. (3.87)
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3.5. Summary of this chapter

Thus, as we have seen in Eq. (3.37)), the sensitivity for the external signal is described by the
single sided power spectral density S,(€2):

x%QL 1 )
S, (Q) = - (R + §) > X5qL- (3.88)
The first term of Eq. (3.88]) comes from the fluctuation in the amplitude quadrature of the input
field, which is converted to the fluctuation in the phase quadrature through the response of the
mirror. Thus, it corresponds to quantum radiation pressure fluctuation. On the other hand, the
second term of Eq, (3.88)) is the direct consequence of the fluctuation in the phase quadrature
of the input field. Therefore, this noise corresponds to shot noise. There is a trade-off between

these two quantum noises, with the standard quantum limit as the lower limit.

3.5. Summary of this chapter

In this chapter, we review calculations of quantum noise in optomechanical systems. For op-
tomechanical systems, it is convenient to use two photon formalism. The basic dynamics of the
optical field are free space propagation and reflection/transmission on a mirror. The dynamics
in a linear cavity can be calculated by combining the two basic dynamics. The calculation re-
sults show that quantum noise can be divided into quantum shot noise and quantum radiation
pressure noise based on the quadrature of its origin, and quantum noise limit the sensitivity by
the standard quantum limit.
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4. Experimental setup

As we have seen in Chapter[2] the milligram-scale optomechanical system is unique and crucial
for macroscopic quantum experiment. In this chapter, we describe the experimental setup for
realizing the milligram-scale optomechanical system. In Section4.T] the design concept of our
experiment is introduced. In particular, the cavity geometry is carefully designed to overcome
the Sidles-Sigg instability. In Section we focus on the main cavity in detail, while we
discuss the auxiliary optics in Section In Section the feedback control systems that
we use are introduced. The feedback control systems are used to keep the cavity resonance or
to reduce noises for precise measurements. In Section4.5] the systems to avoid environmental
noises are introduced. In Section let us summarize this chapter.

4.1. Design of the experiment

4.1.1. Goal and the paths

The goal of this research is to establish a class of precise optomechanical systems that are
suspended linear cavities of milligram scale. We look ahead to macroscopic quantum exper-
iments. Therefore, our experimental setup is designed to be sensitive for observing quantum
radiation pressure fluctuation; as shown in Chapter[2] limitation by quantum radiation pressure
fluctuation is one criterion of the quantum regime.

The first step for the goal is identifying a stable configuration of a suspended linear cavity. As
we have seen in Section[2.4.2] a suspended linear cavity suffers from the Sidles-Sigg instability.
To overcome the Sidles-Sigg instability, our optomechanical system has two characteristics.
One is that the cavity is in the negative-g regime, and the other is the unbalanced masses of
the cavity mirrors. The effectiveness and the experimental validation of our configuration is
discussed in more detail in Chapter [3

To complement our goal, we validate that the sensitive milligram-scale optomechanical sys-
tems are worthwhile for elucidating the nature of quantum mechanics. As a concrete imple-
mentation, we demonstrate one quantum noise reduction technique with our system, which is
discussed in Chapter [6]
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4. Experimental setup

b

3 mm

Figure 4.1.: Photographs of the 8-mg mirror. The high reflective coating and the anti-reflective
coating are coated for each side, respectively.

Observation of quantum radiation pressure is the final aim for our experiment. Therefore, we
propose and design a more suitable optomechanical oscillator for this purpose. The oscillator
is a torsional pendulum. By constructing two linear cavities on the two edges of the torsional
pendulum, the optomechanical system will be more robust against classical noises. We discuss

replacing the simple pendulum with the torsional pendulum in Chapter

4.1.2. 8-mg mirror as the test mass

To accomplish our goal, an 8 mg concave mirror is selected as the test mass. The small mass
is advantageous to improve its force sensitivity, and the 8-mg mirror is the smallest suspended
mirror with a curvature to the best of our knowledge.

The one side has the concave curvature with the high reflective coating. The curvature plays
a crucial role for the stability of the rotational degrees of freedom of the cavity mirrors. The
photograph of the 8-mg mirror is shown in Fig.

4.1.3. Design sensitivity

We design the linear cavity with the sensitivity that is limited by quantum radiation pressure
noise. The parameters for the design sensitivity to reach the quantum radiation pressure fluc-
tuation are listed in Table The calculated design sensitivity is described in Fig. To
estimate the mirror substrate and coating thermal noise, we refer to the material properties that
are also listed in Table

The calculation indicates that the quantum radiation pressure stands out if the input laser
power is more than 10 mW. The other expected noises are estimated below the quantum radi-
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4.1. Design of the experiment

Table 4.1.: Parameters for the design sensitivity towards observation of the quantum radiation

pressure fluctuation.

Test mass mirror

mass 8 mg
diameter 3 mm
radius of curvature 100 mm
reflectivity 99.99%
Q value 109
beam radius 0.21 mm
Young’s modulus  substrate 73 GPa
Si0y 73 GPa
TiO9:TasO5 140 GPa
Poisson ratio substrate 0.17
Si09 0.17
Ti09:TasOs5 0.28
loss angle substrate 1x10™
SiOy 1x1074
TiO5:Tas05 4 %107
refractive index substrate 1.45
Si09 1.45
TiO9:TasO5 2.07
Input mirror
mass 60 g
radius of curvature 100 mm
reflectivity 99.9%
Cavity
cavity length 110 mm
finesse 5000
intracavity power 14 W
Laser
wavelength 1064 nm
input power 10 mW
frequency noise 10 Hz/ f Hz/VHz
temperature 300 K
air pressure 107 Pa
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Figure 4.2.: Design sensitivity of the linear cavity for observing quantum radiation pressure
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fluctuation. The quantum radiation pressure fluctuation can be observed in the
range between 120 Hz and 750 Hz. Quantum radiation pressure noise is calcu-
lated as shown in Chapter [3] The suspension thermal noise is estimated by using
Eq. (2.6). The residual gas thermal noise is based on Eq. (2.6)), while the laser fre-
quency noise is determined by the cavity length and the laser frequency stability
as shown in Eq. (2.12)). The mirror substrate and coating thermal noises are eval-

uated using Eq. (2.8)) and Eq. (2.9)), respectively. The seismic noise is introduced
in Eq. (2.13).




4.1. Design of the experiment
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Figure 4.3.: Schematic drawings of the experimental setup.

ation pressure fluctuation in the frequency band between 120 Hz and 750 Hz.

Before moving onto the overview of the experimental setup, we have a note for the classical
radiation pressure noise, which is omitted from the plotting. We assume a feedback control for
the laser intensity stabilization. For the intensity stabilization, a part of the input laser beam
towards the main cavity is picked up, and the intensity is measured with a photo detector. The
measured intensity fluctuation is the error signal of the feedback control. The intensity stability
will be limited by the shot noise level of the picked up light. Thus, the higher the power of the
picked up light gets, the closer the classical radiation pressure noise is to the quantum radiation
pressure noise. When the half power of light is picked up, the classical radiation pressure noise
is above the quantum radiation pressure noise by the factor of V2. The design value of the input
power is 10 mW, and our laser source is 2 W power. Therefore, we assume that the intensity
stabilization can utilize enough high laser power, and when the classical radiation pressure
noise is equal to the quantum radiation pressure noise, we regard the sensitivity of the system

as reaching the quantum radiation pressure noise.

4.1.4. Overview of the setup

In this section, our whole experimental setup is outlined. Figure. describes the schematic
drawings of our experimental setup. The setup consists of the following four parts: the main
cavity, the auxiliary optics, the feedback control systems, and the environmental noise isolation
systems.
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4. Experimental setup

The main cavity is a suspended linear cavity. The 8 mg test mass mirror and the input
mirror of a half-inch mirror are suspended as double pendulums on the platform. The auxiliary
optics include the input optics and the output optics. The laser source is an Nd:YAG laser of
wavelength 1064 nm. The phase of the laser beam is modulated for the cavity length control
through the electro-optical modulator (EOM). The amplitude of the laser is also modulated for
the intensity stabilization through acousto-optical modulator (AOM). From the input optics,
two laser beams are injected towards the vacuum chamber where the main platform is built.
The transmitted lights from the cavities come out through the vacuum chamber and detected
by photo detectors.

We introduce three feedback controls. One is the main cavity length control to keep the
resonance or to sustain a certain locking point. The other one is the laser intensity stabilization.
A part of the laser beam is picked up for the intensity stabilization before entering the main
cavity. For the laser frequency stabilization, the reference cavity is on the platform next to the
main cavity. The laser frequency is feedback controlled to the frequency reference, which is
the resonant frequency of the reference cavity.

The platform is suspended as a double pendulum with coil springs in the vacuum chamber.
The spring suspension is introduced to reduce the seismic noise in both vertical and horizontal
directions. The vacuum chamber prevent the air turbulence and the residual gas noise.

By calibrating the photo detector signal of the reflected light from the main cavity, we can
estimate the displacement of the test mass mirror. The displacement is due to residual noises
for the external forces since we do not apply intended external forces in this experiment. After

the classical noises are suppressed enough, the quantum radiation pressure noise dominates.

4.2. Main cavity

The central optomechanical system in the experiment is the main cavity with the 8-mg mirror.
In this section, we focus on the main cavity. The main cavity is a suspended linear cavity and
composes of the suspended 8-mg mirror and the suspended input mirror. Let us describe one
by one in the following sections.

4.2.1. Test mass mirror
Substrate

The test mass mirror is the 8-mg mirror that is suspended with a fiber. The mirror is cylindrical
in shape, with a diameter of 3 mm and a thickness of 0.5 mm. The dimensions of the test mass
mirror are decided to prevent the larger clipping of the beam. One side of it is coated with a
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4.2. Main cavity

Table 4.2.: Material properties of the fibers used in the experiment.

Carbon fiber Tungsten fiber CuBe fiber
Tensile strength 5.9 GPa 3.8 GPa 1.4 GPa
Young’s modulus 294 GPa 345 GPa 130 GPa
Density 1.81 x 10% kg/m®  19.3 x 103 kg/m®  8.25 x 103 kg/m?

high reflective coating whose reflectivity is 99.99 (+0.005/-0.02)%. The other side is coated
with an anti-reflective coating whose reflectivity is less than 0.15%. The mirror is concave on
the side of the high reflective coating. The radius of curvature is 100 mm.

The test mass should be as light as possible for a precise force measurement. However, it is
not easy to achieve both the requirement of the small mass and with curvature, and 8 mg is the
smallest suspended mirror with curvature. The mirror is produced by Sigma-koki company

based on custom order.

Suspension system

The suspension fiber should be thin to reduce its suspension thermal noise. We can use a thin
fiber by choosing a high tensile strength fiber. Consequently, a carbon fiber is selected to
suspend the test mass mirror. The carbon fiber is attached to the mirror with ultraviolet curing
resin. Although a tungsten fiber is also a high tensile strength fiber, a metal fiber has a residual
stress that curves the fiber. Thus, carbon fiber is preferable for suspending a tiny mirror. The
properties of the fiber are listed in Table The carbon fiber is also advantageous by its low
density. The suspension thermal noise of the violin mode can be reduced by making the violin
mode frequency high enough. Since the frequency of the violin mode is inversely proportional
to the square root of the density, we avoid the effect of suspension thermal noise of the violin
mode by using low-density fiber whose density is one-tenth that of a metal fiber.

The measured intrinsic Q value of the carbon fiber is ~ 2.5 x 103. The Q value of the
pendulum is enhanced by the gravitational dilution effect. For the pendulum mode, a fiber has
energy loss only near the clamp point. Thus, the Q value is improved by a dilution factor than

the intrinsic Q value of the fiber. The dilution factor ay; is described as

[ /128m
Qg4 = —f2 —g, (4.1)
¢f nEs

where [r is the fiber length, ¢y is the diameter, Er is the Young’s modulus of the fiber, and m
is the mass of the pendulum. In our experiment, we have a benefit of @g; ~ 60 as the dilution
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Figure 4.4.: Schematic drawings of the suspended test mass mirror.

factor. Therefore, the Q value in the pendulum mode is expected to be ~ 1.5 x 10°, which
satisfies the requirement value of the experimental design of 10°.

The test mass mirror is suspended as a double pendulum for locking the cavity by suppress-
ing the residual motion of test mass mirror. The schematic drawings of the suspended test
mass is shown in Fig. For the intermediate mass in the double pendulum, we introduce
magnetic damping to suppress the residual motion of the test mass mirror. The intermediate
mass is surrounded by a ring neodymium magnet. To avoid unwanted magnetic attraction,
the intermediate mass is made of highly pure aluminum of 99.999% (5N). The carbon fiber
is fixed to the intermediate mass with a pure aluminum lid and peak screws. The mass of the
intermediate mass is measured to be 129.5+0.1 mg. For the optimal damping, the mass should
approach the mass of the test mass mirror. Therefore, the intermediate mass is designed to be
small, while it also needs to work as a clamp.

The intermediate mass is suspended from the clamp with a CuBe fiber. The CuBe fiber
is attached to the intermediate mass with ultraviolet curing resin. The CuBe fiber is selected
because CuBe fibers have small Young’s modulus and high intrinsic Q value. The properties
of the CuBe fiber is also listed in Table

A photograph of the suspension system and the test mass mirror is shown in Fig. At
the top of the suspension, a rotation stage is used with a picomotor for the remote control of
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4.2. Main cavity

Figure 4.5.: Photograph of the suspension and the test mass mirror.

the yaw angle of the test mass mirror. The test mass mirror is placed on the platform in the

vacuum chamber.

4.2.2. Controlled input mirror

The input mirror has coil-magnet actuators to control the cavity length. A half inch mirror is
stuck in a brass mirror holder to compose the input mirror of 60 g. With the mirror holder,
the input mirror is much heavier than the test mass mirror by three orders of magnitude. The
mirror is fixed to the holder with ultra-violet curing resin. The properties of the input mirror
is listed in Table 4.3l

The input mirror is also suspended as a double pendulum to isolate it from the seismic
vibration. In addition, by suspending the input mirror, we can have an enough actuator range
to lock the cavity. The schematic drawings of the suspension for the input mirror is shown
in Fig[d.6] The brass input mirror holder has a cylindrical shape, and two grooves are carved
into the side for hooking wires. Two loops of wire is clamped to the intermediate mass and
hook the input mirror holder. The intermediate mass has a rectangular shape and is made of
copper. Copper has a high electrical conductivity, and is suitable for magnetic damping. For
the magnet damping, four neodymium magnets are placed near the intermediate mass. Piano

wires of 0.1 mm diameter are used to suspend the input mirror and the intermediate mass. A
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Figure 4.6.: Schematic drawings of the suspension for the controlled input mirror.
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4.2. Main cavity

Figure 4.7.: Photographs of the controlled input mirror. The coil-magnet actuator is focused

on the right panel.

piano wire has an advantage in its strength, though it can not be get ultra thin. Thin aluminum
plates are screwed together to clamp the wires.

On the top of the suspension, there are two translation stages connected to the two suspension
wires. By moving the stage, the pitch and yaw rotations are controlled. Picomotors are attached
to the stage, and the rotational alignment of the input mirror can be adjusted remotely.

Two neodymium magnets are attached to the input mirror holder for the coil-magnet ac-
tuators. The coil-magnet actuators are used for the cavity length control and for the transfer
function measurement of the rotational degree of freedom. Photographs of the controlled input
mirror are shown in Fig.

To calibrate the signal from the cavity to the displacement of the test mass mirror, the actuator
efficiency need to be known in advance. Therefore, we measure the actuator efficiency of the

Table 4.3.: Properties of the input mirror.

Diameter 12.7 mm
Thickness 6.35 mm
Front surface curvature  (100.0 £ 0.5) mm
Rear surface curvature oo mm
Front surface reflectivity ~ (99.90 + 0.02)%
Rear surface reflectivity < 0.25%

43



4. Experimental setup

coil-magnet actuator by building a Michelson interferometer. The controlled input mirror is
placed as one end mirror of the Michelson interferometer. We feedback control the Michelson
interferometer at the middle fringe with the coil-magnet actuator. The transfer function of
a Michelson interferometer from the displacement of the end mirror to the output signal is
determined by the laser frequency. Thus, the actuator efficiency is estimated by the feedback
control gain. The measured actuator frequency is Hye = (3.0 £ 0.3) X 1074 N/V.

4.2.3. Cavity properties

The cavity length is decided as 110 mm. The short cavity length is advantageous in terms of
frequency noise, though it must be longer than the curvatures of the cavity mirrors for the stable
configuration. The resulting g factor is —0.1. Thus the cavity is in the negative-g regime. The
test mass mirror of 8 mg is much lighter than the controlled input mirror of 60 g. Therefore,
the two conditions for the stable suspended linear cavity are satisfied, as explained in detail
in Chapter |5l The expected finesse value is 5700, which meets the parameter of the design
sensitivity. The measured cavity length is (110 + 3) mm.

4.3. Auxiliary optics

4.3.1. Input optics

The input optics are assembled to condition the laser beams entering the cavities. The laser
source is an Nd:YAG laser of the wave length 1064 nm; its maximum output power is 2 W.
The laser beam passes through a Faraday isolator to dump the returning light. A part of the
beam is split for the optical lever to monitor the yaw rotation of the platform. The beam for
the optical lever is reflected at the mirror attached on the side of the platform. The returning
light is detected by a quadrant photo detector. The signal indicates the rotational motion. A
neodymium magnet is attached to the mirror on the side of the platform, and a coil is placed
near the magnet to compose a coil-magnet actuator. The yaw mode of the platform is feedback
controlled to keep its angle with the optical lever and the coil-magnet actuator. The unity gain
frequency of the feedback control is around 1.0 Hz not to disturb a signal within the frequency
range of interest.

The main beam is phase-modulated through an electro-optical modulator and amplitude-
modulated through an acousto-optical modulator. After the modulations, the beam is again
separated by a polarizing beam splitter; one goes to the main cavity, and the other goes to the
reference cavity. From the main cavity beam, a half of the beam is picked up and monitored for
the intensity stabilization. The optical path length and the positions of the lenses are tuned so
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Figure 4.8.: The monitor system for the transmitted light from the main cavity. It is designed
to be sensitive only to changes in the beam spot, not to beam tilt. A convex lens
of the focal length f is located in the middle of the quadrant photo detector and
the test mass mirror, where the beam spot is measured. The distances between the
lens and the quadrant photo detector and the test mass mirror are adjusted to be
2 f. With this configuration, tilt of the beam is cancelled by the lens.

that the mode of the laser beam match the cavity mode. Two steering mirrors with picomotors

are used for the path of the main cavity to align the beam to the cavity axis precisely.

4.3.2. Output optics

The output optics include two photo detectors and two CCD cameras; one is used for the
transmitted light from the main cavity, and the other monitors the transmitted light from the
reference cavity, which is described in the next section. The photo detectors measure the power
of the laser beam, and the CCD cameras are used to monitor the beam shape and to confirm
the resonance. For the main cavity, a quadrant photo detector is used to measure the beam spot
as well. The beam spot can be measured by using a convex lens and a quadrant photo detector
as shown in Fig. Tilt of the laser beam is cancelled by the convex lens. Thus, we can
measure only the beam spot displacement, while it is insensitive to tilt.
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4. Experimental setup
4.4. Feedback controls

4.4.1. Laser frequency stabilization

In optomechanical systems, the fluctuation in the laser frequency is indistinguishable from
the displacement of the oscillator. The target observation bandwidth is between 120 Hz and
750 Hz. To achieve the sensitivity, the laser frequency noise should be less than 10 Hz/ f Hz/VHz,
while the naive laser frequency stability is about 10* Hz/f Hz/VHz for a typical NPRO laser
source.

Therefore, we utilize the reference cavity to attain the stability in the laser frequency. The
reference cavity is a rigid cavity, and the laser frequency is fixed to the resonant frequency
of the reference cavity. The laser frequency is stabilized at the level of the stability of the
reference cavity. The spacer of the reference cavity is made of super invar. Super invar is a
nickel-iron alloy, and is known for its uniquely low coefficient of thermal expansion. On the
spacer, two high-reflective mirrors are attached with screws to comprise a high finesse cavity.
The parameters of the reference cavity is shown in Table

To fix the laser frequency to the resonant frequency of the reference cavity, a feedback
control is introduced. The error signal is obtained by Pound-Drever-Hall technique. The error
signal is filtered to be the feedback signal, and the feedback signal is applied to the laser source
to actuate the frequency of the laser beam. Let us describe the Pound-Drever-Hall signal in
more detail. The phase of the laser frequency is modulated before entering the reference cavity
with electro-optical modulator. The modulation frequency is 15 MHz. With 15-MHz sine
wave, we demodulate the signal that is obtained by the photo detector sensing the reflected
light from the reference cavity. To respond to 15-MHz signal, we use InGaAs photodiodes
(Hamamatsu Photonics G10899). The filter circuit is consists of a low-pass filter and a high-
pass filter. the high-pass filter is necessary to compensate the phase delay, and the low-pass

Table 4.4.: Parameters of the reference cavity.

Finesse 5.2 x 104
Cavity length 44 mm
Free spectral range 3.4 Ghz
High reflective coating reflectivity  99.994%
Anti-reflective coating reflectivity <0.2%
Curvature 1000 mm
Finesse (design) 5.2 x 10%
Finesse (measured) 6.1 x 10*

46
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filter is necessary for a stable feedback control. The feedback signal is sent to the piezoelectric
actuator that is attached to the laser crystal in the laser head.

4.4.2. Laser intensity stabilization

Laser intensity stabilization is also implemented since laser intensity fluctuation gives the clas-
sical radiation pressure fluctuation. To obtain an error signal, a part of the laser source is picked
up from the input laser beam to the main cavity. As an actuator, the acousto-optical modulator

in the input optics is used to modulate the intensity of the passing beam.

4.5. Environmental-noise isolation

4.5.1. Vibration isolation

The sensitive optics including the main cavity and the reference cavity are placed on the plat-
form. The platform has to be well isolated from the seismic motion for the cavity locking and
for the sensitivity. For this purpose, the platform is suspended with springs as a double pendu-
lum. Coil springs are introduced to isolate the vertical seismic motion as well as the horizontal

motion. Since it is a double suspension, the seismic noise can be reduced by 1/ f4.

The suspension of the platform is schematically shown in Fig. The main platform is
suspended from the roof of the outer structure by a single wire. Although it is technically easier
to suspend the platform with three wires, three-wire suspension can introduce a large seismic
noise since the resonant frequencies of the pitch and bounce mode will get close. For the
suspension, we joint piano wires of diameter 0.2 mm and coil springs with aluminum clamps.
Consequently, the yaw mode of the platform is soft. Thus, we introduce an optical lever and

an additional coil-magnet actuator to suppress the yaw motion of the platform.

The whole building is on three fluorine rubber piles. The outer structure is constructed
with a floor, a roof and three poles. The roof suspends the intermediate mass of 1.8 kg and
the damping mass of 4.4 kg. The damping mass is made of magnetized stainless steel and
suspended with three piano wires and coil springs. Eight neodymium magnets are attached to
the damping mass for the magnetic damping of the intermediate mass. The intermediate mass
is made of copper and suspended with a piano wire and a coil spring. From the intermediate
mass, the platform is suspended, and the mass of the platform is 1.8 kg.
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Figure 4.9.: Schematic image of the platform suspension.
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4.6. Summary of this chapter

4.5.2. Vacuum system

The platform where the main cavity and the reference cavity are built is suspended in the
vacuum chamber to avoid the air turbulence and the noise of the residual gas. The input laser
beam enters from the right-side view port window on the vacuum chamber. The view port
window is anti-reflective coated to minimize the unwanted scattering of the light. The platform
is located in the right side of the vacuum chamber. In the left side of the vacuum chamber, some
output optics are located. The vacuum pumps and the vacuum gauge are connected to the left
side of the chamber. They consist of the rotary pump of Edwards RV 12 and the turbo molecular
pump of Osaka vacuum TG450F. The first evacuation is done with the rotary pump, and when
the pressure drops below 10 Pa, the turbo molecular pump is used to evacuate to 10~* Pa.

The schematic picture of the vacuum chamber is shown in Fig. The vacuum chamber
consists of two jointed vacuum tank. The input light come from the right side of the chamber.
The platform is installed in the right side chamber. In the left chamber, the vacuum pump is
attached.

4.6. Summary of this chapter

For macroscopic quantum experiments, we construct a suspended linear cavity with 8-mg
mirror. The light mass is advantageous in force measurements. With feedback controls and

environmental-noise isolation, the design sensitivity reach quantum radiation pressure noise.

49



4. Experimental setup

Leak valve
& vacuum gauge  Acryric

view port 1470 mm

Anti-reflective

C Y
coated window

Anti-reflective
coated window

g

Top

800 mm

Bufndy po'rts

Output
optics 710 mm
Side
Vacuum
pump 650 mm

Rubber foot

Figure 4.10.: Schematic picture of the vacuum chamber.
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5. Angular trapping of a linear-cavity
mirror with an optical torsional

spring

5.1. Preface

Our ultimate goal is observing quantum radiation pressure fluctuation. Thus, a linear cavity
is employed for our milligram-scale optomechanical system to optimize its sensitivity. As
we have seen, however, a suspended linear cavity has the difficulty related to the Sidles-Sigg
instability. Therefore, the configuration of the cavity is carefully designed to overcome the
Sidles-Sigg instability. In this chapter, we discuss the method to realize a stable suspended lin-
ear cavity in detail. In addition, the experiment that validates the trapping configuration is also
provided in this chapter. The invented configuration with the experimental validation plays a
key role for milligram-scale optomechanical systems. This is a joint research by K. Komori,
H. Fujimoto, Y. Michimura, M. Ando, and myself. The works covered by the present chapter
are primary done by myself. Its preprint can be found in arXiv:2110.13507 [90]].

5.2. Theoretical description of the trapping scheme

In this section, we analyze the rotational motion of suspended mirrors in a linear cavity while
taking the effect of the radiation pressure. The calculation is based on the procedure shown
in [91]. The previous works [91]] assumed that the cavity mirrors had identical masses because
the stability was discussed in the context of gravitational wave detectors. By considering the
general case of cavity masses, we identify a stable trapping configuration for a suspended
linear cavity. The following calculation clarifies that the suspended mirrors are trapped with
the positive radiation pressure torque under the condition that the cavity is in the negative-g
regime and one mirror is much heavier than the other one. We name the trapping eftect optical
torsional spring.

The schematic picture of a suspended linear cavity considered here is shown in Fig.
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5. Angular trapping of a linear-cavity mirror with an optical torsional spring

05)
041
Rotational degree
of freedom

Figure 5.1.: Schematic picture of a suspended linear cavity. The rotational degrees of freedom
we focus on are defined along the vertical axis. The input mirror is much heavier

than the end mirror for our configuration.

Each mirror is suspended, and what we consider here is the rotational degree of freedom along
its vertical axis. As shown in Fig. we define the angles of two mirrors as ¢; and the torques
exerted to them as 7; (i = 1, 2). The equation of motion of the rotational modes of the two

mirrors is given by

a T
(Kopt + Kmech — IU)Z) (a;) = (T;) > (5.1
where
Ki O ILi 0O
K = , I = 52
mech 0 K2 (0 12) ( )

are the matrices of the mechanical restoring torques and the moment of inertia of each mirror.
Here, we consider the case that the rotational motion of the mirrors are slow enough to ignore
the phase delay of the light propagating inside the cavity. The optical torsional stiffness matrix
is represented as [47]]

(5.3)

2P Ri(L — R) RiRy
Kopt ( s

TR +R-L)| RR  RfL-R)

where P, Ry, and L are the intracavity power, the radii of curvature, and the cavity length,
respectively. Equation. (5.1)) can be rewritten as [91]]

K - - Lw? T
1= Bg2 — hw B , ar| _ [T , (5.4)
B Ko - Bg1 — bw*| \as T
by defining
2PL
- 5.5
F c(1-g192) (5:3)
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5.2. Theoretical description of the trapping scheme

Common mode
Figure 5.2.: Definition of the common mode and the differential mode of the cavity mirrors.

and g; = 1 — L/R;. g; depends on the geometry of the cavity, and it is generally called g factor.
Hereafter, we consider a case where the mirror 2 is much heavier than the mirror 1, and
the mechanical restoring torque of the mirror 1 is much smaller than that of the mirror 2.
This assumption is practical for actual experiments. This optomechanical system can be a
sensitive force sensor by using the lighter mirror as a test mass. At the same time, we can
control the cavity length to maintain the cavity resonance by attaching actuators on the larger
(heavier) mirror. Therefore, we consider the case that I; < I3 and K; < K». In this case, the
diagonalization of Eq. indicates the resonant frequency of the differential mode is

K —
Waift = | Ilﬁ 92 (5.6)

where we define the differential mode as the diagonalized mode where the mirror 1 and 2
rotate in the same directions. We also define the common mode as the diagonalized mode of
the rotation where two mirrors rotate in the different directions as shown in Fig.

When the lighter mirror is flat (g1 = 1), g2 should be positive to satisfy optical cavity
condition of 0 < g1g2 < 1. In this case, the resonant frequency rapidly goes to zero with
increase of the intracavity laser power, which causes an angular instability. On the other hand,
we can avoid the instability and even can stiffen the differential mode in the negative-g regime.
Eq. also indicates the resonant frequency of the common mode decreases as

o \/Kz +p(1 - 92)/9. 5.7)
I

Here, we consider the case that the two curvatures of the mirrors are identical (R = Ry = R,
g1 = g2 = g) for simplicity. An important fact here is that the mechanical resonant frequency
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5. Angular trapping of a linear-cavity mirror with an optical torsional spring
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Figure 5.3.: Dependence of the resonant frequencies of differential and common modes. The
negative resonant frequency implies that the mode is unstable. For comparison,
both the negative-g regime (g1 = g2 = —0.1) and the positive-g regime (g; =
1, g2 = +0.1) cases are plotted; other parameters are described in the main text. In
the range between 0.75 W and 34 kW of the intracavity power, only the negative-g
cavity is stable.

of the common mode can be high enough by using an enough heavy mirror for the mirror 2.
Therefore, the decrease of the common mode resonant frequency due to the radiation pressure
torque can be ignored with unbalanced-mass mirrors. In other words, the radiation pressure
torque will not make the common mode unstable when one mirror is much heavier than the
other. Optical spring effect in the direction of the cavity axis is well known; thus, we name the
trapping effect in the rotational degrees of freedom for optical torsional spring after it.

Figure shows the dependence of the resonant frequency on the intracavity power. As
for this plot, we use similar parameters of our experimental setup as follows: mirror masses
of m; = 10 mg and ms = 10 g, mirror radii of r; = 1.5 mm and r» = 10 mm, (momentum of
intertia of I; = 5.6x107'2 kg m? and I = 2.5x10~" kg m?,) mechanical resonant frequency of
w1/(2r) = 0.5 Hz and wo/(27) = 5 Hz, and the cavity lengthof L = 1.1R = 11 cm (g = -0.1).
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Figure 5.4.: Schematic drawing of the experimental setup for the demonstration of the optical
torsional spring. For this experiment, we use a quadrant photo detector at the
transmitted light from the main cavity. The beam spot on the test mass is monitored
with a lens and the quadrant photo detector for the transfer function measurement.
The reference cavity is not used here since the laser frequency noise does not affect
the intracavity power. Therefore, the reference cavity is omitted in the diagram to
emphasize this fact, though it is still there. The cavity length is feedback controlled
for the continuous resonance. The laser intensity fluctuation is also suppressed by
the feedback control with an acousto-optic modulator.

For comparison, we also plot the resonant frequencies of the differential and common modes
for the case that the milligram-scale mirror is flat and the g factor of the heavier mirror is
positive (g2 = +0.1). The cavity in the negative-g regime is tolerant over the intracavity
power of 10 kW, while the cavity with the flat mirror is unstable just over 0.75 W.

5.3. Experimental demonstration

We identify the stable configuration for suspended linear cavities. The configuration is a key
for high sensitivities in milligram-scale optomechanical systems, and it is adopted in our exper-
imental setup. Our experimental setup is the first realization and demonstration of the optical
torsional spring. For the validation, we conduct evaluations of the optical torsional spring.
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5. Angular trapping of a linear-cavity mirror with an optical torsional spring

5.3.1. Method

With the experimental setup, we demonstrate that our trapping configuration works properly.
The configuration utilizes the radiation pressure of the laser light inside a linear cavity. Thus,
the restoring torque due to the radiation pressure also increase as the intracavity power in-
creases. The validity of our trapping configuration is justified by observing this increase of the

restoring torque due to the optical torsional spring.

The experimental setup for this demonstration is shown in Fig. During this demon-
stration, we do not use the laser frequency stabilization system since the frequency noise does
not affect the stability of the cavity. The instability due to the radiation pressure of the laser
light inside the cavity will be an issue when the radiation pressure torque is dominant. The
predominance of the radiation pressure is realized because we build a linear cavity with a tiny
mirror of 8 mg that is suspended with a thin carbon fiber. The small mass allows to use the ultra
thin fiber, and thus the mechanical restoring torque is much smaller than that of the radiation
pressure. The carbon fiber is 6 um in diameter and 20 mm long, and the resulting rotational
resonant frequency is 0.6 Hz. The measured value is 0.64 + 0.01 Hz. The cavity length is
measured to be 110 + 3 mm, and the radii of curvature of the mirrors are 100.0 £ 0.5 mm. The
g factor of the cavity is -0.1. During this demonstration, the pressure is kept about 1 Pa to
suppress acoustic disturbances. It is relatively low vacuum for the stable locking of the cavity.
The pressure is tuned so that the residual gas introduces gas damping without disturbing the
cavity locking.

To show the radiation pressure works as a positive restoring torque, we evaluate the resonant
frequency that is described in Eq. (5.6). The resonant frequency is determined by the transfer
function of the rotational motion of the mirrors. Figure |5.5|show the schematic picture of the
transfer function measurement. To measure the transfer function, we apply a torque to the
input mirror by injecting differential sine-wave signals into the coil-magnet actuators on the
input mirror. Then, the test mass is also swung via the radiation pressure inside the cavity.
The rotation of the test mass results in the changes of the beam spot on the test mass because
the cavity axis changes. We observe the transmitted light from the cavity by a quadrant photo
detector with a convex lens to detect the change in the beam spot. The transfer function from
the injected signal to the quadrant photo detector signal of the horizontal direction includes
the transfer function of the suspended mirrors [85]. Therefore, the transfer function has the
characteristic form of the resonant peak. We fit the transfer function to estimate the resonant
frequency. We note that the cavity length is feedback controlled to keep the resonance of the

cavity during this transfer function measurement.
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5.3. Experimental demonstration

Quandrant
photo detector

Figure 5.5.: Schematic picture of the transfer function measurement in the rotational degree of
freedom. Differential sine-wave signals are injected into the coil-magnet actua-
tors on the input mirror to excite the rotational motion of the mirrors. The transfer
function from the excitation signal to the quadrant photo detector’s signal is mea-

sured.

5.3.2. Results and discussion

The measured transfer functions from the excitation to the quadrant photo detector signal are
plotted in Fig. We measure them with five different intracavity powers. The peaks and the
phase flips due to the resonance of the test mass are clearly observed in each measurement. We
fit the gain of the transfer functions to determine the resonant frequency. The fitted parameters
are resonant frequency, damping ratio of the resonance, and the overall gain factor. The fitted
curves are also plotted in Fig.

The intracavity power in each measurement is estimated with the transmitted light power
by dividing the reflectivity of the test mass mirror. The uncertainty in the intracavity power
is dominated by the fluctuation in the power of the transmitted light. The fluctuation in the
transmitted light power is at the frequency of the excitation signal. Thus, it is inferred that the
fluctuation would be due to the misalignment when the mirror is swung.

We show the dependence of the resonant frequency on the intracavity power in Fig.
The uncertainty of the resonant frequency comes from the frequency-bin width of the transfer
function measurement. We also show the predicted region from the theoretical calculation
using Eq. with the parameters of the optics. The width of the region corresponds to the
uncertainty of the design reflectivities of the mirrors and the uncertainty of the cavity length.

The measured dependency is consistent with the theoretical prediction. Therefore, we con-
clude that we observe the optical torsional spring. The results prove the configuration traps the
suspended cavity mirrors, and they show the certification of the ability of accumulating intra-
cavity power as much as the design value of 14 W for observing quantum radiation pressure
fluctuation thanks to the optical torsional spring.
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Figure 5.6.: The measured transfer functions of the five measurements of different intracavity
powers. The points are the measured data, and the lines represent the fittings. The
peaks and the phase flips indicate the resonant points. By the fitting, we estimate
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Figure 5.7.: The resonant frequencies of the differential mode in the rotational degree of free-
dom. The shaded region represents the theoretically predicted values with the
width corresponding to the uncertainties in mirror reflectivities and the cavity
length.
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5. Angular trapping of a linear-cavity mirror with an optical torsional spring

5.4. Summary of this chapter

We identify a configuration to trap the rotational motions of the suspended mirrors in a lin-
ear cavity. By operating a linear cavity in the negative-g regime and using unbalanced-mass
mirrors, the two rotational modes of the cavity mirrors are stabilized with the radiation pres-
sure inside the cavity. Moreover, we demonstrate the first experimental validation of the trap-
ping with our experimental setup. We observe the rotational restoring torque on the mirror
increases as the intracavity power increases. The behavior is consistent with theoretical pre-
diction. Therefore, we confirm that the 8 mg test mass mirror gets the positive restoring torque
originated from the radiation pressure of the inside laser beam. We conclude with this demon-
stration that we have established the stable configuration of the suspended linear cavity, and the
experimental setup can accumulate enough laser power to observe quantum radiation pressure
fluctuation.

60



6. Proof-of-principle demonstration of
quantum noise cancellation

6.1. Preface

We have established the stable configuration of a suspended linear cavity. This achievement
opens up new potentials for linear cavities as sensitive force sensor. As the proof of it, we
demonstrate a quantum noise reduction technique with our experimental setup. In addition to
proving the usefulness of the system as a force sensor, this demonstration also has the aspect
of research for further sensitivity improvement after quantum radiation pressure noise limits
the sensitivity.

In this chapter, we start by analyzing a method to enhance the sensitivity of a quantum
optomechanical system, followed by the experimental demonstration. This is a joint work by
K. Komori, S. Otabe, Y. Enomoto, Y. Michimura, M. Ando, and myself. It is published in
Phys. Rev. A Letter 104 L031501 [92]]. The theoretical description is derived with heading
efforts by K. Komori. As for the experimental demonstration, all measurements shown here

are conducted by myself.

6.2. Principle of quantum noise cancellation

The quantum noise can be cancelled by measuring the reflected light from a detuned linear
cavity, as schematically described in Fig. In this section, let us consider the principle

=1 A

Figure 6.1.: Schematic description of quantum noise cancellation. The amplitude fluctuation
in the light that directly reflected on the front mirror can negate the amplitude

fluctuation in the transmitted light from the cavity.
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6. Proof-of-principle demonstration of quantum noise cancellation

C l,n le, 7: d

Figure 6.2.: Optical fields for the considered cavity.

of the quantum noise cancellation in a linear cavity. The end mirror behaves as an harmonic
oscillator. The transmissivity and reflectivity of the end mirror are 7 and rg, respectively. The
input mirror is fixed, and its transmissivity and reflectivity are #; and r;. Because the system
we consider is a linear cavity, the optical losses in the system can be regarded as the nonzero
transmissivity of the end mirror.

To calculate the quantum noise, we use the two photon formalism [87-89] as presented in
Chapter 3] In the two photon formalism, we deal with an optical field as a pair of quadratures.
Thus, an optical field can be represented as a vector, a = (a1 as)’, where a; is an amplitude
quadrature and ay is a phase quadrature. Let us define each optical field as follows: a is the
optical field in the cavity, b(c) is the optical field going into (out from) the input mirror, and
d(e) is the optical field going into (out from) the end mirror. The definition of the fields are
shown in Fig.

The cavity amplification matrix between the amplitude and phase of the light is represented
as [92]]

c 1 K—iw —A
G=———1—— , 6.1
2L(K—iw)2+A2( A K—iw) .1

where L is the cavity length, k = (12 + 2) ¢/(4L) is the cavity decay rate, and A is the cavity
detuning.

We assume the optomechanical system is macroscopic. In that case, the end mass is heavy
enough to have a low mechanical resonant frequency. The frequency region of interest is
above the resonant frequency. Thus, the end mirror motion is in the free-mass regime, and
the displacement response to a force is ym = —1/(mw?), where m is the effective mass of the
mirror.

In the case that the cavity is detuned, the phases of the optical fields are different. The
difference of the phase is expressed by a rotation matrix

R, = Cf)SH —sind ' 62)
sinf cos@

62



6.2. Principle of quantum noise cancellation

The intracavity field is enhanced by the cavity amplification synchronizing with the cavity
displacement. The loop gain of the cavity is

0 0
A= ( ) G, (6.3)
—KQ 0
where kg = —8 ymPko/c. The cavity response to the input field can be written as
G
= 6.4
I-A ©4)
_ cw? K—ia)2 —A' ’ 6.5)
2EM\ A —Jw® k—iw
where I is an unit matrix, and
M = w*[(w + ik)?* = A’] + A (6.6)
¢ in the above expression is defined as
4Pk
= 6.7
t=—r (6.7)

which indicates the optomechanical coupling strength. P is the intracavity power and kg is the
wave number of light; kg = 27/A.
By calculating Re(M) = 0, the resonant frequency of the optical spring can be obtained as

[ A
wopt = m (68)

The input-output relations of the reflected light and the transmitted light are

b d
V) =R [2H-nI| Rg| ' | + g H |
2 ba do

0
+ 2 ymAkott H , 6.9
XmAkot (6F)} (6.9)

and
(4] ) d1 bl 0
= (tgH —rgl +nteHR + 2 xmAkotg H . 6.10
(62) I FE](d2) 1E 5(b2 XmAkotg (6F (6.10)
The difference in the phase of the carriers are given by
A
a = arctan |- ) , (6.11)
2Kin — K
A
B = arctan ——) , (6.12)
K
2KinA
v = arctan Dk — K2 A2) , (6.13)
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6. Proof-of-principle demonstration of quantum noise cancellation

where « is the phase difference between the intracavity and the reflected light, 8 is the phase
difference between the input and the intracavity light, and vy = a + g is the phase difference
between the input and the reflected light. The input and output coupler «i,, Koyt are defined as
Kin = Z‘IQK/(llz + tf:) , Kout = K — Kin.

Here, let us consider amplitude measurements. To calculate the sensitivity of amplitude
measurements, we pay attention to the amplitude quadrature. The amplitude of the reflection

is given by
€1 = Xret (OF + &b, b1 + Epybo + Egydr + Eayda) (6.14)
where
Xref = 2xmAkot; (H12 cos @ — Hyp sina), (6.15)
&p, = [t]2 (Hy1 cosy + Hig cos a sin B — Hoy sin a cos 8) — ry cos y] / Xrefs (6.16)
&p, = [t12 (—H11 cosy + Hig cosa cos B + Hoy sin @ sin B) + rysin y] / Xrefs (6.17)

1 Hiicosa — Hyp sina

_ , 6.18
i 2 ymAkg Hio cosa — Hyp sina (6.18)

Ig
= . 6.19
4 Dk (©19
H;; (i, j = 1, 2) is the component of the matrix H. Note that H1; = Hzy. The amplitude of

the transmission is calculated as

€1 = Xtra (5F + 77b1b1 + 77b2b2 + ﬂdldl + 77d2d2) N (6.20)
where
Xra = 2XmAkoteH2, (6.21)
t Hiycos B+ Hyzsin
oy = L 1C08A ¥ Hpsinf (6.22)
2 xmAko Hio
5 —Hyysin 8+ Hyo cos
My = = nsinf + iy cosp (6.23)
2xmAko Hio
feHy — g
na, = ——, (6.24)
Xtra
__ (6.25)
T = mAky |
The power and cross spectrum of the vacuum field is written as
1 (=y
Sura; = 01 = =7 (6.26)
0 G#))
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6.2. Principle of quantum noise cancellation

Therefore, the power spectra of the force noise as for amplitude measurements are calculated
as

|2 _ (K2 + Az) {AL - [(K - 2Kin)2 + AQ] “)2}2SSQL

Skb, = , 6.27
o |§b1 16tkin (k — Kin)? A2w? F (6.27)
4
f _ 2 _ Kin SQL
Skh = il = A S (6.28)
At — (K2 + A% = 2kKkoyt) W2 2
St = leal" = [~ — ) 7] 3, (6.29)
< dikouiN2w
2
St = ) = 2s3 (6.30)

and the power spectra of the force noise as for amplitude measurements are calculated as

Kin (K2 + AZ) (L)2 SSQL

Sts = lmn|” = G Fa 6.31)
St = [, = % s (6.32)
s, = P = 127 (Kzzz:jt;zik; o) ] gz (6.33)
s = | = K°uzw2 Spt. (6.34)

The difference between the reflection and the transmission measurement originates from the
noise of the input amplitude fluctuation.

The SQL-normalized sensitivity of the amplitude measurements in the reflection and the
transmission are the summation of the contributions of b and d. That is,

Stet = 8185 + &2, + Sa. (6.35)
St = E15,° + &2Sp, + S, (6.36)

where €1 and &5 are the relative shot noise levels for each quadrature, and we define

T T SQL I: SQL
Sbif = 5176,21 /SFQ ’ Slt?la = Sg,e;H/SFQ ’ (637)
T SQL T: SQL
Sp, = Siet_ /S50 = st 839k, (6.38)
Sa.= Si /530 4 S, /55 = s, 559+ i, /3 (639)

The calculated spectra according to Egs. (6.35))-(6.39)) are displayed in Fig. For this plot,
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Amplitude spectrum normalized by SQL

Frequency (Hz)

Figure 6.3.: Amplitude spectra of the amplitude and the phase fluctuations. The contribution
by the input amplitude fluctuation to the reflection is plotted as a red line. The
contribution by the input phase fluctuation and by the vacuum fluctuation from
the output port to the reflection is shown in blue and green lines, respectively.
The total sensitivity of the amplitude measurement of the reflection is plotted as a
black solid line. The input amplitude and the total amplitude of the transmission
are shown by red and black dotted lines, respectively.
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6.3. Proof-of-principle experiment

the vacuum fluctuation is assumed (g; = &2 = 1), and we use parameters of 1 = 1064 nm, L =
100 mm, m = 10 mg, x/(27) = 0.25 MHz, ki, /k = 0.8, A = k/V3,and P = 1 W. The sensitivity
of the reflection is improved beyond unity in a particular frequency band. The improvement
in the sensitivity is caused by the cancellation of the amplitude fluctuation between the direct
reflection and the cavity leakage. The dip frequency of the sensitivity is

A
waip = \/ ! . (6.40)

Thus, the dip frequency is always higher than the resonant frequency of the optical spring. It

is a unique feature of this quantum noise cancellation.

6.3. Proof-of-principle experiment

We have proposed the quantum noise cancellation by measuring the reflected light from a

cavity. Furthermore, here we demonstrate it for the first time with our experimental setup.

6.3.1. Method

We can demonstrate the coherent cancellation analyzed in the previous section, while quantum
radiation pressure fluctuation does not dominate the other classical noises in our system. As an
imitation of the quantum noise, we injected an white noise to the input laser intensity through
the acousto-optic modulator as shown in Fig. The white noise is enough large so that the
classical radiation pressure fluctuation drive the milligram-scale test mass dominantly. This
fact is confirmed by coherence measurements between the error signal and the intensity noise.
The intensity noise is evaluated by picking off a part of the laser beam just before the cavity.
The injected white noise is of the order of y/&] ~ O(10%); the coherence is almost unity in the
measurement frequency region.

As we have seen in the previous section, by detuning the cavity, the optical spring effect
emerges, and the dip-shaped noise cancellation is supposed to be observed. Therefore, the
main cavity is feedback controlled at a blue-detuned point for this demonstration. To get the
error signal for the feedback control, we measure the reflected light amplitude with a photo
detector. The error signal is the subtraction between the signal from the photo detector and the
point we want to detune at. The error signal is filtered to get the feedback signal. The feedback
signal is sent to the coil-magnet actuators on the input mirror. The coil-magnet actuators apply
a force in the direction of the cavity axis to control the cavity length at the target detuning
point. In addition to the cavity length control, we stabilize the laser frequency to highlight
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Figure 6.4.: Experimental setup for the demonstration of quantum noise cancellation.

the classical radiation pressure fluctuation. The laser frequency stabilization system described
in Section is operational for all the measurements. During the measurements. the air
pressure is kept about 100 Pa to suppress acoustic noises. On the other hand, the air pressure
is relatively high to introduce the residual gas damping to lock the main cavity at a detuned
point smoothly.

6.3.2. Result

We performed measurements with four different detuning points. For each measurement, we
estimate the detuning by monitoring the transmitted light. The proportion of the transmitted
light power to that of on resonance indicates the detuning. As the transmitted light power of
the resonance, we adopt the maximum output during the cavity scan. The uncertainties of the
detuning come from the residual fluctuations of the transmitted light power.

While the measurements, the input laser power is kept constant as Pj, ~ 4.7 mW. The finesse
of the cavity is measured just before the measurement, which is ¥ = (3.0 + 0.3) x 103. The
resulting intracavity power is P ~ 5 W.

The measured amplitude spectra and corresponding the open-loop transfer functions are
shown in Fig. The dip-shaped enhancement of the sensitivity is clearly observed. For
each detuning point, we also measure the coherence between the intensity noise and the error
signal. Let us show the measured coherence with 6 ~ 0.90 in Fig. as an example. For
each detuning, dips are observed in accordance with the dips in the amplitude spectra. It indi-
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Figure 6.5.: Demonstration of the dip-shaped spectra. Atthe upper panel, the amplitude spectra
are shown with the modeled fitting. They are normalized by the standard quan-
tum limit. The open-loop transfer functions are shown in the middle and bottom
panels. The measured values are plotted by blue lines and points. The modeled
curves are plotted by orange lines. The four measurements are conducted with
different detuning points. The estimated normalized detunings 6 = A/« for each

measurement are annotated besides the plotted lines.
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Figure 6.6.: Coherence between the injected intensity noise and the error signal.

cates that the injected intensity noise is dominating the noises as intended, and that around dip

frequencies, the coherence decreases because the intensity noise is cancelled.

6.3.3. Discussion

To confirm that the observed dips in the spectra are due to the noise cancellation depicted
in Section we evaluated the frequency ratio between the dip frequency and the optical
spring. The non-unity value of the frequency ratio is a feature of the noise cancellation with the
reflection measurement. Moreover, the frequency ratio is a good indicator for characterization

of the system because it is free from uncertainties of the intracavity power.

The frequency ratios are plotted against the normalized detunings in Fig. To evaluate
the uncertainties in the frequency ratios, let us discuss the uncertainty of the dip frequency.
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Fluctuation in the dip frequency of the sensitivity

Here we discuss the uncertainness of the dip frequency in the measured spectra. The sensitivity
with the injection of the dominating white intensity noise is described as

]
ST (wgipm) oc v (6.41)
by dip,m B} s .
a)dip,m

when the detuning point is fixed ideally. wgipm is the measured dip frequency. In practice,
the detuning point fluctuates. As the result, the sensitivity dip gets thicker. We assume that
the fluctuation of the dip frequency follows an Gaussian distribution. Let us define the central
frequency to be wgipm and the standard deviation to be 6w. The modeled curve of the dip is

described as

\/ [S,gjf (Wdipm + 60) + S (i — 5w)] / 2, (6.42)

which is the averaged spectrum of the two distributed spectra due to Gaussianity. We estimate
the dip frequency with the uncertainty by fitting with the above model. The fitting parameters
are wgipm, 0w, and the overall factor. The dominant contribution to the uncertainty of the
frequency ratio comes from the uncertainty in the dip frequency.

To construct the practical fitting model for the frequency ratio, we need to discuss the effect
the mode mismatch between the cavity TEM00 mode and the input beam.

Effect of the mode mismatch

In this section, we discuss the effect of the mode mismatch. In actual experiment, the axis
of the input laser beam is not perfectly identical to the axis of the cavity. In our experiment,
the mode matching ratio is 7 = 92%. The mismatched light cannot enter into the cavity and
directly reflected on the input mirror. Thus, the mismatched light contributes as the sensing
noise whose spectrum has a dip at the resonant frequency of the optical spring. Hereafter, let
us consider the dip frequency of the sensitivity in case the effect of mode mismatch is included.
We describe the power of the TEMO00 mode for the cavity as Pyg = nP;,. The mismatched light
power is Py, = (1 —n)Pj,. The amplitude fluctuation of the reflection for the TEM00 mode is

K2 + A2 Al — [(K - 2Kin)2 + A2] w?
b, = L 6.43
Yoot 1 \/(K — 2kin)” + A2 M ! (043)

where b is the classical amplitude noise. The absolute value of it is in proportion to vPgo.
The reflected field of the TEMO00 mode is described by the input field | Eqg| (oc \/POO) as

(k = 2kin)? + A2
|Exetoo| = \/ " :1 A2 | Eool - (6.44)
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The fluctuation in the power of the reflected TEMO00 mode is approximately calculated as

é‘Pref,OO o< |Eref,00||/\/ref‘fb1| b’1 (645)

At — [(K — 2kin)? + AZ] w?
o
At — (k%2 + A2) w?

1nPin. (6.46)

Whereas, the fluctuation in the power of the mismatched light is not affected by the cavity
since the reflected light does not enter into the cavity;

OPmym « (1 —n)Pjy. (6.47)

Therefore, the total fluctuation in the reflection light power is 6 Pref = 0 Pref, 00 + 0 Pmm, and the
dip frequency in the spectrum of 6 Prr is calculated as

A
Wdipm = \/ : (6.48)

K2 + A% — dkin (kK — Kin) 7

Mode mismatches give a smaller dip frequency than the perfect mode matching.

The fitted curve based on the above model is also plotted in Fig. The fitting parameters
are mode matching ratio n and «j,/x. We confirm that the measured frequencies of the dips
and the optical springs are consistent to our theoretical model. By the fitting, = 92% and
kin/k = 0.81 are estimated.

6.4. Summary of this chapter

An optomechanical cavity is suitable for precise force measurements. Its sensitivity is funda-
mentally limited by the quantum noises. In this chapter, firstly, we theoretically show that the
force sensitivity of the test mass mirror that is trapped by the optical spring can be improved as
the dip by measuring the amplitude of the light reflected from the over coupled detuned cavity.

We use our experimental setup to demonstrate this quantum noise reduction technique. The
dip-shaped improvement in the sensitivity is observed with the injected laser intensity modula-
tion though the sensitivity is not limited by quantum noises. It is concluded that the amplitude
measurement of the reflection from an optomechanical cavity is a simple way to improve its

sensitivity even beyond the quantum limit.
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7. Prospects for observing quantum
radiation pressure fluctuation: the
torsional pendulum

In Chapter[5] we have validated the stable configuration of a suspended linear cavity. In Chap-
ter[6] we have demonstrated a quantum noise reduction technique with classical intensity noise.
For macroscopic quantum experiments, the sensitivity of the system should reach the quantum
radiation pressure noise. For example, the quantum noise reduction technique will be directly
proved with quantum noise when the sensitivity is limited by the quantum noise. However,
quantum radiation pressure fluctuation have not yet been observed over nanogram-scale op-
tomechanical systems. In this chapter, for observing quantum radiation pressure fluctuation,

we propose upgrading the simple pendulum to a torsional pendulum in our experimental setup.

7.1. Sensitivity with the simple pendulum

We evaluate the current sensitivity of our optomechanical system. The estimation reveals the
limitation of the setup. In this section, let us discuss the evaluation of the setup to find ways
to improve the optomechanical system.

7.1.1. Current sensitivity with the simple pendulum

The displacement spectrum of the simple pendulum is shown in Fig. There is no noise
peak that was observed in the previous work of milligram-scale optomechanics done by [86].
Komori (2019) [86] analyzed that since they used a triangular cavity to avoid the Sidles-Sigg
instability, the thermal noise originating from the fixed mirror in the triangular cavity became
its peaks. Therefore, it is inferred that the sensitivity is improved thanks to using a linear cavity
in the frequency range of 300 Hz to 3 kHz.

The calibration of the measured signal to the displacement of the test mass mirror is shown
in Section In Fig. the estimation of quantum radiation pressure noise and possible
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Figure 7.1.: Displacement spectrum of the simple pendulum. In addition, the estimated quan-
tum radiation pressure noise is described. The estimated noises are also plotted.

noise sources that limit the current sensitivity are also plotted. For quantum radiation pressure

fluctuation, we discuss the estimation in the next section. The evaluations of noise sources are
described in Section [7.1.4]

7.1.2. Estimation of the quantum radiation pressure fluctuation

In this section, the detailed method to estimate the quantum radiation pressure fluctuation is
introduced. The theoretical description of the force spectrum of quantum radiation pressure
fluctuation can be rewritten with the cavity parameters by

32hw07:2Pin Kin 1

722k (1+62)7°

St qrp =

(7.1)
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7.1. Sensitivity with the simple pendulum

where wq is the laser angular frequency, ¥ is the finesse, Pj, is the input power, « is the
total cavity decay rate of photons, «i, is the decay rate of photons from the input mirror, and
0 = A/«k is the normalized detuning. In general, laser power measurements tend to have a large
systematic error of about 5 %. This is because of the large errors in the responsibility of the
photo detector and the estimation of «;j,/ k. Furthermore, the input power is effectively reduced
when the mode matching is not perfect. Mode matching ratio on the cavity resonance also has
the systematic error because the alignment is slightly changed due to the constant radiation
pressure when the cavity accumulates the laser power.

To avoid these systematic errors, we use a method to estimate quantum radiation pressure

fluctuation by focusing on the optical spring frequency. The optical spring constant is given

by

16w *Pin kin &
n2c? K (14627

Kopt = (7.2)
Thus, by using the optical spring frequency wqpt /271 = Kopi/m, the force spectrum of quantum
radiation pressure fluctuation is simplified as

2 4
Sf’ qrp = ?mwopt, (7.3)
where m is the mass of the oscillator. The optical spring frequency can be estimated with
small systematic errors by measuring the open-loop transfer function of the cavity length con-
trol. Therefore, we use Eq. ([7.3)) to estimate the quantum radiation pressure fluctuation in our

experiment.

7.1.3. Calibration

The optomechanical system is feedback controlled to keep the resonance of the cavity. The
error signal is the signal we observe, and it includes information of the displacement of the
test mass mirror. In this section. we describe the calibration method from the signal to the test
mass mirror’s displacement.

The block diagram is useful to represent feedback controlled systems. In a block diagram,
each transfer function is represented as a block, and interactions between them are represented
by arrows. The basics of block diagram is introduced in Appendix [A]

As for the cavity length, there are two feedback loops. One is the feedback loop of the optical
spring, and the other is the active-feedback loop that we introduce to control the cavity length.
We define the transfer functions as follows: Hpeng is for the test mass mirror, Hopy is for the op-
tical spring, H.,y is for the cavity, Hpp is for the photo detector, Hyje; 1s for the filter, H, is for
the actuator attached on the controlled input mirror, and H,, is for the controlled input mirror.
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Figure 7.2.: Block diagram of the optomechanical system with the feedback controlling.
For the cavity length, two loops should be considered. The optical spring

works as a feedback control as well as the active feedback control.

Our optomechanical system is represented by the block diagram shown in Fig. The two
open-loop transfer functions are defined as G1 = HpendHopt and Go = Heay Hpp Hilter HactHeon,
respectively.

We calibrate the error signal in the unit of voltage to the displacement of the test mass
mirror. By the calculation based on the block diagram, the displacement of the cavity mirror

Xdis 18 expressed by

1+ Gy
Xdis = G—OHﬁlterHactHcon Verror, (74)

where we define Gy = G2/(1 + G1). The transfer function of the filter is measured indepen-
dently, and the actuator efficiency is measured in advance with the Michelson interferometer
as mentioned in Section The transfer function (susceptibility) of the controlled input
mirror is determined by the mass. To measure the open-loop transfer functions, we inject sine
waves of various frequencies into the cavity length control loop after the filter. By taking the
ratio of the signals before and after the injected point, the open-loop transfer function Gy can
be measured. Therefore, the calibration of Eq. is completed.

We note that the optical spring frequency is also determined by the open-loop transfer func-
tion measurement. The resonance observed in the open-loop transfer function corresponds to
the optical spring frequency since it is in proportion to

1

Gy x ,
— W2

w

5 (7.5)

opt

where the cavity mirrors are in the free-mass regime.
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7.1. Sensitivity with the simple pendulum

7.1.4. Noise analysis

As we have seen in Fig. quantum radiation pressure fluctuation is covered with other

classical noises. We evaluate possible noises in the followings.

Thermal noises of the test mass mirror

From the frequency of the peak, we conjecture that the thermal noise of the pitch mode and
bounce mode in the test mass mirror contributes. The material properties indicate that the
bounce mode and the pitch mode should be at 300 Hz and 30 Hz, respectively. In particular,
the thermal noise of the pitch mode is dominant in the low frequency region.

Residual gas thermal noise

The residual gas thermal noise is calculated with the measured pressure of 9.8 x 107 Pa. As
Fig.|7.1|shows, the residual gas thermal noise is slightly above the quantum radiation pressure
noise. The pressure satisfies the requirement for the design sensitivity. By increasing the input
laser power, the quantum radiation pressure can be enhanced to stand out.

Laser frequency noise

The measured frequency noise is above the design value by a factor of 10 in 100 Hz band. This
is because the open-loop gain of the feedback control is not enough at the high frequency range.
An open-loop gain of 100 is expected for the design sensitivity. However, the oscillation of

the feedback control loop limits the gain.

Seismic noise

We assume the vibration isolation by the factor of 1/f* since the system is on the double
suspension. The seismic noise in the experimental space is measured with a geophone, and
estimate the contribution to the test mass mirror. The result infers that the seismic noise is not

limit the current sensitivity.

Not identified noise

In 100 Hz range, there is a noise that has a dependency of 1/ 2. Because of the dependency,
it has the possibility of thermal noise in viscous-damping model. If the pitch thermal noise
follows the viscous-damping model, the observed noise level can be explained. As a candidate,
the thermal noise in the pitch mode that originates from the adhesive at the wire-to-mirror
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connection can follow the viscous-damping model. However, it is not able to identify the

noise source so far.

7.2. Upgrading with the torsional pendulum

The noise analytics gives us a possible solution for the better sensitivity, which is a torsional
pendulum. In this section, we discuss the possibility of upgrading our optomechanical system

with a torsional pendulum.

7.2.1. ldea of using a torsional pendulum

The pioneering work of an optomechanical torsional pendulum was done by Komori et al. in
2019 [|73]]. They used a thin fused silica plate as the test mass, and the silica plate was suspended
as a torsional pendulum. By constructing triangular cavities on both edges of the pendulum,
they realized an optomechanical torsional pendulum. We perceive that the combination of the
idea and our linear cavity can build a more sensitive system. In the following section, firstly,
we introduce the advantages of a torsional pendulum as an optomechanical oscillator.

7.2.2. Advantages of an optomechanical torsional pendulum

The key advantages of a torsional pendulum as an optomechanical oscillator is its low noises.
The thermal noise is low because of its low resonant frequency, and some classical common

noises are suppressed due to the common mode rejection.

Low thermal noise

The thermal noise of the pendulum is in proportion to vw,,¢, where w,, is the resonant fre-
quency of the pendulum and ¢ (1/Q) is the loss angle. In general, although a torsional pen-
dulum has larger loss angle than a simple pendulum, the resonant frequency of the torsional
pendulum can be lower than that of the simple pendulum. The resonant frequency of a typical
simple pendulum is a few Hz, and its Q value is on the order of 10° at best. On the other hand,
although the Q value of an torsional pendulum is on the order of 103, the resonant frequency can
be below 0.1 Hz. Therefore, the resulting thermal noise can be lower in the torsional pendulum
than the simple pendulum because the resonant frequency has the second order dependency.
The low thermal noise is a characteristic advantage of a torsional pendulum.
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3 mm

200 mm

Figure 7.3.: Schematic drawing of the torsional pendulum. The both edges have the 8-mg
mirrors to construct the linear cavities. The two mirrors are connected to each

other by a glass pipe, forming the torsional pendulum.

Common mode rejection

For an optomechanical torsional pendulum, the angle is read out by measuring the displacement
of both the arm. Since the differential signal of the two cavities is measured to sense the
rotational motion of the torsional pendulum, noises that contribute equally to both cavities
are cancelled. This common mode rejection is an advantage of an optomechanical torsional
pendulum. For example, the frequency noise and the pitch thermal noise will be common mode

noises by using a common laser source for the cavities.

7.2.3. Design sensitivity with the torsional pendulum

The torsional pendulum is designed to be compatible with the linear cavity composed of the
simple pendulum as shown in Fig. For a torsional pendulum, we measure the rotational
motion of it. The linear cavities on the edges of the torsional pendulum sense the rotation of the
pendulum by subtracting the signals of the cavities. The design sensitivity with the torsional
pendulum is shown in Fig. The parameters for the design are listed in Table Quantum
radiation pressure fluctuation can be observed wider range of the frequencies with better signal
to noise ratio than the simple pendulum. We have notes for the following two types of noise.
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Figure 7.4.: Design sensitivity with the torsional pendulum.

Noises that contribute to both cavities independently

When a noise contributes to both cavities independently, the resulting sensitivity will be im-
proved by the factor of 1/V2 due to the subtraction of the signals from the two cavities. The

noises are, for example, the mirror substrate thermal noise, mirror coating thermal noise.

Noises that is suppressed by the common mode rejection

Noises that contribute to both cavities identically are cancelled by the subtraction. In reality, it
is not exactly identical, thus the noises are reduced by a certain factor. The reducing factor due
to the common mode rejection is called common mode rejection ratio. The typical value of
the common mode rejection ratio is 10 to 100. Here, we assume the common mode rejection
ratio ycmrr 18 10. Therefore, we can relax our requirement of the frequency noise by the
factor of 10. As the result, our current reference cavity can be for the upgrading. The pitch
mode thermal noise will be the common mode noise. Furthermore, the suspension point of the
torsional pendulum is lower than the simple pendulum. Thus, we assume that the pitch thermal
noise can be reduced by the factor of 10.
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Figure 7.5.: Pictures of the torsional pendulum.

7.3. Towards experimental realization

We have seen the promise of the optomechanical torsional pendulum with linear cavities. The
decisive difference from the current setup is the torsional pendulum itself. Therefore, the de-
velopment of the torsional pendulum is of paramount.

7.3.1. Development of the torsional pendulum

As the final part of the dissertation, we introduce the development of the torsional pendulum.
To make the torsional pendulum as designed, we use two 8-mg mirrors that is identical to the
simple pendulum. For the glass pipe to connect the two mirrors, a 20 mm long glass pipe made
by Nakahara Opto-Electronics Laboratories Inc. is selected. The outer diameter is 0.7 mm,
and the inner diameter is 0.6 mm. The thickness is chosen to be the thinnest to reduce the mass
of the torsional pendulum, while allowing it to be handled without breaking.

The epoxy resin is used for connecting the 8-mg mirrors and the glass pipe. The epoxy
resin is grouped in chemical reaction harden type. In making the optomechanical pendulum,
we have to be careful with the frosting with the resin due the volatilization of solvents. The
epoxy is an adhesive that cures without frosting because the hardening process is chemical
reactions without volatilization. The epoxy resin is advantageous also because of its small
volume change and its strength. The pictures of the torsional pendulum that is successfully
made with the 8-mg mirrors and the glass pipe are shown in Fig.

&3



7. Prospects for observing quantum radiation pressure fluctuation: the torsional pendulum

7.4. Summary of this chapter

We evaluate the current sensitivity with our setup and examine the noise sources. The re-
sults infer that the issues will be able to be solved by upgrading the pendulum to the torsional
pendulum. We redesign our system with the newly designed torsional pendulum and show
the sensitivity. Furthermore, we develop the torsional pendulum. The development is a cru-
cial step towards observing quantum radiation pressure with a milligram-scale optomechanical

system.
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Table 7.1.: Parameters for the design sensitivity towards observation of the quantum radiation

pressure fluctuation with the torsional pendulum.

Test mass mirror

mass 8 mg
diameter 3 mm
radius of curvature 100 mm
reflectivity 99.99%
Rotational Q value 2 x 103
Pendulum Q value 10°
beam radius 0.21 mm
Young’s modulus substrate 73 GPa
Si09 73 GPa
TiO5:TasO5 140 GPa
Poisson ratio substrate 0.17
SiOo 0.17
TiO9:TasO5 0.28
loss angle substrate 1x107
SiOy 1x107™4
TiO:Tas05 4x107
refractive index substrate 1.45
Si09 1.45
TiO9:Tas 05 2.07
Torsional bar length 20 mm
Input mirror
mass 60 g
radius of curvature 100 mm
reflectivity 99.9%
Cavity
cavity length 110 mm
finesse 5000
intracavity power 14 W
Common mode rejection ratio 10
Laser
wavelength 1064 nm
input power 10 mW
frequency noise 100 Hz/ f Hz/VHz
temperature 300 K 85
air pressure 1074 Pa







8. Conclusion

8.1. Summary

Milligram-scale optomechanical systems offer an unique way to elucidate macroscopic quan-
tum phenomena, which have been never observed. It is not clear that quantum mechanics is
valid for all the mass scale and how to incorporate the gravitational effect. While theoretical
approaches have been made for a long time, recent progress in experimental techniques gives
a fare opportunity of realizing macroscopic quantum systems to test them. Milligram-scale
optomechanical systems are the representative candidates for the realization of macroscopic
quantum systems. The mass of the oscillator is much heavier than the system where quantum
phenomena have been observed. At the same time, milligram-scale optomechanical systems
have a potential to reach quantum regime. Here, we adopt quantum radiation pressure fluctu-
ation as a criteria of reaching the quantum regime.

On the other hand, milligram-scale optomechanical systems are suitable for the platform to
test advanced technologies in gravitational wave detectors. The sensitivity of the modern and
future gravitational wave detectors are limited by quantum noise. Quantum noise is a funda-
mental noise, and it can not be reduced by classical manipulations. Therefore, the advanced
techniques to reduce quantum noise is central issue. While various theoretical proposals were
made, a number of them have yet to be demonstrated experimentally. Modern gravitational
wave detectors are in the large scale projects, and validating of the advanced techniques be-
fore the actual installation is important. Thus, milligram-scale optomechanical systems can be
used as preferable research platform.

For mechanical oscillators, pendulums are often used in milligram-scale optomechanical
systems. Pendulums are robust against environmental noises. The sensitivity is further en-
hanced by coupling a strong optical field to the pendulum. To do this, optical cavities are
usually used with a suspended mirror as the pendulum. However, the strong radiation pres-
sure inside a cavity can destabilize the rotational degrees of freedom for cavity mirrors. In
particular, either of rotational degrees of freedom is unstable in linear cavities. This instability,
called Sidles-Sigg instability, limits the maximum power that the cavity can accumulate. Con-
sequently, it limits the sensitivity of the optomechanical system. Although, more complicated
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systems such as triangular cavities can avoid Sidles-Sigg instability, they are disadvantageous
in that they have to be coupled more to the environmental disturbance. Thus, a stable sus-
pended linear cavity has been desired.

In the dissertation, we identify the stable configuration of a suspended linear cavity. When
a linear cavity is built with unbalanced-mass mirrors and in the negative-g regime, the rota-
tional degrees of freedom will not be unstable. This is because the common mode, which is
destabilized by radiation pressure in the negative-g regime is mechanically stiff due to the un-
balanced masses. Furthermore, the differential mode is even stabilized with the increase in the
intracavity power. This effect is named optical torsional spring. We find that with this system,
the limitation by Sidles-Sigg instability can be removed, and the sensitivity will be optimum.

We realize a suspended linear cavity with 8 mg test mass mirror with the configuration. The
sensitivity is designed to reach quantum radiation pressure fluctuation for macroscopic quan-
tum experiments by utilizing the light mass of the mirror. The mass of 8 mg is the smallest
for a suspended mirror with curvature. As the validation of our trapping scheme, the rota-
tional stiffness of the cavity mirrors is evaluated with variable intracavity powers. The results
indicate that the optical torsional spring works as the theoretical prediction without inconsis-
tency. Therefore, we conclude that the proposed configuration for a suspended linear cavity is
established.

With the optomechanical system, we demonstrate a quantum noise reduction technique. It
shows the usefulness of milligram-scale optomechanical systems. We inject classical intensity
noise, which imitates quantum noise. The coherent cancellation in the noise is clearly observed,
and we characterize the behavior of the dip-shaped reduction to confirm the theoretical model.
This is the first demonstration of the technique.

We analyze the noise sources for the current setup to search for upgrading of the system.
Replacing the simple pendulum with a torsional pendulum is our upgrade plan, and the advan-
tages and the expected sensitivity are discussed. The advantages for torsional pendulums are
its low thermal noise and the common mode rejection. To realize the upgrade, the development
of the torsional pendulum is crucial. We report the success of making the pendulum as the last
part of the dissertation.

Through the experiments with the suspended linear cavity, we validate the identified con-
figuration and present the benefit of milligram-scale optomechanical systems.

8.2. Future prospects

The final goal of this research is observing quantum radiation pressure fluctuation for macro-
scopic quantum experiments. Towards the goal, we show the feasibility of the upgrade with
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the torsional pendulum. Consequently, the realization of the optomechanical system with the
developed torsional pendulum is the future prospect.

The suspension system for the test mass need not to be changed. On the other hand, the
suspension system for the controlled input mirror should be revised to inject two input laser
beams for both arms. Accordingly, the input optics have to be modified.

The simultaneous locking of the cavities is expected to be technically difficult. However, the
previous work [73]] succeeded in the simultaneous locking with an optomechanical torsional
pendulum of the milligram scale.

Although the technical difficulties remain, the stability of the key role is elucidated in the
dissertation. Therefore, it is inferred that the path of the realization is well set.

8.3. Conclusion

This work establishes a class of milligram-scale optomechanical systems, which is a suspended
linear cavity. The cavity mirrors are trapped with the optical torsional spring eftect. Therefore,
the sensitivity can be optimized in a linear cavity, which is suitable to precise measurements.
Thus, this work has expanded the use of linear cavities. At the same time, it has paved the
way for realization of macroscopic quantum experiments, and, ultimately, the elucidation of

the fundamental problems in physics.
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A. Classical feedback-control theory

In this work, we make use of feedback controls. In this chapter, we review the basics of

classical feedback-control theory.

A.1. Linear system

A.1.1. Definition
Let us consider a system with an input x;(z) and an output y;(z) as follows:
xi(t) = yi(2). (A.1)
When this input-output relation is linear, i.e., for any constants a and b,
axi(r) + bxa(t) — ayi(t) + bys(2), (A.2)

then the system is a linear system. For example, a system consisting of operators as constant

multiplication, differentiation, and integration on the input is a linear system.

A.1.2. Transfer function
In a linear system with an input x;(¢) and an output y;(¢), by considering the Laplace transform:
X(s) = /Ot x(t)e ' dt, (A.3)
the input-output relationship of this system can be expressed with the following form:
Y(s) = H(s)X(s). (A4)

H(s) is called the transfer function of this linear system.

A.1.3. Block diagram

Linear systems are often represented using a diagram called block diagram. In a block diagram,
the transfer function is drawn as a block, and the inputs and outputs are represented by lines
with arrows, as shown in Fig.
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X(s) | Y(s)

H—=

Figure A.1.: Block diagram of a linear system.

Ver

Vi

Figure A.2.: Block diagram representing the feedback control system.

A.2. Feedback control

Let us consider feedback control by a linear system. Specifically, we consider the system
shown in Fig. which consists of sensor S, filter F, and actuator A. Although the specific
form of each transfer function is not assumed here, in general, the physical quantity x to be
controlled is detected by the sensor, and the signal passes through the filter that characterizes
the control. The filtered signal is fed back by the actuator. By this feedback control, the original
variation xg is suppressed to the residual variation x. The signal ve; = Hx is called the error
signal. The signal vg, = FHx returned to the actuator is called the feedback signal.
The block diagram is used to calculate the residual variation x. It shows

x =x9— AFHx, (A.5)
and, therefore, x is expressed by
- — (A6)
S IR '

where the open-loop transfer function of the feedback loop is defined by G = AFH. By making
the open-loop gain |G| sufficiently large, the residual variation can be suppressed.

One of the criteria to judge whether a feedback control is stable or not is the Nyquist stability
criterion. According to the Nyquist criterion, a feedback control is stable when the phase
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H

Y

F

Y S
L
Ts.

Figure A.3.: Measurement of the open-loop transfer function.

margin is greater than zero [[93]]. The phase margin is defined by the phase difference of arg G
from —180 degrees at the frequency where the gain of the open loop transfer function becomes
unity, i.e., |G| = 1. The frequency of the unity gain is often called the unity gain frequency
(UGF).

A.3. Measuring the open-loop transfer function

One way to measure the open-loop transfer function is to inject a reference signal into the
feedback loop and measure the ratio of the signals before and after the injected point. Let us
consider a feedback loop consisting of a sensor §, a filter F, and an actuator A as shown in
Fig. A reference signal sj, is injected between the filter and the actuator. Actually, the
identical open-loop transfer function can be obtained wherever the reference signal is injected
in the loop.

During the injection, the signal in the loop x will be

x=x0—A(FHx + sip) . (A.7)

Therefore, the signals before and after the injected point are described by

FHxy— Gsiy
= — A.
s1 Y (A.8)
FHxy + sin
= A9
2TT04G (A.9)
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If the injected signal is large enough as si, < F Hxy, the ratio of them will be

s1  FHxy— Gsip

= ~ —-G. (A.10)
59 FHxy+ sin

It shows that the open-loop transfer function G is measured by taking the ratio of the signals
before and after the injected point.
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