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Abstract

Cavity Optomechanics in a Millikelvin Environment
by
Yasmine Laura Sfendla
KU Leuven

Under supervision of Prof. Dirk Bouwmeester
Leiden Institute of Physics

Mechanical resonators that are cooled close to their quantum mechanical ground
state are promising candidates for the realization and observation of non-classical
states of motion, and macroscopic quantum superpositions. We demonstrate op-
tical cooling and thermometry of a nested trampoline resonator that constitutes
one end-mirror of a Fabry-Pérot type cavity, although the presented discussions
are equally relevant for similar optomechanical systems. Light from two lasers
circulates in the cavity: a locking laser, tuned to the cavity resonance, and a
red-detuned cooling laser. In a 200mK environment, we present a comparative
demonstration of three thermometry schemes. The first entails read-out of the
Pound-Drever-Hall error signal locking the lasers to the cavity, the second mon-
itors the mechanical sidebands on the locking beam, the third the mechanical
sidebands on the cooling beam. In addition, we discuss their application to side-
band asymmetry thermometry in the near-ground state regime. Furthermore,
laser noise heating and heating by optical absorption of the resonator are ob-
served. These findings are incorporated in the comparison of the read-out meth-
ods, and we find that optomechanical systems that endure a limited amount of
circulation power, benefit greatly from the utilization of sideband-thermometry
over Pound-Drever-Hall thermometry. These are for example systems prone to
heating of the mechanical mode caused by optical absorption, or optomechanical
interaction with the locking beam. Finally, we review practical compensations
for the reported challenges, that hold promise for cavity-optical cooling of a
high-quality mechanical resonator near the quantum-mechanical ground state.






Let us go then, you and I,

When the evening is spread out against the sky
Like a patient etherized upon a table;

Let us go, through certain half-deserted streets,
The muttering retreats

Of restless nights in one-night cheap hotels
And sawdust restaurants with oyster-shells:
Streets that follow like a tedious argument

Of insidious intent

To lead you to an overwhelming question...

Oh, do not ask, “What is it?”

Let us go and make our visit.

— T.S. Eliot, The Love Song of J. Alfred Prufrock






Prologue

On quantum superpositions of a
mirror and doubting Thomases

Something with a mirror that is “in two places at the same time”
- Anonymous friend, describing my daily duties.

Attempting to make my friends lose the finger quotes as they describe my oc-
cupancy, has become a continuous and unfruitful struggle of mine, yet one that
I'm desperate to win. They have adopted the idea that either two places, or at
the same time, mustn’t be taken literally, and quite probably is either a figure of
speech, or a blatant lie. They are not in bad company. Both Erwin Schrodinger
and Albert Einstein were, at least at some point, skeptical [1] towards some
uncomfortable philosophical implications of the theory of quantum mechanics,
notably their own brainchild. Schrodinger is known for his slightly lugubrious
thought experiment, involving a cat, a box, and an atom. The following is a
translated [2] excerpt from his 1935 paper: Die gegenwértige Situation in der
Quantenmechanik. [3]

“One can even set up quite ridiculous cases. A cat is penned up in a steel
chamber, along with the following device (which must be secured against direct
interference by the cat): in a Geiger counter, there is a tiny bit of radioactive
substance, so small, that perhaps in the course of the hour one of the atoms
decays, but also, with equal probability, perhaps none; if it happens, the counter
tube discharges and through a relay releases a hammer that shatters a small flask
of hydrocyanic acid. If one has left this entire system to itself for an hour, one
would say that the cat still lives if meanwhile no atom has decayed. The first
atomic decay would have poisoned it. The -function of the entire system would
express this by having in it the living and dead cat (pardon the expression) mized
or smeared out in equal parts.”

Prior to its publication, the idea was part of a letter exchange with Einstein
himself, outshining a more modest thought experiment by the latter involving a
keg of simultaneously exploded and unexploded gunpowder. The aim of these
thought experiments was in part to ridicule the idea of a macroscopic superpo-
sition state, yet, as these things often go, the term macroscopic Schrodinger cat
is now used to describe just that.
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Let us go back to the skepticism of my “friends”. My first attempt at convincing
them that a spatial superposition is a real thing, rather than just opium of the
mathematicians, consisted of talking about scanning tunneling microscopes [4]:
real machines, used in real laboratories, making real images, only being able to
operate because of electrons that are in places where they cannot be. The prob-
lem with this is, that electrons are not an object you can see anyway. So, in all
fairness, if someone claims an electron is in two places at the same time, well, 1
can’t see it anyway, so “sure”. (This time it’s me, doing the air quotes.) With
a cat, it’s different. So here is what has been bugging my friends, myself, and
physicists all around: what is the frontier separating them?

Electrons and atoms can be put in a superposition state. A person, a cat, car
keys:! they are apparently too big. So let me rephrase: where lies the frontier
separating them? How large can one make an object, before it slips away from
the world dictated by quantum-law, into the chaotic, macroscopic world governed
by everyday banalities? We believe we can make it about 10'* atoms big. They
make up a disk-shaped mirror, about 70um in diameter, suspended on four arms
to make it a trampoline resonator. A picture is shown in the center of Fig. 3.14 of
this thesis. It’s not big - but it’s there. You can unpack it from the little plastic
box it comes in, hold it in your hand, make sure you don’t drop it - it is very real.?

In Schodingers original experiment, the microscopic object (the atom) transfers
a quantum superposition state to a macroscopic object (the cat) by interacting
with it (the interaction is mediated via the Geiger tube and the hammer). Our
resonator is brought into a superposition state in much the same way. The idea,
laid out by Marshall, Simon, Penrose and Bouwmeester in their 2003 paper [8],
is that a single photon in a superposition state, interacts with the mechanical
resonator, thereby bringing the latter in a superposition state. Of course, the
experimental implementation of this scheme comes with a few conditions. These
will be the focus of this thesis. I came into touch with this experiment for the
first time exactly two years ago, during a lecture by Dirk Bouwmeester. I found
it wonderful. Ten months ago, I came back, this time to work on it myself. With
this thesis, I hope to convey at least a glimpse of the wonder of this project. In
the next section, I will try to express my immense gratitude for being able to
take part in this work, and my thanks to the remarkable scientists and human
beings® in the Kamerlingh Onnes Laboratory at Leiden University, who took
away the chaos, and/or the banality of the macroscopic world.

'Even though the latter, like electrons, have been repeatedly reported to occur in places
they cannot be. Despite years of research efforts, the physical laws governing this phenomenon
have remained unresolved up to this day.

2Seriously, don’t drop it. It took a whole lot of work [5-7] to make it.

30ne not excluding the other.
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Chapter 1

Introduction

I imagine experimental physicists must often look with envy at
men like Kamerlingh Onnes, who discovered a field like low tem-
perature, which seems to be bottomless and in which one can go
down and down.

— Richard Feynman, There’s Plenty of Room at the Bottom

Figure 1.1: The slow rise of
quantum theory. The solid

sol. - circles indicate the number
4 of authors who published on

°or ;’I quantum topics. The open
40 / circles refer to the number
SHL /,J' of authors who dealt with
i blackbody theory, a subset

2or ’ of early quantum physics.
10 In 1905, Albert Einstein was

; S T Sppne— the first and only one to re-
1905 06 ‘07 ‘08 09 O W 2 U3 4 alize the nonclassical nature

of Planck’s theory. From [1].

In the first days of the 20th century, Max Planck found an expression for the
entropy of an ensemble of oscillators, that involved ‘quantization’ of their total
energy. [13] This was part of a years-long attempt to theoretically derive the
empirical laws that describe the spectral density of black body radiation. For
most of the decade, Planck believed that his radiation law could be reconciled
with classical mechanics and electrodynamics. [1] We now know this is not the
case. The microscopic and the macroscopic world are two worlds, divided. In
recent years, approximately a century later, new technologies have emerged that
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make it possible to probe and push the frontier between them, in - sometimes
tabletop [8] - experiments. The field of optomechanics specifically, is regarded
as particularly suitable to accommodate these kinds of experiments, because it
comprises components from both worlds: photons (optics), and micro- to macro-
scopic mechanical objects (mechanics). Both can be described as resonators: in
case of the optical element because they can resonantly trap and enhance light,
and in case of the mechanical element because all objects at finite temperatures
vibrate and therefore exhibit resonances. Also, as is known particularly in the
field of atomic force microscopy, frequency shifts of oscillatory motion are gen-
erally easier to measure than minuscule displacements.

Optomechanical systems are systems that combine those components and lets
them interact. They come in all sizes and shapes. The optical resonators include,
but are not limited to, whispering gallery-type resonators [14], spheres [15], su-
perconducting microwave circuits [16], and photonic crystal defects [17]. The
mechanical resonators can be membranes [18-20], micro-pillars [21], strings [15],
disks [22], rods [23], spheres [24], rings [25], and even cold atoms [26] and su-
perfluid helium films [27]. This thesis focusses on what is maybe the most con-
ceivable of all of those: a Fabry-Pérot cavity, of which one of the mirrors is a
trampoline resonator [6,7,28].

While the field of quantum mechanics slowly rose over the course of the twentieth
century, another, much more heated competition emerged: the cryogenic quest
to the absolute zero. One of the three main players! in the contest was Heike
Kamerlingh Onnes, and with him the Leiden Laboratory. At the beginning of
this century it was realized, that the two fields together provided the means to
reach a common goal: creating a macroscopic Schrodinger cat.

In Schédingers famous thought experiment, a microscopic object (an atom) trans-
fers a quantum superposition state to a macroscopic object (a cat) by interacting
with it. The interaction is mediated via a Geiger tube, detecting the decay of the
atom, and a hammer, smashing a cyanide-filled flask upon detection. In a less
sinister version of this experiment, one could replace the atom with a photon,
and the cat with a small mechanical resonator: a movable mirror, supported by
‘springs’ like a trampoline. This is the core of the idea laid out by Marshall,
Simon, Penrose and Bouwmeester, in their 2003 paper [8]. By bringing a pho-
ton into a spatial superposition state, and letting it interact with the movable
mirror, the latter can be brought into a spatial superposition state itself. The
mediator of this optomechanical interaction, is the radiation pressure force: a
photon, much like any other particle, can exert a pressure or force on an object
when bouncing off it. It turned out that creating a macroscopic superposition
state is not the biggest challenge; observing it is. In the experiment described
above, the most fundamental prerequisite is that the temperature of the mirror

IThe other two were Britain’s James Dewar and Poland’s Karol Olszewski.



must be as close to the absolute zero as possible. Equivalently, one can say that
its phonon occupancy must be nearly zero, or that its fundamental mechanical
mode must be near the ground state. [8,29]

In practice, cooling towards the ground state proceeds in two stages. First, the
environment is cryogenically brought to sub-kelvin temperatures. From there,
lasers take over: photons ? interacting with the mirror can damp, and therefore
effectively cool, its motion. This thesis deals with precisely that. The objective
of this thesis is twofold. We want to optimize the experimental methods respon-
sible for optical cooling and thermometry (read-out of the mirror’s motion and
subsequent determination of the phonon occupancy) so that:

(I) the ground state regime can be reached.

(IT) once the ground state regime is reached, reliable detection and analysis of
the strongly damped signals resulting from drastically low phonon occu-
pancy and strong damping, is ensured.

To that extent, we implement two read-out schemes that could potentially carry
out thermometry with higher precision than the method currently in use. We im-
mediately put them to the test in a millikelvin environment, probing the motion
of a nested trampoline resonator.

2Copious amounts of them, not single photons.
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Chapter 2

The optomechanic’s guide to the
ground state

This section offers a guide through this thesis. In what is to come, we will
walk through the cooldown process of a microscopic trampoline resonator. Each
chapter describes a different stage of the process, starting with the methods (if
applicable), followed by experimental results. More often than not, these results
will impose a challenge. Small or big, each chapter will be concluded with a
solution, or a plan to change course.

In chapter 3, part 1, we will take our first steps in the field of optomechan-
ics. The theory will lead us to the experimental preparations of the system, and
via the cryogenics we will descend from room temperature to the Kelvin regime
in chapter 3, part 2. We will take a break at a stable temperature stage in
chapter 4, and verify if all is in place for the final descent, in chapter 5. Once
we have reached the millikelvin base, we will further explore the optomechanical
system, in preparation of optical cooling to even lower temperatures. In doing
so, we'll encounter an obstacle, marking the end of chapter 5. In chapter 6,
we will explore two methods that severely lower the hindrance, and allow us to
continue to our final destiny, the zero-point. Even more, they will ensure we
are optimally prepared for measurements at our final destiny, the zero-point. In
chapter 7, we demonstrate an optical cooling run, and we try and get down as
far as we can. Our path ends in chapter 8, where we’ll look back, and ahead,
and draw a map for who comes after us.
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Chapter 3

Theory & experiments in
optomechanics

Nothing happens until something moves.
— Albert Einstein

3.1 Theory of cavity-optomechanics

Fig. 3.1 shows the core of our system. It is a Fabry-Pérot cavity, of which
one of the mirrors can move. This section summarizes the different parameters
that come into play, and the equations governing them. First, we will introduce
the optics (that is, the cavity), then the mechanics (the resonator), and finally
the optomechanics (the optics and mechanics, interacting). The following is
based on the review paper by Aspelmeyer et al. [30], containing a more extensive
mathematical background.

Figure 3.1:  The optome-
chanical system, comprising a
Fabry-Pérot cavity character-
ized by the linewidth x, and a
movable mirror characterized
by the quality factor (). There
are Ne,, photons circulating in
the cavity. They interact with
the mirror, whose motion is
described by the displacement
z.

Z

nC&V
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3.1.1 The optics

A cavity of length L has resonances at frequencies that are integer multiples of
TT = WrsR, the free spectral range (FSR).! As only one of the resonances is used,
the relevant one will be called the cavity resonance:

e

Weay — Nf N - N (31)

The light intensity (that is, the photons) in the cavity has a finite decay rate ,

covering ‘extrinsic’ losses associated with the input coupling ke, and remaining

losses kg SO K = Kex + ko. The quality of the cavity is then contained in the
finesse, I = “£st,

The optical resonator is described by the bare Hamiltonian
Hope = hwnd’a (3.2)

with a' the photon creation operator, a the photon annihilation operator, and w
the frequency of the (laser)light. If light of a laser with detuning A = w; — weay
is incident on the cavity, the average cavity amplitude is, from Aspelmeyer et

al. [30]:

~ Kex<&in>

=, 3.3

@ = (33)
where @y, is the incoming field amplitude. The response of the cavity to incoming
light of power P, = hweay|{a@im)|?* is described by the susceptibility Xopt[w] =
+—+—. This gives rise to the cavity profile:
5 —i(w+A)
Kex B

~ (3.4)

Neay = |<d>|2

where 7.,y is the number of photons circulating in the cavity. The spectrum,
which is a Lorentzian profile, is depicted in Fig. 3.2. Qualitatively, if one scans
the frequency of incoming light over the cavity resonance, more and more light
builds up in the cavity as the resonance frequency is approached. Meanwhile, a
fraction of that light leaks out via both sides of the cavity. If one were to measure
the intensity circulating in the cavity during that process?, this is the profile one
would obtain. Far from the cavity resonance, almost all light is reflected from the
cavity. Therefore, the reflected spectrum?® would be exactly the opposite of the
profile in Fig. 3.2: a Lorentzian upside-down, with a minimal reflected intensity

!The reader new to the field may note here that when the length of the cavity changes, the
cavity resonance frequency changes as well. That reader already got to the heart of cavity-
optomechanics.

2Which would correspond to hypothetically placing a photodetector in the middle of Fig.
3.1, in between the mirrors.

3Corresponding to placing a photodetector outside of the cavity, on the left side of Fig. 3.1.
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Mcav N\ Figure 3.2: Cavity pro-

[ file. The circulating pho-
ton number is maximal if
the frequency of the incom-

K ing light wy is equal to the
resonance frequency of the
B B cavity Weay-
0 A = w — Weay

(or a minimal number of reflected photons) if the frequency of the laser equals
the cavity resonance. The transmitted intensity profile* however, is of the same
form as the circulating intensity in Fig. 3.2, because it concerns a fraction of the
circulating intensity.

3.1.2 The mechanics

The bare Hamiltonian for the mechanical resonator is
Hy = hQ,bTh (3.5)

with b the phonon creation operator, and b the phonon annihilation operator.
For the sake of simplicity, we discarded the contribution of the zero-point energy
%th to the total energy. The zero-point fluctuation will be denoted xzpr =

h
2mQm,

The equation of motion for a damped harmonic oscillator driven by an external
force F(t) is

and m is the effective mass of the resonator.

)

i+ i+ Q2 = (3.6)
m
with '), the effective damping, €2, the mechanical resonance and quality factor
Q = ?—: The mechanical susceptibility yn[w] = (m(Q2, — w?) — imfmw)_l
reduces to
1 1
Xm[w] = (3.7)

om0 2(Q, — w) — il

for frequencies close to the resonance frequency. When the oscillator is coupled to
or interacting with an environment, the true mechanical damping I will differ
from the intrinsic mechanical damping I',,. In the following, we will already
replace the intrinsic damping with the effective damping. The same argument
applies to the intrinsic resonance ,,, and the effective mechanical resonance
frequency eg.

4Corresponding to placing a photodetector outside of the cavity, on the right in Fig. 3.1.
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Applying the fluctuation-dissipation theorem® to the mechanical oscillator, one
obtains its motional spectrum [30]:

Sealel = 22 ) 33

where the effective temperature of the mechanical motion T4 has entered. This
expression is valid in the weak damping regime, which is appropriate for the
entirety of this thesis.

Using

1 Ce/2
C\l pu—
Shemlel) = 55 (Qut — )2 + (To/2)?
we obtain the mechanical noise spectrum
o kBTeff Feﬂ/2
B men (Qeﬂ‘ — CL))Q + (Feﬁ‘/2)27

Sez|W] (3.9)

which is again a Lorentzian profile. The relevant parameters that characterize
the profile, and therefore the motion of the mirror, are the linewidth I'.g, the

central frequency Q. and the area under the spectrum. The latter is the root
6.

mean square (RMS) displacement of the mirror

Sy |w]

chf w

Figure 3.3: Mechanical noise spectrum

(22) = 2 x / S (3.10)

- o
o /OO lkBTeff Fef'f/2 dw
N oo ™82, (Qy — w)2 + (Feg/2)?
kenTog /°° 1 Tugt/2
= — d 3.11
m2 )7 (U — )2+ (Teg/2)2 (3.11)
1

°The theorem relates the fluctuation S,, to the dissipational (imaginary) part of the re-
sponse function y,.
6The factor 2 accounts for the mechanical noise spectrum being symmetric for w — —w.
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Therefore, the area under the mechanical power spectrum A, is proportional to
the effective temperature Tog of the motion, to the phonon occupation number
n = kgT.g/hy, and to the mirror’s RMS displacement (z?).

3.1.3 The interaction: radiation pressure

When the length of the cavity changes, the cavity resonance frequency changes,
which changes the radiation pressure, which changes the length of the cavity.
This feedback loop is the core of optomechanics, that we already touched upon
in the footnote in section 3.1.1.

When the mirror moves, the length of the cavity changes

When the mirror moves, the length of the cavity changes, which in turn changes
the resonance frequency of the cavity. In Eq. (3.1) we set L = Lo + z(t) so
Weav(t) = Nme/[Lo + x(t)]. As a result, the detuning is effectively varied over
time synchronous with the oscillation of the mirror. One essentially moves along
the cavity profile, and the circulation photon number changes accordingly:

Kex P,
At)? + (5)? hwy’

Neav(t) =

When the length of the cavity changes, the mirror moves

The photons exert a pressure on the mirror: radiation pressure. If the amount
of photons fi.,, exerting pressure on the mirror varies, the force F(t) on the
mirror varies as well. Therefore, the motion of the mirror is altered. As the
photon number varies with precisely the mechanical frequency, the force created
is resonant with the mechanical motion. Its form can be easily derived if we
consider a photon of momentum p = h/\ = fuw, /¢, circulating in the cavity. In
each round-trip, the photon bounces off the movable mirror once. Thereby its
momentum changes by an amount Ap = 2fuw,/c , so the force applied to the mir-
ror is AF = Ap/At = hw/L where we used the travel time At = 2L/c. Thus,
the total force applied to the mechanical resonator by e,y = (Gafa) photons is
F(t) = Neay (t) i/ L.

The interaction Hamiltonian

The external force F driving the mirror is the radiation pressure force. The
new Hamiltonian, including the interaction between the optical and mechanical
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resonator, is [30]

H = Hyp + Hy, + Hing (3.12)
= hwala + hQ,b'b — hGala, xypr(b+ b (3.13)
'~ %/_/
F z
with = xzpp(13+ lA)T) the radiation pressure force F= ag‘“t and approximating
wcav(t) N Weay T+ wcng( ) with G = 805?\] - chgV ~ Zj(l)

In what follows, we will dig deeper into the interaction, its effects, and the ways
in which we can use these effects in practice, to extract dynamical information
from the system.

3.1.4 Visualizing the mechanical spectrum

In this section, we describe methods to read out the motion of the mirror, without
altering the motion. The mirror acts on the laser light, and its imprint on the
latter is observed.

Mechanical sidebands on the optical field

A mirror moving with a frequency §2,, modulates the phase of the light field
in the cavity.” Light of frequency wj that is phase-modulated with frequency €,
develops optical field components or ‘sidebands’ at two additional frequencies,

w) £ ©,,. This can be seen from the following simplified argument.

In the absence of the mechanical oscillator, the light field in the cavity is Ey cos(wit).
The moving mirror modulates the phase, so the modified field is:

E = Eycos(wt + ¢(t)) (3.14)

where ¢(t) = Mcos(Qy,t + ¢p) with M the modulation amplitude. Then

E=E, { cos(wit + M cos(Qy,t + gbo))} (3.15)

= EO{ cos(wit) cos(M cos(2,t + ¢o)) + sin(wit) sin(M cos(2,,t + gbo))}

"To simplify notation, in the following we will assume the resonance frequency of the mirror
motion is the intrinsic frequency €2,,,. It can be replaced by Qg if applicable.
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For small M, small angle approximations are justified®:
E ~ E, { cos wit(1 — (M cos(Qut + ¢o))?) + Msin(wt) cos(Qnt + gbo)}
1. 1.
~ E, { cos(wit) + M§ sin((wy + Qm)t + ¢o) + M§ sin((w — Q)t — ¢0)}
There are now field components at wy, w; + €2, and w; — €,,,.

Recording the mechanical spectrum

After having interacted with the mirror, light leaks out via the front and the
back of the cavity. Depending on where one places a photodetector, transmitted
or reflected light can be detected.

A photodetector measures the intensity of the light, that is, the square of the field
amplitude. This means that when the field amplitude is a sum of components at
different frequencies, the beating signal of these components will be registered.

I =|E) (3.16)
2

1 1
= B2 |cos(wit) + M§ sin((w + Qi )t) + M§ sin((w) — Qy,)t)

(3.17)

where we set ¢y := 0 for the sake of the simplicity of this argument. After
expansion, one obtains:

M2 M M
I =FE} {g +— cos(2Q,,,t) -5 sin(—€,,t) — ) sin(§2,,t) +} (3.18)

J/

0
3 M2
= Eg {5 -+ TCOS(Qth) —+ },

omitting components at optical frequencies 2w, 2(w; &+ Q,,,), 2wy £ Q,,, and 2wy.
These intensity fluctuation frequencies are much too high for the photodetector to
record (w/2m ~ 100THz, while ©,,/27 ~ 100kHz), so the measurement process
time-averages the signal. The detected intensity is:

2
(I)y = E} <g + M cos(2nt) + ...),

4
M2
=E; {g + cos(Qth)} (3.19)

Only one spectral component is left, at twice the mechanical frequency.
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Frequency light w; — €2, W1 w; + €1,

Frequency intensity fluctuations 20,

Q. QO

Figure 3.4: Mechanical sidebands on the optical field. Light entering with fre-
quency w; develops sidebands at frequency w;££2,,, as a result of phase modulation
by the moving mirror. The photodetector registers an intensity fluctuating at
the beating frequency 22, and, if A # 0, Q,,.

Two things are noteworthy here:

I. In Eq. (3.18), the opposite signs of the terms oscillating at exactly the
mechanical frequency 2, cause them to cancel each other and leave only
the component at 2€2,,. The signs depend however critically on the phase
relation between the sidebands and the carrier, so on the value of ¢y. By
assuming ¢ = 0, we implicitly assumed that the frequency of the incoming
light was equal to the cavity resonance frequency (i.e. A =0). If wy # weay,
the components at €2, do not cancel and the final detected intensity (3.19)
contains components at 2€2,, and €2,,. This is depicted on Fig. 3.4 and 3.5.
Intuitively, this can be seen from the cavity profile in Fig. 3.6. Because the
intensity is symmetric around zero detuning, the observed signal fluctuates
with twice the frequency of that of the mechanical motion.The component
of the intensity fluctuating with the mechanical frequency itself appears
when the laser is set at a non-zero detuning, but: using detuned laser light
is undesirable for reasons that will be explained in section 3.1.5.

II. The resulting signal (3.19) carries the imprint of both sidebands. We mea-
sure both sidebands ’folded’ on top of each other. This is not a problem
an sich, but: there are reasons for which one might want to measure the
sidebands individually.

8The same result can be obtained using Bessel functions: cos(wit + Msin(Q,,t)) =
Yo k(M) cos((wr + k2 )t) + > pe; (—1)F T (M) cos((wi — 2, )t). This gives rise to an infi-
nite amount of sidebands of decreasing amplitude, because each is proportional to Ji(M). If
M — 0, all but the first sidebands can be discarded.
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Intensity PSD[w]

Figure 3.5: Intensity spectrum at the beating frequencies 2€2,,, and, if A # 0, Q,,,.
Each spectral feature, at €2, or 2€),,, carries the imprint of both sidebands at
w4+ Q,, and w; —€2,,,. Note how the spectrum essentially shifted from frequencies
in the optical domain (~ 100THz), to mechanical frequencies (~ 100kHz).

In the next two paragraphs, we will describe two different read-out methods
for the mechanical motion. The first, Pound-Drever-Hall read-out, deals with
comment (I). The second, sideband read-out, deals with comment (II).

Figure 3.6: Components of the detected intensity fluctuation. For a laser set at
zero detuning, the circulating intensity [orange| 7.y (t) varies with a frequency
twice that of z(f) and weay(t) [grey].

PDH read-out of the mechanical motion

We would like to display the signal at €2,,, but at the same time, we want
to keep the laser frequency w; equal to the cavity resonance frequency weay. A
solution is provided by a method initially developed to stabilize the frequency
of a noisy laser, by Pound, Drever and Hall [31]. At the start of this section,
we stated that laser light, when phase modulated, develops sidebands. In the
Pound-Drever-Hall (PDH) method, sidebands are created by actively phase mod-
ulating the laser light before it enters the cavity. Using for example a Pockels cell
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or an electro-optical modulator (EOM) driven by a local oscillator at a frequency
wppH, sidebands at w; + wppy are generated. wppy is high enough such that the
sidebands do not enter the cavity; they will be promptly reflected and add to
the rest of the reflected signal only [19]. Fig. 3.7 gives an overview of the tones
that are incident on, inside, and reflected from the cavity.

The fields reflected from the cavity are again squared and time averaged upon

|

Phase modulation

N &
~.QQ\ /Q
7 v o \)3\ X
\ 0}\ \)3\

Figure 3.7: Reflected fields after external sideband generation for the PDH read-
out method.

detection by the photodetector. The resulting signal is of the form
I(t) = Ip + €(weay) sin(wppnt + 1) (3.20)

The amplitude of this AC signal is generally called the PDH-error signal, and
approximately €(weay) X Weay [32]. Now recall that wea,(t) fluctuates around
the mechanical frequency €2, like #(t). The spectrum of the PDH-error signal
€(Weay) X Weay(t) o () is (up to a scaling factor) S,.[w], the mechanical noise
spectrum.

Sideband read-out of the mechanical motion

In the previous paragraph, we described a protocol for displaying the noise
spectrum that results from beating between zero-detuned laser light (and its
externally imposed sidebands) and the mechanical sidebands. There is however
another protocol, that allows us to display each sideband individually.

Here, instead of generating two sidebands on the laser signal prior to entering
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the cavity, only one extra tone will be generated. Suppose part of the laser light
is down-shifted by a frequency wro, so that two fields are incident on the cavity;
one at w; and one at w; — wro.

/ﬁ
=
%)
<
[}
=]
g <
L »
U
\)WO /Q‘\ Qe
/ O X
\)3\ \)}\

Figure 3.8: Reflected fields after frequency shifting for the sideband read-out
method.

W] — WLO W) — Qm W w + Qm,

2Q,,

Frequency light

Frequency intensity fluctuations wrLo —

wro + Qm

Figure 3.9: Beating between the local oscillator and the individual mechanical
sidebands.

Again, the frequency of the new tone must be far enough from the original
laser frequency (and, therefore from the cavity resonance) such that it does not
enter the cavity and only recombines on the photodetector with the original field
and the mechanical sidebands. This is depicted in Fig. 3.8 and 3.9. As a result,
the final intensity spectrum comprises a Lorentzian feature around wr,o — 2, and
one around wr,o+$2,. The first is an image of the sideband at w; —(2,,, the latter
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(2%) o< To X 7

Feff ~_ eff

Recorded intensity PSD[W]

wLo — wro + Oy,

w

Figure 3.10: Spectrum registered by the photodetector in the sideband read-out
method. The features at wro F 2, are proportional to the mechanical sidebands
at w; FQy,, who in turn are (approximately) proportional to the mechanical noise
spectrum Sy, [w] .

of the sideband at w;+£2,,. The sidebands are denoted the red and blue sideband
respectively. Each spectral feature on Fig. 3.10 is approximately proportional to
the mechanical noise spectrum S,,[w]. The exact relation between the two will
be obtained in the next section.

3.1.5 Detuning, damping and amplification

In the previous section, we have described how we can monitor the motion of the
mirror, without interfering with the system’s dynamics. We will now overthrow
this fly-on-the-wall approach, and see how we can do just the opposite: actively
alter the motion of the mirror, using laser light. First, we will explain how light
can control the motion of the mirror, and what effect that has on the mechanical
spectrum and the mechanical sidebands of the optical spectrum. Then, we will
focus on damping of the motion.

We need to talk about the detuning

Up to now we haven’t paid much attention to the detuning of the laser - or
rather, we have swept it under the rug - but it plays the lead role in this section.
From Fig. 3.2 it is clear that if you want any light circulating in the cavity at
all, the frequency of the light sent into the cavity should be within a distance
k from the cavity resonance frequency. Up to now we assumed that w; = weay
because at exactly zero detuning, the light does not alter the motion of the mir-
ror. In the frequency regime around the cavity resonance, the circulating power
is still strongly enhanced. What we will explain now is that due to the detuning,
the circulating light will be coupled to, and act on, the mirror. It can damp or
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amplify its motion.

Let us look again at the interaction Hamiltonian in Eq. (3.12):

ﬁint = —thzpF&Td(i) + [A)T)

The detuning hides in the photon number operator: afa = ficay(A). Therefore,
the detuning determines how strong the optomechanical coupling is.

The effect of the optomechanical coupling is to modify the mechanical suscep-
tibility. In other words, the susceptibility of the mirror to external forces is
altered in the presence of the optomechanical coupling, and, slightly Escherian,
the external forces are the radiation pressure forces. The modified mechanical
susceptibility x[w] can be found by solving the linearized classical or quantum
mechanical equations of motion for the system. [30] The new susceptibility can
be written in the form

X[w] ™ = Xmlw] T+ Ox[w] (3.21)

with x,,[w] the ‘bare’ susceptibility as given in Eq. (3.7) and the modification

Oxlw] A+w)+if  (A—w)—ib

- = QQmmggncav(A)< 1 + L ) (3.22)

where gy = Gxyzpr is the single-photon coupling constant.
With the mechanical susceptibility, also the resonance frequency and damping
of the motion are altered:

Q= Qe = L, + 69y, and Iy, = Teg = Ty + Dot (3.23)
By writing the susceptibility modification at w = €2,,, as
SX[ Q] ™ = M (2692, — ilopt),
the shift and broadening of the resonance are obtained:

8%(596[9771]71)

0, =
2Q0,,m

2 (A A+Q, N A—Q
= JoNcav
. N G R - T
also called the optical spring term, and

—S(0x[2m] )
Q,.m

Fopt =
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the optical damping. Note that the damping is positive for A < 0, i.e. red
detuning of the laser, and it is maximal for A = —€,,,.

We will explain the physical origin of these effects in a scattering picture bor-
rowed from atomic physics, Raman scattering. Simultaneously, we will give
physical meaning to the concept of mechanical sidebands on the optical field.
Fig. 3.11 shows how the scattering picture ties the amplification and damping
of the mechanics to the optical sidebands.

s'?;?‘-_iz)d > Figure 3.11: Overview of the optome-

@ //—\ @ chanical interaction. The mechanics

mechanics optics impose sidebands on the optical fields,

(3.1.2) \,\@D/ (3.1.1) the optical fields impose damping and

! amplification amplification on the mechanics. The

i & damping scattering picture ties both actions to-

: o (3.1.5) gether. Numbered steps represent the
S road taken in this chapter.

Stokes & anti-stokes scattering

Stokes & anti-stokes scattering: a motion picture featuring the side-
bands

The generation of sidebands in the cavity at frequencies w; +€2,, implies that pho-
tons are created at energies lower and higher than the ‘original’ photon energy
fuvy. So, if the rate of upscattering (scattering of photons to the blue sideband)
exactly compensates the rate of downscattering (scattering of photons to the red
sideband), nothing happens. However, if more photons go into the blue (red)
sideband, energy is effectively added to (extracted from) the optical field, and
extracted from (added to) the mechanical oscillator: Tog decreases (increases)
and the mirror’s motion is damped (amplified). Now we can add what we know
from the previous paragraph. Damping occurs when the laser is detuned with
respect to the cavity resonance, so, the rate of scattering of photons into the
sideband at w; — Q,,, versus w;+ Qp, is not symmetric if A # 0. This is depicted
in Fig. 3.12, in the case of maximal cooling with A = —,,,.

Let us look back at the power spectral density (PSD) of the sidebands, in Fig.
3.10. The features shown there are (imprints of) the mechanical noise spectrum
Szz[w]. So, the area under each sideband is proportional to the area under the
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mechanical noise spectrum, which is proportional to the effective temperature of
the mirror. But, as we just argued, the area under the sideband must also reflect
the amount of photons scattered into that sideband. From that we can guess
that the spectra of the red and blue sideband in Fig. 3.9 must be of the form:

PSD"[w] = f™*(A)Syy [w] (3.26)

ks, Tu/2
_ grb A Bleff eff
f ( ) mQ?n (whb — w)2 + (Feff/2>2

(3.27)

with w, = w — Q,, and wy = w; + 2, the central frequencies of the sidebands,
and f"’(A) a function such that

ff(A=0)— f(A=0),and f(A> k)= f(A>kK)—0. (3.28)

Before we are going to look for an expression that fits these constraints, let us

Stokes anti-Stokes

/— \ II"".I
w1 Weav w
Q. Qn

Figure 3.12: Scattering picture of optical cooling. Cooling of the mechanical
motion proceeds when the laser is red-detuned with respect to the cavity reso-
nance. The rate of photon upscattering (anti-Stokes scattering) is greater than
photon downscattering (Stokes scattering), resulting in sideband asymmetry. At
A = —£,,, the cooling is maximal. The cavity profile fi.,, [grey] is shown on the
background for reference.

reexamine equations (3.24) and (3.25) for the optical damping and optical spring
effect. If ',y > 0, Eq. (3.23) implies I'eg > I';, so the motion is damped, and the
rate of photon upscattering > downscattering. Hence, the sign of I',,; determines
which sideband grows most. It represents a net scattering rate. Defining the de-
tuning of the sidebands as A, j = W, — Weay, 50 Ay = W — Ly, — Weay = A = (0,
and Ay = w; + Q. — Wear = A + Q,y,, the first term in Eq. (3.25) appears to
be suspiciously similar to the cavity profile, Eq. (3.4), evaluated at Ay, and the
second term to the cavity profile, evaluated at A,. In other words, the optical
damping is proportional to the difference between the strength of the blue and
the red sideband.
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Now, back to where we left off. We were looking for a function, proportional
to the amplitude of the sidebands (3.26), that fulfills the conditions (3.28). But,
this is precisely what we just deduced.

1
" UA) X Treay (A )Ty (Ar ) X Teay (A) ke 3.29
f ( ) ( ) ( ,b) ( ) (Ar,b>2 + (g)g ( )
And in fact, with Eq. (3.4),
_ kB Pinﬁex/ha)l K Fef'f/2
PSDr,b ~ 1. V56 2 A
Wl g0 T (5)2+ A% (A )2 + (5)2 (wrp — )2 + (Tegr/2)?
(3.30)
Thus, the areas under the sideband spectra are
P, 1 T
A kB 9 RexRLin eff (331)

rb N thgo hw, (%)2 + A2 (%)2 + (Ar,b)Q

The effective temperature is then approximately

Tw=———o|(3) +2%)((35) @)’ 32
o kg Weavkexk Pin ((2) + > <<2> + (Arp) )-Ar,b (3.32)

2
h .

sz;“” . This also relates the area under the mechan-
o mQm

ical noise spectrum to the area under each sideband:

e (RS | (IR T

Effective temperatures and damping

where we substituted g2 =

Of course, the effective temperature and the cooling of the resonator is inti-
mately connected to the damping. They are in fact so connected, that often the
words cooling and damping are used interchangeably, while technically only the
first implies a decrease in effective temperature.

In Fig. 3.13, the interactions between the mechanical oscillator and the dif-
ferent thermal baths are depicted. In the first place, the mirror is coupled with
coupling rate I';,, to the environment, which is at a temperature T, (‘mat’ from
‘material’ immediately surrounding and holding the mirror). Secondly, there is
the optomechanical interaction that couples the mirror to the optical field via
the optical damping I'qp.

Fig. 3.13 looks a bit like tug of war, and this comparison is spot-on. In order to
efficiently optically cool the mechanical oscillator, the coupling to the thermal
bath should be weak. This explains the care taken in the development of me-
chanical resonators with a Q)-factor as high as possible.
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The laser itself is in principle a thermal bath with an effective bath temperature
T, because both classical and quantum laser noise components act as thermal
baths that couple with the mechanical oscillator. It follows that:

. F7717_7111:1‘5 + FoptTyl

T,
f 11eff

(3.34)

with [eg = I'y, + 'y according to Eq. (3.23). In the absence of the optomechan-
ical interaction, this reduces to Togy = Tiat, meaning the mirror is completely
thermalized with the environment.
If classical laser noise is negligible, the effective temperature of the laser vanishes.
One gets the equally simple and powerful result:

L'

T = —" T (3.35)
Feff

Environment Optical oscillator

Figure 3.13: Thermodynamically cou-

r \ i pled environments of an optomechani-
m Lopt cal system

Mechanical oscillator

Ground-state sideband asymmetry

We have two pressing questions still hanging over our heads: “Why are the
sidebands approzximately proportional to the motion spectrum?”, and, “When
are we going to do something quantum?” After all, we did start off with Hamil-
tonians and operators! First, let us start thinking in terms of oscillator quanta,
so we switch from effective temperatures T to phonon occupation numbers
n = kpTeg/h .

The rate at which Stokes and anti-Stokes scattering proceeds is inherently asym-
metric, regardless of the detuning of the laser.
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If the oscillator is in the ground state n = 0, no further cooling is possible: the
anti-Stokes process must vanish, but the the Stokes process must not. In exten-
sion to all temperatures and detunings, the red sideband grows with 7+ 1, while
the blue sideband grows only with n. Like in atomic physics, this is a conse-
quence of the final density of available phonon states. Thus, the true sideband
spectra and respective areas are:

] o Lo /2
PSD™[w] = (7 + 67) 7 Ficay (A " c 3.36
= T e R G (s — P + a2y 20
n+onP
= Neay (A ———t—— .
‘Ahb nCaV( )H 2 _|_ (A7-7b>2 (3 37)

For n > 1, these equations reduce to Eq.
A=0.
The inherent scattering asymmetry implies that close to the ground state, in the
countable phonon regime (say n < 100, depending on the sensitivity and noise
floor of the measurement) there is an alternative method for thermometry of the
mirror:
Ay 1 (5P +(A—-Q,)?
A 15?2+ (A+ Q)2
That is, the phonon occupation number follows from the ratio of the sidebands.
At exactly zero detuning, the result becomes strikingly simple:
Ay n
R (3.39)
The mechanical occupation number can be determined by merely comparing the
areas under the sideband spectra, and no knowledge about any system parameter
is required.

(3.38)

Damping and amplification: an intuitive picture

To help digest all the formulas and Lorentzians, we will conclude this section
with a more conceivable picture of optical cooling and amplification. In the sec-
ond paragraph of 3.1.3, we explained that the photons can alter the motion of
the mirror because they exert pressure on it. In fact, there is something more
to this. Because the photons circulating in the cavity have a finite decay rate
K, Neay does not instantaneously react to a change of the resonance frequency
Weay- Some time is necessary for the photons to leak out or to build up again
after the detuning is increased or decreased. As a result of this retardation [30],
the driving radiation force can be out of phase with the mechanical motion. It’s
like trying to drive a kid on a swing by pushing it with a frequency or phase
different than that of the swing; you might end up doing nothing, or slowing it
down, or getting hit in the face. The out-of-phase part of the force is responsible
for cooling or heating.
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3.2 Experimental methods

The first three subsections of this section describe the fundaments of the exper-
iment that was set up by F.M. Buters et al. from the Bouwmeester Quantum
Optics group at Leiden University. It has been used for optical cooling and
thermometry of various samples (the sample utilized in this thesis, as well as
precursors) at room temperature and cryogenic temperatures [6,28,33,34]. Rel-
atively small modifications to the set-up (i.e., the optical table) have allowed the
demonstrations of a vast range of optomechanical experiments, including OMIT
(optomechanically induced transparency) [35] and mechanical state transfer in a
membrane-in-the-mirror sample [20]. The fourth subsection describes the prepa-
rations for an experimental run at milliKelvin temperatures, following protocols
developed in the same group.

3.2.1 The mechanics

The mechanical resonator is a high-quality (Q ~ 10°) nested trampoline res-
onator, produced and developed in the UCSB Bouwmeester Group by M.J.
Weaver et al. [5-7]. Here, we will stick to the absolute basics necessary to un-
derstand the dynamics.® Fig. 3.14 shows an optical microscope image of the

Figure 3.14: Optical microscope im-
age of the nested trampoline resonator.
The central mirror is a distributed
Bragg reflector (DBR) made up of al-
ternating layers of TasOs and SiOs.
Courtesy of M.J. Weaver.

resonator. It is ‘nested’, because the full sample comprises a central mirror (the
mass) about 70um in diameter, attached via four 200um long silicon nitride arms
(the springs) to what could be called a second resonator, because this surround-
ing structure is suspended as well. The purpose of the outer resonator, designed
by K. Heeck, is to filter out low frequency noise, making the measured spec-
tra extraordinary clean [35]. The central small mirror has an effective mass of
140 - 107'2kg and a resonance frequency of ~ 300kHz. The intrinsic mechanical
damping at room temperature is of the order 1Hz. The high mechanical reso-

9Chapter 2 and 9 in Ref. [35] are especially recommended for a concise version of the nested
resonator’s backstory.
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nance, together with low intrinsic damping (manifested as a ultra high Q) is an
essential prerequisite of reaching the ground state.

3.2.2 The optics

The small moving mirror, and a stationary mirror fixed at a 5cm distance from
it, form a Fabry-Pérot cavity, with a FSR of 3GHz and A = 27¢/wea, ~ 1064nm.
Accordingly, two infrared lasers are used. One, a Coherent Mephisto S Nd:YAG-
laser, will be in charge of reading out the motion via the PDH method and will
be denoted probe laser, locking laser or read-out laser. The second, a Coherent
Mephisto with higher power output, carries the responsibility of cooling down the
mirror and will therefore be denoted the cooling laser, or pump laser. Fig. 3.15
shows the nested resonator in the sample holder on the right, and the stationary
mirror in the middle. The light of both lasers enters the cavity via the same
single mode fiber, and is subsequently coupled into the cavity using a lens and
periscope mirrors. The reflected light follows the same route. Transmitted light,
that is, light leaking through the moving mirror, exits the cavity and is then
captured in a multimode fiber.

collimation lens

single mode fiber
(IN & R)

trampoline resonator
mirrors (
(periscope)

multi mode fiber
(T)

lens cavity mirror
(mode matching)

Figure 3.15: The 5cm long Fabry-Perot cavity. The path followed by the light
is marked in red. IN: incoming light, R: reflected light, T: transmitted light.
Courtesy of F.M. Buters.

3.2.3 The set-up

Fig. 3.16 shows an overview of the fundamental experiment for optical cooling
and PDH thermometry (measurement of the effective temperature of the motion
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by analysis of the mechanical spectrum obtained via the PDH read-out method).
Let us follow the path of the light, starting from the probe laser, whose frequency
must match the cavity resonance frequency. We already explained that the cav-
ity length and resonance change as a result of the motion of the mirror, but
in practice there are also fluctuations resulting from environmental noise that
are not filtered out by the vibration isolation mentioned in section 3.2.1. These
low frequency noise components, together with thermal drift of the frequency of
the laser, make that the laser’s frequency must be continually adjusted so that
it stays locked to the cavity resonance. The optical and electrical components
that accomplish this are grouped together in the lower half of Fig. 3.16. They
serve a dual purpose: cavity fluctuations around the mechanical frequency are
extracted and read out for thermometry, and the noisy low frequency components
are extracted and sent to the PID (proportional-integral-derivative) controlling
the laser frequency.

In section 3.1.4, we described how sidebands at wr; + wppy must be gener-

PDlent

&/ '}
PBS

Figure 3.16: The optical set-up. The components displayed are: \/2: waveg-
uide, BS: beam splitter, PBS: polarizing beam splitter, EOM: electro-optical
modulator, OI: optical isolator and PI: proportional-integral feedback controller.

Cavity

e
T
== >
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®©

ated externally, prior to entrance in the cavity. This is accomplished by sending
the light from the locking laser through an EOM, driven at wppy = 27 x 9.5MHz.
The resulting fields, displayed in orange and purple on Fig. 3.7, pass through a
waveguide and a polarizing beamsplitter and a circulator, and end on the sta-
tionary mirror of the cavity. The PDH sidebands are reflected, the probe field
enters the cavity, and the reflected signal exits the cavity via the same fiber. Sub-
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sequently, the circulator guides it to the photodetector PDY,. The PDH error
signal is obtained by mixing the signal registered on the photodetector with the
same local oscillator at wppy = 27 X 9.5MHz that drives the EOM and sending it
through a low-pass filter. We only need the amplitude € of the AC signal given by
Eq. (3.20) because this amplitude fluctuates synchronous with the mirror. The
PID (proportional-integral-derivative controller) keeps the probe laser locked to
the cavity resonance frequency.

The second laser at play, is the pump laser. It is meant to be red-detuned

A

wel WRI1
Qo Qo WFSR

Figure 3.17: Positions of the lasers in the frequency domain for an optical cooling
set-up. In the case depicted, the cooling laser is set at A = —,,,. The system
is sideband-resolved (k < €,,,). The cavity profile fic,y [grey, dotted] is shown on
the background for reference.

with respect to the cavity resonance, in order to pump the blue sideband.!”
In practice, the pump laser operates near a cavity resonance that is a free
spectral range separated from the cavity resonance to which the probe laser
is locked. This way, we do not have to worry about beating between the two
beams, which would show up at exactly the frequencies we are interested in.
This is depicted in Fig. 3.17. Thus, the frequency of the pump laser must be
wer = wr — wrsk + Act & wr — 27 - 3GHz 4+ A¢y. The right frequency is obtained
by picking off some of the read-out laser light, and mixing it with a 3GHz — %
signal from the R&S (Rohde and Schwarz SMA100A) signal generator. The loop
keeping the frequency of the cooling laser at a relative distance to the probe
laser, is termed a phase locked loop and depicted on the upper half of Fig. 3.16.
The pump laser light is then combined with the probe laser light in the PBS,
and also enters the cavity. The reflected pump laser light passes through the
circulator as well. Subsequently, it is separated from the reflected probe laser
light by the polarizing beamsplitter, because they have orthogonal polarizations.

10Tf we talk about sidebands, from here on we always mean the mechanical sidebands on the
probe beam that result from phase modulation by the mirror, never the PDH sidebands at
410 Mhz
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The photodetector PDY, therefore detects only the reflected locking laser light.
Orthogonal polarization of probe and pump laser light is achieved by controlling
the waveguide in the path of the probe laser light.

The diagram of the set-up shows two beam dumps: one for the transmitted light,
and one for the reflected pump laser light. In practice, both can be replaced by
additional photodetectors. The transmission signal is of importance in the sys-
tem preparation stage, and is then detected by a photodetector placed behind
the trampoline resonator. The reflected pump laser light will be of importance
in chapter 6 of this thesis.

3.2.4 The road to mK temperatures

The following section is a brief summary of the methods developed in the Kamer-
lingh Onnes Laboratory at Leiden University.

System preparation at room temperature

A new experimental run generally means that a new sample (the trampoline
resonator, or something more exotic such as a double membrane resonator) must
be placed in the cavity. So, after all other optical and electronic components are
installed on the optical table, as in Fig. 3.16, the first step is the cavity align-
ment. In order to fit the rigorous definition of a cavity, the distance between the
two mirrors must exactly match the frequency of the laser light that we intend
to shine on it. At this point the mirrors are not yet perfectly ‘aligned’, so the
configuration of the mirrors is adjusted, and the process is monitored with the
help of a 1064nm Toptica DL Pro laser and a CCD.

Once the cavity is made resonant with the laser light, the finesse F is deter-
mined via a ringdown measurement [36,37]. The Toptica laser is scanned over
the cavity resonance frequency, and as soon as the frequency of the laser matches
the resonance frequency of the cavity, light builds up in the cavity, and a corre-
sponding transmission signal is generated. If the circulating intensity is maximal,
the transmission signal triggers a voltage controller that shuts down the laser and
the decaying transmitted intensity is measured by the photodetector behind the
sample.

At this point in the process, the transmission signal still goes to the photode-
tector through air, so the transmission fiber and its holder need to be installed.
Once the single mode fiber for the reflected signal and the multimode fiber for
the transmitted signal are in their proper positions, the cavity can be placed in
a vacuum chamber. The cavity environment is then brought to ~ 10~3mbar,
necessary to exclude effects of gas damping on the movable mirror.
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The last step prior to the cooling stage is the determination of the quality fac-
tor [38] of the resonator @ = £=. It is of utmost importance that the intrinsic,
not the effective, values for the mechanical resonance and linewidth are deter-
mined, so optomechanical interactions must be avoided. To that extent, the
Toptica laser is used, operating at 980nm. The cavity mirrors reflect poorly in
this frequency regime, and as a result the photons will leak our the cavity very
fast. This is precisely what we need, because we do not want the photons to keep
bouncing between the mirrors, hitting the movable mirror each time. A very low
finesse cavity is created in this way. [39] The mechanical noise spectrum is then
measured by locking the laser to a slope of the resonance in the transmission
signal, as in Fig. 3.4. The central frequency and linewidth of the spectrum are
then the intrinsic mechanical resonance frequency 2, and damping [',.

System preparation at cryogenic temperatures

This thesis presents the first experiments with the double nested trampoline
resonator conducted in a millikelvin environment. The cryogenic environment is
a cryogen free dilution refrigerator (Leiden Cryogenics CF-CS81-1400). A cool-
down process proceeds in two stages. First, a pulse tube cryocooler is used to
reach a cryostat temperature of 5.7K. Vibration isolation for the vibrations of the
pulse tube is implemented in both the cryostat itself [40] and the optomechan-
ical system [41]. Secondly, the dilution refrigeration unit is activated. Taking
advantage of the fact that mixing two helium isotopes costs enthalpy, it cools
the cryostat further to a base temperature of 200mK, by diluting *He in *He.
Such drastic changes in the environment have an impact on the optomechanical
system. [18,42] Most importantly, the temperature drop causes the materials to
contract or expand. These are the materials of the nested resonator (like the
SizNy mirror suspensions and the Si wafer) but also the optical bench itself. Be-
cause of the latter, during the cool down process, the cavity length needs to be
continuously adjusted in order retain the best possible cavity finesse . This is
done by electronically remotely controlling the motors steering the cavity mirror.
The impact on the mechanical resonator is a lowering of the intrinsic mechanical
resonance frequency €2, due to reduced tension in the SisN4 arms. Furthermore,
the intrinsic mechanical damping I';,, can decrease if the vacuum improves due
to reduced gas damping. As a result, the values for x, £, and I',, will differ
from those at room temperature. [38,43]

As the temperature is lowered, more and more subtleties come into play. For
example, the use of high laser powers can cause fluctuations of the environ-
ment temperature. Thus, before completely cooling down the system from room
temperature to sub-Kelvin temperatures, it is good practice to pause at an in-
between stage, and try out the envisaged experiments. An ideal moment for this
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second system check is the stable temperature stage at 5.7K. Between 5.7K and
the millikelvin regime, the cavity linewidth x and the mechanical quality factor
(@ are not expected to change anymore. This is mostly for the simple reason that
expansion coefficients of the materials involved vanish, or that the temperature
change is small enough for the length contractions or extensions to be negligi-
ble. System check-ups at 293K and 5.7K are described in the next chapter, after
which we will get down to millikelvin business, in chapter 5.
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Chapter 4

System characterization

Milo tried very hard to understand all the things he’d been told,
and all the things he’d seen, and, as he spoke, one curious
thing still bothered him.

“Why is it,” he said quietly, “that quite often even the things
which are correct just don’t seem to be right?”

— Norton Juster, The Phantom Tollbooth

We hope to obtain some characteristic parameters of the system, and test whether
the system behaves like it should. Therefore, we vary the detuning of the pump
laser, and compare the response of the mirror to theory. We find that our system
is doing fine. So fine, we noticed the modeling theory could be refined!

4.1 Varying the pump laser detuning

The two objectives through this thesis are always the same: thermometry and
cooling of the resonator. The resonance frequency shift, Eq. (3.24), and spectral
broadening, Eq. (3.25), carry the effects of damping, so together with Eq. (3.35)
connecting the temperature to the damping in the absence of laser noise, they
serve as the basis for all analyses of the system. Combining them with Eq. (3.4)

33
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and (3.23), we obtain:

Qe = O,y + 59,(,11 (4.1)
59(}1 _ gg/{ex C’mrnPCl ACl + Qm + ACI - Qm
TOAY A (5)? e \(Aa+ Q)2+ (5)? 0 (Aa— Q)+ (5)?
T =T + TG, (4.2)
rc _ Gokex  CmmPo K B K
POALF(5)? B \(Aa+ Q)2+ (5)? (Aa— Q)+ (5)?
QQ
Teff == W;{: = (43)
B
T~ Fm
T (4.4)

where we substituted P, = PoiChm. Here, Pq is the pump laser power launched
into the cavity (displayed on the power meter), but not all of it effectively enters
the cavity. The power truly entering the cavity is smaller by a ‘mode matching’
factor Cium, depending on the coupling into the fiber and the alignment of the
cavity. We assume that our system is critically coupled, i.e. ke = /2.1

What are we looking for?

The parameters unknown at the start of an experimental run are the mode
matching factor Cp,,, the cavity linewidth x, and a fixed offset for the pump
laser detuning Ay. The detuning is adjustable by tuning the frequency of the
R&S signal generator, but the starting frequency is not known a priori, so strictly
we have Aql = wal — Weawy = ARges + Ag, with Agrgs the tunable parameter and
Ay unknown.

The effective temperature can be obtained from the Lorentzian mechanical
spectrum in two ways. The most fundamental way is rescaling the area under
the mechanical spectrum A, because the effective temperature is related to the
area under the spectrum via Eq. (3.11). If we assume that the laser has an
effective temperature 7} =~ 0, then Eq. (3.35) is valid and damping the motion
1s cooling the motion. In that case, T.g can equally well be determined from
the spectral linewidth T'eg using Eq. (3.35). Both ways to determine T.g are
described in Eq. (4.3) and (4.4).

'If the true coupling would be different, this would not influence the analysis of the exper-
iment, as any deviation from kex = /2 is absorbed into the mode matching factor Cpp,.
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Figure 4.1: Variation of the pump laser detuning. The closer to the cavity
resonance the pump laser frequency is set, the more light circulates in the cavity.
This follows from the cavity profile fic.,(Acy) [orange]. The probe laser remains
locked to the cavity resonance. The cavity resonance frequency (and therefore
the cavity profile) fluctuates with respect to the probe laser frequency, allowing
PDH read-out of the motion.

Don’t stay tuned, for more information

As described in section 3.2.4, before starting an experiment, we want to ob-
tain as much information as possible about the system. To that end, a detuning
sweep is performed. We scan the frequency of the cooling laser A¢; and check how
equations (4.1-4.4) evolve. This is schematically depicted in Fig. 4.1. For each
value of the detuning, a mechanical spectrum is recorded via the PDH read-out

method. The power spectrum PSD[3%] is originally expressed in V2 /Hz, and is
rescaled to m?/Hz after calibration. A Lorentzian proﬁle el o g ‘51/21, —72)? + N

is fitted to each spectrum, which returns four properties: Central requency (e,
linewidth I'eg, area A, noise floor N. Hence, each value of the detuning Ag
corresponds with four measured values: Qeg(Acy), Feg(Acn), A(Acr) and N.

In Fig. 4.2, a sequence of mechanical noise spectra is plotted, measured
during a detuning sweep at 293K. The intrinsic resonance frequency and damp-
ing were predetermined during the system preparation, as described in section
3.2.4: Q,,/2r = 308kHz and I',,/27 = 1.05 £ 0.056Hz. When the pump laser
frequency is tuned closer and closer to the cavity resonance, the amplitude of
the Lorentzian spectum decreases, and increases again after passing through a
minimum at Ag = —€2,,. Fig. 4.3 displays the same spectra, from a differ-
ent perspective, to showcase the optical spring effect and optical damping. The
linewidths, central frequencies and areas under these spectra are then fitted to
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Figure 4.2: Evolution of the mechanical noise spectrum through variation of the
pump laser detuning. Measurement at room temperature.

equations (4.1) - (4.4). The result of the analysis is shown in Fig. 4.4. Green,
blue and yellow points represent respectively the measured quantities Ieg(Acy),
Teff(AC]) = mk—sfn.A(A(n) and 5Qm<A01) = Qeﬁ‘(Ale) — Qm The optimization al-
gorithm fits the spectral linewidths (green) and resonance frequencies (yellow)
to the optomechanical theory Eq. (4.1) and (4.2) with k, Cyym and Ag as free
parameters. The fit returns a cavity linewidth /27 = 110.7 £ 0.6kHz and a
mode matching factor Cp,,, = 0.018, which means that for the launched cooling
power Prp = 83 + 2uW, the net cooling laser power incident on the cavity was
Py = 0.018 x (83 & 2uW) = 1.50 + 0.04W.

Red curves for 'y and d€2,, represent the optomechanical theory, Eq. (4.1)
and (4.2), for the fitted system parameters. The areas under the noise spectra
(blue) are not used in any fitting procedure. The theoretical curve for Teg uses
the fitted linewidth according to Eq. (4.4), while the blue datapoints are the
rescaled areas in Eq. (4.3). From Fig. 4.4, we conclude there is a satisfying
agreement, between theory and experiment.



4.1. VARYING THE PUMP LASER DETUNING

307.6 307.8 308.0 3082 3084
Frequency (kHz)

Figure 4.3: Optical spring effect. Detuning sweep at room temperature.
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Figure 4.4: Detuning sweep at 293K. Red curves represent the fit to optome-
chanical theory.
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4.2 Optimization, optimized

Fig. 4.5 shows the results of a detuning sweep at 5.7K. The intrinsic mechani-
cal resonance frequency and damping were redetermined at this stage, because
they are affected by the changed environmental conditions. Using the proto-
cols laid out in section 3.2.4, the intrinsic parameters I',, /27 = 0.67 £ 0.03Hz
and Q,,/2m = 302kHz were obtained. The in-fiber pump laser power was
Pey = 15uW, and a power P = 10uW was used to read out the motion.

The dotted red lines are the fits that result from the optimization algorithm
described in the previous section. Two aspects are notable here. Firstly, when
approaching the cavity resonance, the system becomes unstable. As a result, one
cannot cover the full frequency range up to Ag = 0. Secondly, the measured
data deviates from the theory far from resonance and around A¢g = —£2,,. Both
observations can be explained if the read-out laser is not locked exactly to the
cavity resonance, but is slightly blue-detuned.

In fact, this is not a new finding. The frequency of the probe laser is manually
set using a PID controller that maintains the Pound-Drever-Hall lock, and set-
ting it exactly on resonance is difficult. Like the pump laser frequency, the probe
laser frequency can be increased or decreased, but the starting point is unknown.
Furthermore, at cryogenic temperatures the probe laser a priori cannot be red-
detuned during measurements, because this gives rise to non-equilibrium effects,
explained and described by Buters et al. in Ref. [33]. However, the presence of
a laser that is blue-detuned with respect to the cavity resonance brings about
amplification of the mirror’s motion, and this effect has been unaccounted for -
until now.

In order to accomodate the amplification by the probe laser, Eq. (3.23) is modi-
fied to include an optical spring and optical damping term from the probe laser:

Qep = Qo + 00 (Acy, Par) + 0950 (A, Pu) (4.5)
Lo = T + T50 (Act, Per) + T (AL, Pui) (4.6)
with 6Q),) and '), given by Eq. (3.24) and Eq. (3.25), with Py = CpumPri and

A = Ayp;. Because the probe laser detuning Ap, and power Pp, are constant,
0Qy, and '), are constant. So, including the effects of the probe laser in the
fitting algorithm is as simple as adding two free offsets: one for the mechanical
resonance and one for the linewidth. The resulting fit is displayed in solid red in
Fig. 4.5. Excellent agreement between theory and experiment is now seen over
the full detuning range.

The prime purpose of the detuning sweep is determination of the cavity linewidth
t. The unadapted and adapted fitting methods return a cavity linewidth of re-
spectively 78.4 + 0.3kHz and 85.4 + 0.5kHz. The latter is in perfect accordance
with the value found in an independent measurement of the cavity linewidth
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via OMIT (F.M. Buters, [35]) returning /27 = 87 + 3kHz. In conclusion, in-
corporating the antidamping by the probe laser in the optomechanical theory
significantly improves the quality of the fit and the reliability of the fitted sys-
tem parameters for the nested resonator.

The other fitted parameters were Cy,, = 0.12 for the mode matching factor, and
0Q,/2m = 4+ 1Hz and I'}), /27 = —3.3 £ 0.2Hz for the optical spring effect and
antidamping from the probe laser. The negative optical damping confirms the
probe laser is blue detuned, and the values indicate a detuning of approximately
10kHz. As stated at the beginning of this section, detuning of the probe laser
also justifies the observed instability for A — 0. If the damping by the cooling
laser would become less than the amplification by the read-out laser, the total
linewidth I'ey would become negative. The mirror then departs from thermal
equilibrium. This precisely takes place when A¢g — 0.

At last, one could ask: ”The amplification, is that bad?” or ”Shouldn’t we do
something about it, rather than tucking it into the theory?” After all, our final
purpose will be to laser-cool the motion of the mirror, so it might seem silly to
have a read-out laser simultaneously amplifying the motion, partially undoing
the work of the cooling laser. The answer is no, provided there is no harm in
using that extra bit of cooling laser power compensating for the anti-damping.
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Figure 4.5: Detuning sweep at 5.7K. Solid (dotted) lines represent optomechan-
ical theory including (excluding) a finite probe laser detuning.
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Chapter 5

First measurements at mK
temperatures

There 1s a crack in everything, that’s how the light gets in.
— Leonard Cohen, Anthem

In a 200 mK cryogenic environment, the power of the read-out laser is varied,
and the mechanical noise spectra are measured. We expect to observe a decrease
of the noise floor and amplification of the mechanical motion by the read-out
laser. However, an additional effect manifests itself.

5.1 Varying the probe laser power: optical ab-
sorption

After full characterization of the system at a cryostat temperature of 5.7K, the
dilution refrigeration unit brings down the temperature even further, and we
enter the sub-Kelvin regime. When the lowest possible stable temperature is
reached, the system is ready for measurements. The final objective is: reaching
a phonon occupation 7 or effective temperature T.g as close to zero as possible,
by optical cooling of the resonator, starting from a base temperature T},,; that
is also as close to zero as possible. Since the optical cooling results from optical
damping, or broadening, of the motion, one should be prepared to measure
spectra that become progressively more difficult to distinguish from the noise
background. The noise floor Nppy is the accumulation of classical noise from
various origins (technical noise, laser noise, intensity noise, and so on) [19,44].

More movement, less noise
The signal to noise ratio depends on how much probe laser light is used: the
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Figure 5.1: PSD’s for a power sweep of the read-out laser. Measurement at
Teryo = 200mK.

higher Py, the lower Nppy [45]. In the previous section, we argued that devi-
ations between experiment and theory in a pump laser detuning sweep can be
explained as stemming from slight amplification of the motion by detuning of
the probe laser. That means that if we increase the power of the read-out laser
with all other parameters fixed, we expect to see three effects:

1. The noise floor decreases for increasing Py,

2. The total damping and effective resonance frequency decrease, according
to Eq. (4.5) and (4.6)

3. The effective temperature increases, according to (4.3) and (4.4) with
Tonat = Toryo = 200mk
Fig. 5.1 shows the spectra measured via the PDH-read-out method while
increasing the locking laser power. The noise background in Fig. 5.2 decreases
according to

NPDH X 1/P€1 (51)

The left panel of Fig. 5.3 shows the measured linewidths I'eg and resonance
frequencies (g, as well as the expected behavior given by Eq. (4.5), (4.6) with
k/2m = 85kHz and Ciyy = 0.112 (as obtained from the system characterization
measurement in section 4.1), a probe laser detuning of 3kHz, and a continuous
26Hz damping of from the 5uW cooling laser. When the read-out laser power
is increased, the damping decreases, or equivalently, the motion of the mirror is
amplified. Theory and experiment agree; we can check the first two boxes.

The upper right panel of Fig. 5.3 shows the measured effective temperature from
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Figure 5.2: Measured noise floors for a power sweep of the read-out laser at
Teryo = 200mK. Measured data and fit to Nppn o 1/P€1.

the rescaled area under the spectrum using Eq. (4.3) [blue points], the effective
temperature as expected from the measured linewidths using Eq. (4.4) [yellow
points|, and the effective temperature that should result from the theory shown
in the left panel [yellow line]. While the motion of the mirror is anti-damped

according to theory, the effective temperature Tog(Pr1) = % (PL) rises more

than expected on the basis of probe laser induced antidamping F%t(PLz) alone.
There is a discrepancy between Eq. (4.3) and (4.4):
m$> r
Ty = AP Toryo 5.2
fon = 75, AW A ey >
[bEe] [yeIl’ow]

Optical absorption

The discrepancy is the result of optical absorption of the read-out laser light
by the TayOs5/SiO2 mirror and subsequent heating of the material. Independent
measurements by F.M. Buters in Ref. [35] show identical behavior, and are ex-
plained as resulting from poor heat conduction in the silicon nitrite arms that
connect the resonator to the surroundings. A tiny fraction of the light leaking
through the resonator is absorbed, and the heat cannot flow away: the mir-
ror does not thermalize with the cryogenic environment (Tina; # Teryo), and its
temperature Ty, rises. With the physical temperature T},., also the effective
temperature of the motion T.g increases.

The poor heat conductivity of the suspensions is characteristic for the ultra cold
environment. Although the heat conductivity of SizNy is not precisely known, it
is feasible that the conductivity strongly decreases with decreasing temperature
in the sub-Kelvin regime. Optical cooling experiments at super-Kelvin base tem-
peratures are therefore less prone to heating caused by optical absorption. It has
been experimentally verified in Ref. [35] that for in-fiber locking laser powers up
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Figure 5.3: Power sweep of the read-out laser at T¢;y, = 200mK.

to 15uW, the heating from optical absorption is negligible. The results presented
in chapter 4 of this thesis were therefore unaffected.

A more elaborate description, as well as a toy model for the thermodynamics
involved, can be found in Ref. [35]. So, as a result of the optical absorption, the
effective temperature evolves according to:

m§? r
Ty = " A(Pr) = Tonat (Pry) =————. 5.3
= AR = T (P) s (53)
The temperature of the mirror is then
mQ?,
Tat (Pr1) = A(Pu)Teq(PLi) (5.4)

kgl,,’

plotted in the lower right panel of Fig. 5.3. In the first measurement, when using
an in-fiber probe laser power P, = 5uW, the material temperature has already
increased from 0.2K to 1.1K. If the read-out laser power is further increased to
38uW, the material temperature increases to 2.2K.
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5.2 What now?

The results indicate that increasing the power of the probe laser in order to
suppress the noise floor of the spectrum obtained via PDH read-out of the motion
is not desirable. The power absorbed should be minimized, and because the light
is absorbed by the mirror itself, the transmitted power must be minimized. Ergo,
the amount of laser light circulating in the cavity must be minimized. Retaining
the PDH scheme only for the locking of the lasers to the cavity resonance and
implementing an alternative read-out method, could provide a solution. We find
out why, how, and what, in the next chapter.
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Chapter 6

Sideband-thermometry of the
mirror’s motion

Two roads diverged in a yellow wood,

And sorry I could not travel both

And be one traveler, long I stood

And looked down one as far as I could.
— Robert Frost, The Road Not Taken

We want a noise floor as low as possible, but turning up the probe laser power
comes at a price. In this section, we will demonstrate two alternatives for PDH
read-out of the motion. First, we will enhance the signal from the probe laser
with light that does not get absorbed by the moving mirror. Secondly, we will
completely eliminate the probe laser from the read-out scheme and read out the
motion with the cooling laser.

6.1 Locking laser sideband thermometry

In section 3.1.4, we described how light with frequency w; circulating in the
cavity develops a red and blue sideband at respectively frequency w; — Qe and
w) + Qeg. If the laser is red detuned, the blue sideband is closer to the cavity
resonance than the red sideband, so the blue sideband is pumped. If the laser
is blue detuned, the red sideband is closer to the cavity resonance, so the red
sideband is pumped. In the first case, energy flows from the mechanical oscillator
to the optical field, and vice versa for the second case. This is depicted in Fig.
3.12. If the frequency of the laser is equal to the cavity resonance frequency,
the amplitude of the sidebands must be equal for 7 > 1. In this section we will
describe how the sidebands of the locking laser can be read out. Because the
locking laser must be locked approximately to the cavity resonance, we expect
the sidebands to be approximately equal.

49
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6.1.1 Experimental implementation

In order to resolve the individual sidebands, a beating tone separated by wro
from the probe beam frequency w; must be combined with the tones reflected
from the cavity. [44,46] This was explained in section 3.1.4, and summarized in
Fig. 3.8 and 3.9. In practice, part of the locking laser light is split off by a
beam splitter, and shifted by an acousto-optic modulator (AOM). This is shown
in Fig. 6.1. Light entering the AOM is diffracted by a sound wave generated
in the crystal and frequency shifted. Depending on the angle a which the beam
emerges, the frequency can be upshifted or downshifted. In our set-up, the AOM
shifts the incoming laser light of frequency wr, with wpo = —27 x 40MHz. Two
beams emerge from the AOM, the original beam with frequency wr,;, and the
deflected beam with frequency wy) — wro = wy + 27 x 40MHz. The original
beam is blocked, and the diffracted light is coupled into a fiber. Finally, it is
recombined with the rest of the probe beam, and sent to the cavity. The com-
ponent at frequency wr,; + 27 x 40MHz is promptly reflected from the cavity and
does not enter it. All reflected light, containing components at wy, /27 + 40MHz
(the beating tone), wy, (the carrier) and wy; F Qe (the sidebands) are finally
separated from the reflected pump laser light by a polarizing beamsplitter and
detected by photodetector PDII;eﬂ. The resulting beating signal comprises two
Lorentzian features: the blue sideband at 40MHz — Qug/27, and the red side-
band at 40MHz + Q/27. Note that the profile at 40MHz — Qeq/27 is an image
of the wy; + Qo sideband, and the profile at 40MHz + Q.q/27 an image of the
wri — Qe sideband, because the frequency is upshifted rather than downshifted.!
The sidebands are displayed in Fig. 3.8 and 3.9, and the final recorded spectrum
in Fig. 3.10, with w; = wy; and wro = —27 x 40MHz.

While the sideband spectra are read out and analyzed for thermometry, the
PDH lock of the probe laser to the cavity remains intact, to ensure the probe
laser (carrier of the sidebands) and pump laser follow the noisy low-frequency
changes in the cavity resonance. Therefore, it is still possible to read out the PDH
spectrum at Qeg, simultaneous with the individual sidebands at 40MHzF Qe /27.

6.1.2 Does it work?

We demonstrate locking laser sideband thermometry by performing a detuning
sweep of the pump laser. We recorded both sidebands, as well as the PDH
spectrum for verification. In principle, measuring one sideband is enough to carry
out thermometry. Because the power and detuning of the locking laser remain
constant during this measurement, data analysis for the sidebands proceeds no

'In Fig. 3.8 and 3.9 in the theory section, we assumed the frequency of the laser light was
downshifted for didactic purposes. In that case, the displayed spectra inherit the same order in
frequency space as the sidebands: the red sidebands resides at the lower frequency wy,o — Qe
and the blue sideband at the higher frequency wr,o + Qegr.
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Figure 6.1: Optical set-up for locking laser sideband-thermometry. The com-
ponents displayed are: A/2: waveguide, BS: beam splitter, PBS: polarizing
beam splitter, EOM: electro-optical modulator, OI: optical isolator and PI:
proportional-integral feedback controller.

different than for the PDH spectrum. As seen from Eq. (3.30), the linewidths
of both sidebands must be equal to that of the PDH spectrum, and therefore to
the mechanical noise spectrum. The calibrated area under each spectrum A,
is proportional to the effective temperature T.g of the mirror, as described in
section 3.1.4 by Eq. (3.30).

Fig. 6.2 shows the data and the fit to theory of the blue sideband recorded
at 40MHz — Q.q/27. The fit is strongly constrained by using the system pa-
rameters k/2m = 85.4 + 0.5kHz and Cy,,, = 0.12, determined at 5.7K in section
4.2. The only free parameters are the offset for the detuning, and the optical
(anti) damping and resonance shift caused by the probe laser. The measurement
was performed using 27uW LO power, 11uW in-fiber cooling laser power and
10uW probe laser power. We need to take into account that a fraction of the
circulating probe laser light is optically absorbed, and from the lower right panel
of Fig. 5.3, we infer that the physical temperature of the mirror in the 200mK
cryostat, subject to 104W in-fiber locking laser light, is 1.38 + 0.08K.

The fit returns values I}, /2r = —5.5 & 0.3Hz and 0} /2 = —6 + 0.1Hz.
Data from the red sideband returns identical values: Fg;,t /21 = —5.5+0.5Hz and
QU /27 = —640.1Hz. Excellent agreement is therefore observed between theory
and experiment, and between analysis of the blue and red sideband. The insets
in Fig. 6.2 show the strong damping and cooling of the mirror, by broadening
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and shrinking of the sideband spectra as the detuning approaches Ac; = —,,.
At the point of maximal damping, the effective temperature of the mirror was
Teg = 10 £ 0.7mK, corresponding to 687 + 50 phonons.
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Figure 6.2: Locking laser sideband-thermometry. Measured parameters for the
blue sideband, and comparison to optomechanical theory. Measured PSD show
the blue sideband PSD recorded at 40MHz — wy,; /27 and the red sideband PSD
at 40MHz + wy, /27 for two different cooling laser frequencies.

6.1.3 Sideband asymmetry

The inset in Fig. 6.2 shows that the sidebands are almost equal, the amplitude
of the red sideband recorded at wyo + Qg being slightly larger than that of the
blue sideband recorded at wr,o — Qer. From Eq. (3.38) and (3.39) with A = Ay,
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Figure 6.3: Measured asymmetry of the locking laser sidebands [datapoints]
during a detuning sweep of the pump laser, and corresponding estimation of the
locking laser detuning [solid|. The horizontal line gives the average asymmetry
A, /Ay = 1.16, corresponding to Ay,/2m = 12kHz.

we expect the asymmetry A, /A, to be fully attributable to the detuning of the
locking laser, because even at A = —,, we have n ~ 700 > 1, and thus
the asymmetry from 7n/n + 1 is negligible. If n were close to one, that is, if
we were close to the ground state, we would expect a strong dependence of the
asymmetry on the pump laser detuning. Thus, because Ay, stays constant during
the measurement, the asymmetry is expected to stay constant. The measured
asymmetry is shown in Fig. 6.3. The sideband asymmetry fluctuates around
A, A, = 1.16. Appreciable deviations are observed in regions of weak damping,
attributable to departure of the resonator from thermal equilibrium as mentioned
in section 4.2. At high damping (around A¢g = —€,,,), the measured asymmetry
is stable, with fluctuations barely exceeding the statistical error margins. One can
estimate the detuning of the probe laser by inserting the measured asymmetry
in Eq. (3.38). An asymmetry A, /A, = 1.16 then indicates Ay,/27 = 12kHz,
which is reasonable considering we estimated a detuning of approximately 10kHz
in section 4.2.

6.1.4 (How) does it bring us closer to the ground state?

We have seen that in the PDH read-out method, the bath temperature of the
mirror increases if the power from the locking laser is increased. Decreasing the
probe laser power reduces optical absorption, but the reverse of the medal is a
rise of the background noise.

Reducing the probe power: less heat, a bit more noise

In the PDH read-out, the noise floor increases with decreasing locking laser
power (Nppg o 1/P2%). Tt is evident that using the sideband read-out, similar
behavior must be observed, because the locking laser beam is the carrier for the
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sidebands. However, the increase in background noise is much less for the side-
bands than for the PDH signal. In fact, for each sideband the noise increases
only with the inverse of the probe laser power:

Nb%Nr = NSB X 1/PL1 (61)

This makes sense because, as we argued in section 3.1.4, the PDH signal incor-
porates both sidebands, folded on top of each other. The effect is shown in Fig.
6.4, where we have reduced the probe laser power from 38 to 5 yW.? Because
less power is optically absorbed, the temperature of the mirror drops from 2.2K
to 1.1K. The noise floor of the PDH signal rises with a factor 50, while the noise
floor of the sideband signals only rises with a factor 7. The measurement was
conducted with Po = 34uW. Using this amount of local oscillator power, the
signals for the sidebands and that for the PDH signal are approximately equal
for 5uW of locking laser power. The question is then: “Can we re-improve the
signal to noise ratio without adding heat?”

{1028
Py T
| ma I 110~
5uW 1.1K
| Ay | -30
38uW 2.2K 10
f 11073
301600 302000 302400 100 200 300 400 500 600 700~ 100 200 300 200 500 600 700
+3.96978 x 107 +4.03018x 107
w/2m(Hz)

Figure 6.4: Comparison of read-out methods for decreasing locking laser power.
PDH-spectrum and sideband spectra measured with 54W of in-fiber cooling laser
power at A¢g = —1.1Q,, and P o = 34uW. If P, is decreased from 38uW to
5uW, reduced optical absorption allows the material temperature to drop from
2.2K to 1.1K. The noise floor increases for the PDH-spectrum and the sidebands
respectively with a factor 50, and 8. Reduced anti-damping by the probe laser
manifests itself as a resonance frequency shift towards the intrinsic resonance
Q,,/2m = 302kHz, and decrease of the amplitude and area of the Lorentzian
profile.

Increasing the LO power: less noise, not more heat

Keeping the probe laser power at 5uW, we increased the power in the local

2This is the reverse of the process displayed in Fig. 5.1 and Fig. 5.3.
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Figure 6.5: PDH-spectrum and sideband spectra for P; = 5uW, when increasing
the power in the local oscillator from 34 to 1254W. A much better signal-to-
noise ratio is obtained for the sideband spectra. Measured at Ty, = 0.2K, with
Pop = 10uW and Agp = —1.19Q,,. Tt remains 1.1K during the measurement.

oscillator beam from 34uW to 1254W. The spectra of the PDH signal and the
sidebands are depicted in Fig. 6.5. The fixed cooling laser power was 10uW, i.e.
the double of that used in the spectra depicted in Fig. 6.4, hence the lower am-
plitude. The noise background for the PDH signal remains at 5 x 1073%m, while
the noise floor for the sideband spectra are lowered to 1 x 1073%m for 125uW of
LO power. It is immediately clear that the signal to noise ratio has improved
significantly. In Fig. 6.6, the noise floors are plotted for a series of measure-
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Figure 6.6: Decrease of the red sideband noise floor with increasing local oscil-
lator power. The noise floor is drastically reduced while varying P o from 2 to
130 uW. Measurement at T¢yo = 200mK, with P = 5uW and Pg = 10puW.
We show measured datapoints and fit to N, o< 1/Pp0.

ments over a broader range of LO powers from 2uW to 130uW. The noise floor
is observed to decrease with the inverse LO power:

Nsp o< 1/Pro (6.2)
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Combining this with Eq. (5.1) and Eq. (6.1), we conclude:

1 1
N —- and N, )
PDH X Pﬁl an SB X P Pio

Because the power of the probe laser remained constant, and the local oscillator
beam does not enter the cavity, the physical temperature of the mirror remains
1.1K. This can be seen in Fig. 6.7: all parameters that characterize the motion of
the mirror merely fluctuate around constant values.> There are no optomechani-
cal, nor thermodynamical changes during the measurement. As the power in the
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Figure 6.7: Measured parameters of the Lorentzian profile of the red sideband
while varying Pr,o from 2 to 130 uW at Tgy, = 200mK, with P; = 54W and
PCI = 10uW

LO beam is turned up, the only aspect that changes is the precision: the signal to
noise ratio drastically improves - well over that achieved using the PDH method
- and the error margins on the spectral parameters converge. Therefore, probe
laser sideband-thermometry can be performed reliably even for strongly damped
(large Tcgr, low 1) spectra, by reducing the noise floor with increased LO power.
When the motion of the mirror is cooled so severely that the motional spectrum
cannot be separated from the PDH noise floor anymore, it can still be read-out
from the sidebands: we can’t increase the probe laser power, but we can increase
the LO power.

6.1.5 Sideband thermometry in the ground-state regime

In section 3.1.5, we introduced the possibility of inferring the phonon occupancy
of a resonator close to the ground state from the sideband asymmetry of a zero
detuned laser [44,46]. In that case, A,/A, =+ 1/fi. We reported that fixing
the probe laser at exactly Ap; = 0 is difficult due to instabilities, but this is not

3 Another interesting aspect of Fig. 6.7 is that the statistical error margins apparently
underestimate the true errors on the measured values. Identical measurements for the PDH
signal show the same effect.
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a problem if we incorporate our findings from chapter 4. At non-zero detuning,
Eq. (3.38) applies:

Ay 0 (5 (Au — Q)

Ar 4 1(5)?2+ (Au+ Q)2

In chapter 4, we optimized the precision with which the cavity linewidth x can be
determined, and simultaneously we found a way to determine the detuning of the
probe laser Ap;. Hence, all parameters in Eq. (3.38) are known and the phonon
occupation can be readily extracted, provided the areas under the sidebands can
be measured reliably as well. In Fig. 6.3 we had seen that for strongly damped,
low T signals, the measured asymmetry is consistent. This is of course the re-
gion in which one would use low-occupancy-sideband-asymmetry-thermometry.
From Fig. 6.7, it is clear that the precision of the measured area, and therefore
the precision of the measured asymmetry, appreciably increases with increasing
Pro (and decreasing noise background).

In conclusion, the probe laser sideband read-out scheme is successfully imple-
mented and demonstrated in a millikelvin environment, and in its current form it
is ready to carry out sideband asymmetry thermometry in the countable phonon
regime.

6.2 Cooling laser sideband thermometry

In the previous section, we explained how the amount of probe laser light neces-
sary for thermometry of strongly damped spectra can be reduced by reading out
(one of) the sidebands of the probe laser light rather than the PDH spectrum.
However, a minimum of probe laser power is still necessary to generate these
sidebands in the first place. Can’t we completely eliminate the probe laser from
the thermometry scheme? It turns out we can, and this section explains how.

6.2.1 Experimental implementation

In an optical cooling measurement, the frequency of the R&S signal generator will
be set such that the cooling laser detuning is approximately —€2,,, the detuning
at which maximal optical damping occurs. In that case, two important effects
occur:
1. Only a tiny fraction of the pump laser light circulates in the cavity, because
our system is sideband resolved (€, > r/2).

2. The light that circulates, develops sidebands at frequencies weay — 2 +
Dy = Weay and Weay — o — Qo = Weaw — 2€2,,,. Hence, the blue sideband
at zero detuning is strongly pumped, and the red sideband at —2(2,, from
the cavity resonance is very small.

The sidebands of the pump laser can be displayed and used for thermometry

if we detect the reflected pump laser light and add a beating tone to it, analogous
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to the visualization of the probe laser sidebands. An extensive theoretical review
of the concept can be found in Ref. [44]. Again, Fig. 3.8 and 3.9 show the
necessary tones, now with w, = wg. Fig. 6.8 shows the modifications to the
optical set-up. An AOM shifts part of the pump laser light, instead of the probe
laser light, by a frequency w0 = —27 x 40MHz. Thus the tones incident on the
cavity for the purpose of cooling and thermometry are we and w427 x 40MHz.
The tones at wy, wr) — 27 x 9.5MHz and wr; + 27 x 9.5MHz that are part of the
PDH locking scheme also remain incident on the cavity. As mentioned in section
3.2.3, they can be treated completely independent from the tones necessary for
cooling and thermometry, because they are separated by a 3GHz free spectral
range. The reflected components of the PDH scheme are detected by PDY,
and the signal is forwarded to the PID, as usual. The reflected cooling laser
light, consisting of components at wcy + 27 x 40MHz (the beating tone), we (the
carrier) and wey F Qe (the sidebands) are finally separated from the reflected
locking laser light by the polarizing beamsplitter and detected by photodetector
PDY,. The resulting beating signal comprises profiles at 40MHz — Q.g/27 and
40MHz + Qe/27, the first being an image of the blue sideband at we) + £2,,, and

the latter of the red we — €, sideband.
PDfr 40 MHz

N

== Nk

Figure 6.8: Optical set-up for cooling laser sideband-thermometry. The com-
ponents displayed are: \/2: waveguide, BS: beam splitter, PBS: polarizing
beam splitter, EOM: electro-optical modulator, OI: optical isolator and PI:
proportional-integral feedback controller.

6.2.2 Does it work?

We demonstrate pump laser sideband thermometry by performing a detuning
sweep of the pump laser with 40uW in-fiber cooling power, 88uW in the LO



6.2. COOLING LASER SIDEBAND THERMOMETRY 59

beam, and 10uW locking laser power. The results are shown in Fig. 6.9. As
expected, extreme asymmetry is observed. Around Ag = —£2,,, the rate of anti-
stokes scattering (cooling) is so high, that the red sideband is invisible. As we
move towards the cavity resonance, reducing the damping and cooling, the red
sideband grows and appears. This is shown in the inset of Fig. 6.9.
Thermometry of the cooling laser sidebands is slightly less straightforward than
for the PDH signal or the probe laser sidebands. While the linewidths of the blue
and red sideband are equal to each other and to that of the mechanical noise
spectrum, the areas of the sidebands do not scale with the phonon occupancy
or effective temperature of the mirror. This can be seen from Eq. (3.36) and
(3.37): the sideband amplitudes depend on the detuning of the pump laser. The
prefactor of the Lorentzian profile in Eq. (3.36), i.e. the amplitude or area under
the spectrum, consists of three factors. The first is the effective temperature or
phonon occupancy 7 + 67*. As the frequency of the pump laser moves towards
the cavity resonance in Fig. 6.9, the T, and 7 increase, so the amplitude of the
mechanical noise spectrum increases, which makes the sidebands increase. The
second factor is [(Am — Q)+ (S)Q] ! for the red, or [(A@ + Q)+ (3)2] ! for
the blue sideband, representing respectively the Stokes and anti-stokes scattering
rate proportional to ficay(A,) and fieay(Ap). As the frequency of the pump laser
(Acp < —Q,,) moves towards the cavity resonance, A¢ decreases, the rate of
stoke scattering increases, and the rate of anti-stokes scattering decreases. This
makes the red sideband grow and the blue sideband shrink. The third factor is
Neav(Ac1), given by Eq. (3.4). As the pump laser frequency moves towards the
cavity resonance, more light of the carrier builds up in the cavity, and therefore
also more light in the sidebands circulates in the cavity. Therefore, the ampli-
tudes of the red and blue sideband signal are enhanced.

The cumulative effect of these three aspects can be seen in the insets in Fig.
6.9. The measured linewidths and resonance frequencies are displayed, as well as
the effective temperatures calculated from Eq. (3.33), with /27 = 85kHz and
Py = Coum P = 0.12 x 4uW. The solid curves show the expectation according
to optomechanical theory, using the parameters determined in the analysis of
the detuning sweep using the probe laser sideband-thermometry depicted in Fig.
6.2. Overall, the agreement between the results from these vastly different read-
out methods is satisfying. The parameters from the red sideband are displayed
solely for illustrative purposes.* Although they cannot be used for analysis,
their agreement with the values found from the blue sideband is encouraging,
especially for the effective temperatures which depend on three variables now
(Arp, Acr and A, p), rather than one (A, ;).

4The data from the red sideband furthermore confirm the observation in Fig. 6.7 that for
very noisy signals, the error margins underestimate the true error on the Lorentzian parameters.
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6.2.3 (How) does it bring us closer to the ground state?

We have demonstrated that it is possible to perform thermometry of the res-
onator by reading out the strongly pumped blue sideband of the cooling laser
beam. The probe laser is completely eliminated from the read-out protocol and
is necessary only to keep the cooling laser locked to the desired frequency (which
is, during a cooling experiment, A¢; = —€2,,). It is feasible that the amount
of probe laser power, and hence the physical temperature of the mirror Tj,.,
can be drastically reduced in this way. The drawback of this read-out scheme
is that it waives the prospect of using sideband asymmetry to infer the phonon
occupation close to the ground state, because the red sideband cannot be read
out. Thus, the critical factor that determines whether read-out of the probe laser
or the cooling laser sidebands is most beneficial, is the amount of probe power
that is necessary to generate detectable probe laser sidebands, in proportion to the
probe power necessary to keep the lasers locked. In favor of pump laser sideband-
thermometry, one can point out that the cavity resonance fluctuations caused by
the thermal motion of the mirror are detected and damped, while the fluctua-
tions caused by environmental noise are detected and compensated for. Because
the noisy oscillations are undamped, very little power might suffice to extract
the spectral information for the PID to keep the lasers locked. However, there
is only one way to conclusively find it out: that is to try it out. Therefore, we
propose a follow-up experiment: “Set up the pump laser sideband thermometry
scheme described in this section, gradually reduce the probe laser power and
read out the blue pump laser sideband.” Two effects are foreseen:

e First, a decrease of A, is expected, attributable to a decreasing phonon

occupancy, following the relations Ty,.¢(Pp) and Ff;]l,t(PLl) expressed in Eq.
(4.4) and (4.6), and displayed in Fig. 5.3.

e Secondly, as lower and lower P is used, eventually the lock will be lost. It
is possible that already before that point, the cooling efficiency is gradually
undermined because of deterioration of the lock. The probe power might
suffice to read out the strongest noise fluctuations, but weaker signals can
be lost and therefore remain uncompensated for. This might manifest itself
as a decrease of I'.g and a saturation or increase of T.g.

This way, one can infer the lowest required locking laser power, and by compar-
ison to Fig. 5.1, to what bath temperature 7,,,; that corresponds.

The next step would be to use this exact amount of probe laser power for locking
laser sideband thermometry, and directly compare the signals obtained via the
two methods to infer which has the best signal-to-noise ratio. This finding would
truly close this chapter, and open the door to thermometry in the ground state
regime.
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Figure 6.9: Cooling laser sideband-thermometry. Measured parameters for
the blue sideband [filled] and red sideband [empty]|, and comparison to op-
tomechanical theory. Measured PSD show the blue sideband PSD recorded at
40MHz — wey /27 and the red sideband PSD at 40MHz + wc; /27 for two different

cooling laser frequencies.
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Chapter 7
Cold, colder, coldest

What we essentially want is to draw something unknown to us in all its

shadowiness, not something we know in all its illumination.
— Orhan Pamuk, My Name is Red

Having laid out all pieces of the puzzle, we get down to the core business of
cryogenic cavity-optomechanics: optical cooling of a resonator, as close to the
absolute zero as possible. After presenting and analyzing the results of optical
cooling in a 5.7K environment in the first part of this chapter, we will turn to the
fundamental question that this thesis aims to answer: “With the accumulated
knowledge, instruments, and methods, how near the ground state are we?”

7.1 Optical cooling in a cryogenic environment

In an optical cooling run, the pump laser is set at A = —€2,,, and the power
of the cooling laser is increased. The measured noise spectrum is expected to
steadily broaden while the effective temperature T,g or n decreases, until the sig-
nal is swallowed by the noise background and thermometry becomes impossible.

7.1.1 Varying the pump laser power

Fig. 7.1 shows the data collected in an optical cooling measurement at 7y, =
5.7K, with PDH thermometry of the mechanical motion. Anticipating the weak-
ness of the signal at strong damping, 47uW of in-fiber locking laser power was
used for the read-out while increasing the cooling laser power from 4.6uW to
364, W. As mentioned in chapter 5, the heating of the mirror due to optical
absorption of probe laser light in a 5.7K environment is marginal. For 47uW of
in-fiber probe laser power, Ty, = 6.9K. [35]

A minimal effective temperature of 7.94+0.5mK or 545431 phonons was reached,

63



64 CHAPTER 7. COLD, COLDER, COLDEST

4500 T T T T T T T T - - -
1004 ) 4
4000} ¢
L 35001 S
= & 100 ° 1
5 3000 o .
< 2 by
B 2500( s LY
s g 10'2} 80 o 0c 1
2 20001 £
o 1500} “ T
= 208} e ]
8 1000} 3 Expected 7, from theory
b, 50l = Expected 7, from linewidths PSD
f 1004L o Ty, from calibrated areas under PSD|
0] = . . . . . . . . . - L
0 50 100 150 200 250 300 350 400 10° 10t 10? 103
5 Cooling laser power (W Cooling laser power (uW
£ 303000 0 222 POV W) 80— —ooling laser power (W)
& 302800 ] 0t 1
3
S 302600 * 7o
2 ®
o ® i
£ 302400
8 4
£ 302200 of
c ® 1
Q ®
@ 302000
= ¢ ® R
© ®4 ‘
% 301800 - 10 | oee®0® _
<
8 301600 ! ! ! ! ! ! ! 0 ! ! ! ! ! ! !
s 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Cooling laser power (W) Cooling laser power (W)

Figure 7.1: Optical cooling run at Ty, = 5.7K. The power of the cooling laser is
driven up, and the motion of the mirror is read out from the PDH signal, using
47uW of in-fiber probe laser power. The starting temperature of the mirror was
That = 6.9K.

but this did not occur at the highest cooling laser power. As can be seen in the
upper right panel in Fig. 7.1, the minimal phonon occupancy is reached at
P = 113uW, after which the effective temperature starts to increase again.
At first sight, this might seem another imprint of heating by optical absorption.
Therefore, we use the theory applied in chapter 5. In Fig. 5.1, the material
temperature was calculated as follows:

2
md,

Tha :-Are 7
t i Tnl,

Using the same expression for the current measurement, one obtains the result
depicted in the lower right panel of Fig. 7.1. In the cryogenic environment, the
physical temperature of the mirror allegedly increases by an order of magnitude,
from approximately 5.7 to 57K.

Furthermore, the effective linewidth shows deviations from theory for high cool-
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ing laser power, as depicted on the upper left panel in Fig. 7.1. While these could
be ascribed to the low signal to noise ratio in this region, and to the underesti-
mation of the statistical error margins reported in sections 6.1.4 and 6.2.2, the
same cannot be said about the deviations observed for the effective mechanical
resonance frequencies. The lower left panel of Fig. 7.1 shows grave departure
from the expected optical spring effect.

7.1.2 The intrinsic mechanical resonance

When comparing Fig. 7.1 to Fig. 5.1 showing the effects of heating caused by
optical absorption of locking laser light, we spot two differences. The first is the
functional form of the relationship between the material temperature and the
laser power. The second is the deviation of the mechanical resonance frequency,
which is only present in Fig. 7.1.

In section 3.2.4, we mentioned that the mechanical resonance frequency of the
cavity strongly depends on the temperature of the environment 7¢,y, and the
material Ty, (which are equal in thermal equilibrium). This is attributed in
a large part to the temperature dependent thermal expansion coefficient of the
materials. Consequentially, we do expect to see an imprint of physical heating
of the mirror on its intrinsic resonance frequency, certainly if the temperature
of the mirror exceeds cryogenic temperatures. If the deviation of the effective
mechanical resonance observed in Fig. 7.1 is caused by a change in the intrin-
sic resonance frequency, we can incorporate this in the theory and extract the
intrinsic mechanical resonance frequency from the data. We modify Eq. (4.5):

Qest — Qn(Pey) + Q5N (Poy) 4 6QM
where €, depends on P via Ty,,.. Then
Qun(Pe1) = Qe — (695" + Q1)

The temperature dependent intrinsic mechanical resonance €2, calculated in this
way, with Q.g measured and QP := §QSY(Py) + §QU from theory, is displayed
in Fig. 7.2. The decrease of the intrinsic resonance frequency is strikingly similar
to the increase of Al'wg, depicted on the lower right panel of Fig. 7.1. The values
are plotted again in Fig. 7.1 on the same horizontal axis, and suggest a linear
relation between (2, and Al .g.

The evolution of the intrinsic mechanical resonance frequency during a cryo-
genic cool-down and warm-up, i.e. the dependence of €2,, on Tgy,, has been
measured for precursors of the nested resonator by P. Sonin [47]. Fig. 7.2 indi-
cates an intrinsic resonance frequency shift of approximately —1kHz when T},
rises from 7 to 70K, or a decrease by 0.3%. P. Sonin reported an approximately
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Figure 7.2: Decrease of the intrinsic resonance frequency [purple] observed in
when increasing P from 4.6uW to 364uW. The material temperature Ty, =
AT gmQ2 kp/T,, in Eq. (4.5) is plotted on the right axis [brown]. The upper
horizontal axis gives the in-fiber cooling laser power Pr;. The lower horizontal
axis gives the total power circulating in the cavity, relative to the power that
would circulate if there were 1uW of zero-detuned light in the fiber. A detuning
of 6.5kHz was taken into account for the 47W locking laser.

linear decrease of €2, by 0.5kHz from 137.5kHz to 137kHz, or 0.4%, when Ty, is
increased from 7 to 70K. ! It must be noted here that it would be quite curious
for the mechanical resonance frequency to change with the material tempera-
ture in the same way when the increase of T}, is caused by optical absorption,
versus when it is caused by an overall in crease in environment temperature.
When warming up the cryostat, the mirror is continuously in thermal equilib-
rium with the environment, while in the case of optical absorption, the heating
is very localized. The latter can result in complex behavior and effects, like the
occurrence of local deformations in the material caused by very localized heating.

The argument presented in this section provides a context for the two discrepan-
cies emphasized at the beginning. In summary, the mirror heats up due to
absorption of a fraction of the cooling laser light. This results in a strong
increase of T = AFeﬁstfn Jkgl'm. The relation between T, and Pcy ob-

'In chapter 4, we found that the intrinsic resonance of the resonator had decreased during
the cryogenic cool-down from 308kHz in the T¢,yo = 293K stage to 302kHz in the Teyyo = 5.7K
stage. This does not contradict the current observations: P. Sonin reports in Ref. [47] that the
full evolution from room temperature to the cryogenic regime comprises a sharp drop (5-10%)
in Q,, between Ty, = 250K and Ty, = 150K, followed by a slow, monotoneous increase by
1kHz between T¢ryo = 150K and Tepyo = 7K.
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served at Te.y, = 5.7K differs from the relation observed between T},,; and F,
at Ttryo = 0.2K, but this might be attributable to temperature dependence of
the heat conductivity of silicon nitride, which differs for super- and sub-kelvin
temperatures. The relation between Ty, and Pr has the same functional form
as the relation between the intrinsic mechanical resonance 2, = Qg — 0Q2°P"
and P, indicating a linear relation between €2, and T},.;. The linearity of this
relation, as well as the magnitudes of the frequency and temperature shifts in-
volved, as well as the fact that the resonance frequency shift is observed only
at Teryo = 5.7K and not at Ty, = 200mK, are all consistent with the observed
dependence of €2, on Tiat = Tiryo in thermal equilibrium.

The case laid out here was built on the premise that the observed material
temperature resulted from heating due to optical absorption of a fraction of the
cooling laser light. This assumption imposes one insuperable issue, that we will
explain in the following section.

7.1.3 Can the mirror heat up by absorbing cooling laser
light?

The foundation of the statement that heating is caused by optical absorption and
subsequent poor heat conduction, is that a fixed fraction of the transmitted light
is absorbed by the moving mirror. Referring back to section 3.1.1, this means
that a fixed fraction of the circulating light is absorbed.

The physical mechanism behind photon absorption is indifferent to whether the
photon originated from the cooling laser or the locking laser, because the dif-
ference in wavelength between the lasers is negligible. Remember that both are
1064nm lasers, operating around frequencies of the order of 100THz, only a few
GHz apart. From the cavity profile given in Eq. (3.4), one can readily estimate
that for the same in-fiber power, the power that circulates in the cavity when
the light is zero-detuned is 55 times larger than the power that would be circu-
lating if the laser were —¢2,, detuned. This is shown on the horizontal axes in
Fig. 7.2. Because a fixed fraction of the circulating power is absorbed by the
mirror, we must have Tyai(Po1) & Tat(PrLi/55). Therefore, the vast tempera-
ture rise perceived when augmenting the cooling laser power from 5 to 350uW
is irreconcilable with the observation that the temperature rise, perceived when
augmenting the probe laser power by the same amount, is negligible. So, the
answer is no. The mirror cannot significantly heat up by absorbing cooling laser
light.

7.1.4 Where is the black hole?

Let us look back at Fig. 7.1. Two options remain. Either, the quantity plotted
in the lower right panel is the temperature of the material, and the cause of the
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increased temperature of the mirror is something other than optical absorption
of cooling laser light by the mirror, or, the quantity plotted is not the actual
temperature of the mirror (ATgmQ?, /kpTm # Tmat)-

If the first is true, that could imply that the absorption causing heating of the
mirror does not only take place at the mirror upon transmission (i.e. while leak-
ing through it). In other words, photons are disappearing someplace else. While
the amount of cooling laser light transmitted through the cavity is much less than
the amount of probe laser light transmitted through the cavity, equal amounts of
light are incident on the stationary mirror. One could argue that absorption in
the stationary mirror therefore can account for the observed heating. In order to
heat up the mechanical mode, this would require the full optical bench to heat
up. It is worth noting that heating of the optical bench should leave an imprint
on the effective mechanical linewidths via modification of the cavity linewidth
k. Be that as it may, it is rather unlikely that the optical bench is unable to
thermalize with the cryogenic environment. The concept of heating of the mirror
by absorption of the probe laser light depends crucially on the assumption that
the silicon nitride arms hinder the flow of heat to the environment, and there is
no obvious bottleneck preventing thermalization of the optical bench as a whole.
Assuming there is no additional photon sink, we must conclude that the physical
quantity plotted in the lower right panel of Fig. 7.1 cannot be a true physical
temperature of the mirror, and the rise of the effective temperature is caused by
something else entirely.

7.1.5 Classical laser phase noise

In chapter 3, we briefly introduced the idea that the cryogenic environment,
the mechanical oscillator, and the optical field, constitute three thermal baths
interacting with one another, exchanging photons and phonons. A noisy laser,
we explained, can be treated as a thermal bath itself, and one can ascribe an
effective bath temperature 7 to it. Adjusting Eq. (3.34) to incorporate both the
locking laser and the pump laser, we get:

o Fmjﬂ’mat + Foptjﬂ’l

T
! Fef‘f

As we saw in chapter 4, T'l), is of the order of a few Hz, while Fg;t easily exceeds
a kHz in an optical cooling run, as is visible in Fig. 7.1. Therefore, we can
approximate

r5> T Do Tina + Uy T
Teff pt% pt tF ptL Cl (71)
eff

The extra term added to the effective temperature to the mirror depends on the

cooling laser power via F%t, but also via the effective bath temperature of the
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cooling laser T¢y. Using the result of Jayich et al. [19] that the effective bath
temperature T is proportional to the power P, we set

Tey = aPg

with a a proportionality constant. We now have a strikingly simple mathematical
model that we can fit to the data displayed in Fig. 7.1:

Fmeat + arggt(PCl)PCl

Lest(Pci) (7.2)

Teg(Poy) =

The result of the fit, which was strongly constrained having « as the only free
parameter, is shown in Fig. 7.3. The fit returns a = 36. Excellent agreement is
observed over the full power range. We conclude that classical laser noise is very
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Figure 7.3: Expected and measured phonon occupancy and effective temperature
while increasing the power of the cooling laser at Tg., = 5.7K, using PDH-
thermometry. Depicted are measured effective temperatures, and comparison to
the theory incorporating classical laser noise according to Eq. (7.2) with o = 36.

likely the origin of the observed increase in effective temperature with cooling
laser power. In other words, the classical laser noise reported and described by
Jayich et al. is what limits laser cooling of the mirror at cryogenic temperatures.
In Fig. 7.3, it caused the effective temperature to increase with cooling laser
power in the region of strong optical damping, resulting in a final phonon occu-
pation of approximately 1000 phonons. This stands in sharp contrast to the 100
phonons expected from the measured linewidths and the theory in the absence
of laser noise.
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7.2 What now?

In the sections leading up to the final verdict on the effects seen in the cooling run
at 5.7K, we walked through a few other hypotheses. While we do hope that laying
out these discussions carried some didactical value, we included them mostly
because not all of the effects exhibited in Fig. 7.3 can be explained by laser noise.
Particularly, the model for laser noise established in the previous section does not
provide an explanation for the observed deviation of the (intrinsic?) mechanical
resonance and linewidth. Therefore, further investigation of the subject seems
worthwhile; if not to overhaul the laser noise model, then to extend it. As
opposed to heating caused by optical absorption, laser noise is not a phenomenon
unique for experiments at cryogenic temperatures. This section shows the effects
of laser noise at room temperature, and more importantly, presents a solution to
the problem.

7.2.1 Diagnostics at all temperatures
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Figure 7.4: Optical cooling run at 293K.

Fig. 7.4 and 7.5 show an optical cooling run of the nested resonator at
room temperature. The mechanical resonance deviates from the expected opti-
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Figure 7.5: Decrease of the mechanical resonance frequency in an optical cooling
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cal spring effect similar to the observed behavior at cryogenic temperatures. In
comparison to Fig. 7.1, the deviation of the effective linewidth ey from theory
is much more pronounced. Furthermore, the deviation is opposite to that in
the measurement at T¢;y, = 5.7K: the mechanical resonator is overdamped with
respect to the theoretical expectation, while in Fig. 7.1 it was underdamped.
The effective temperatures were fitted to Eq. (7.2), and returned o = 197. We
take this as an indication that we have not yet fully disclosed the model for the
laser noise or the larger picture, which might comprise an interplay between a
multitude of effects. (Thereby referring the reader back to the hypotheses laid
out in sections 7.1.2 to 7.1.4.)

Similar measurements at millikelvin temperatures show comparable effects, and
here the parameter returned by the fit was o = 30, which is in closer agreement
with the results obtained in section 7.1.1. Altogether however, the unresolved
details must not obscure the central conclusion of this chapter, which condenses
to the following: The main factor preventing optical cooling of the nested tram-
poline resonator below n = 100 at cryogenic temperatures is classical noise of the
cooling laser.

7.2.2 The cure for laser noise

(Classical laser noise can be eliminated by adding a filter cavity, or ‘mode cleaner’
to the optical set-up. The filter cavity is placed in front of the cooling laser, and
is PDH-locked to it. The phase noise of light transmitted through the cavity
is strongly reduced with respect to the incoming (original) cooling laser light.
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Jayich et al. reported a decrease in the classical noise power around (2, by a
factor 1+ (29,,/k¢)?, with r; the linewidth of the filter cavity, which must be
substantially smaller than €2,,,. The noise can be progressively reduced by sending
the light multiple times through the cavity. Results for single, double and triple
passage are given in Ref. [19] as well. A detailed practical implementation scheme
applicable to our set-up is given in Ref. [48].

7.3 Optical cooling at mK temperatures:
the overwhelming question

We conclude this chapter with an answer to the question posed in the introduc-
tion lines of this chapter, and of this thesis: “How close to the ground state are
we?”

The lowest effective temperature reached with the nested trampoline resonator
in the millikelvin environment was 3.09 £ 0.07mK, or 213 £+ 5 phonons [35]. We
have identified the two factors prohibiting further cooling:
[. Optical absorption by the moving mirror of the locking laser light, causing
an increase in Ty, and therefore in Tog[Po = 0] (as verified in chapter 5)

II. Classical laser noise of the cooling laser, causing an increase in Teg[Poy > 0]
(as identified in this chapter)

A comprehensive implementation of the methods proposed, investigated and
demonstrated in this thesis is able to reduce the problems to the extent where
they no longer inhibit near-ground state cooling, that is, 7 < 100. The solutions
are:

I. Replacement of PDH read-out of the mechanical motion by probe laser side-
band thermometry (as demonstrated in chapter 6.1) or cooling laser side-
band thermometry (as proposed, investigated and demonstrated in chapter
6.2)

II. Implementation of a filter cavity (as suggested in this chapter)

The claim that phonon occupancies n < 100 are within direct reach is based
on only one assumption, which is that the filter cavity eliminates the problems
stemming from classical laser noise. If we re-examine the performed measure-
ments that brought down the phonon occupation to n ~ 200 at Py = 60uW,
and we erase the increase in n caused by the noise of the cooling laser, then the
lowest reached phonon occupation would have been i ~ 40 at Pg = 200uW.2

2This statement is not based on theory, but on the collected data. The phonon occupation
that ‘would have been’ is calculated from the measured mechanical broadening I'.g, plotted
e.g. in yellow on Fig. 6.1, Fig. 6.3 and Fig. 6.4.
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This result does not take into account the solution for the first problem. F.M.
Buters has conducted measurements of the sample using PDH read-out using
probe laser powers as low as 2uW. Therefore, we know that implementation
of cooling laser sideband-thermometry must allow reduction of the locking laser
power to at least 2uW. Using 1uW of locking laser power results in a material
temperature < 0.7K, further reducing n from 40 to 15. Furthermore, it must
be emphasized that these measurements were halted at Poy = 200uW because
further increase of the cooling power was senseless: the effective temperature had
long passed the minimum imposed by the cooling laser phase noise, so increasing
the power further only resulted in effective heating of the mirror. This limit is
of course also taken away if laser noise is eliminated. At Pe = 250uW, 1 would
drop below 10.

We conclude that the three limits impeding cooling and thermometry towards
the ground state (optical absorption, phase noise, and deterioration of the signal-
to-noise ratio up to the point that thermometry is no longer possible) can
be drastically pushed down by exchanging PDH-thermometry with sideband-
thermometry (minimizing the necessary locking laser power Py and thus Tiay,
while maximizing the signal-to-noise ratio well above the mazximum obtainable
with PDH-thermometry, because it was found that Ngg o 1/PPLo, while
Nppy o< 1/P?) and filtering the cooling beam.

How much “drastically” is, was estimated in the previous section, but can only
be verified experimentally after implementation of a filtering cavity, and will
depend:
e on the minimal required laser power for retaining the lock (as described in
section 6.2.3)

e on the amount by which phase noise can be reduced (which determines the
amount of cooling laser power that one can use before laser noise becomes
dominant and d7Teg/dPe vanishes), and

e on the saturation of Ngg < 1/ P PLo as PLo — 00, the value of which will
be set by technical noise in the system that up to now has remained ‘under
the surface’.
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Chapter 8

Conclusion & outlook

With this thesis, we have aimed to contribute to the experimental practice by
optimizing the data analysis methods for system characterization (chapter 4),
and for the control and analysis of optical cooling runs (chapters 5 and 7).

In chapter 6, two read-out methods were investigated and implemented in a
200mK cryogenic environment: monitoring of the locking laser sidebands, and
of the cooling laser sidebands. We have demonstrated the feasibility of probe
laser sideband-asymmetry thermometry for the countable phonon regime, once
this regime is reached. Furthermore, we have disclosed the origin of the read-
out noise for Pound-Drever-Hall thermometry and sideband thermometry. From
this, we conclude that read-out of either the locking laser sidebands or the cool-
ing laser sidebands allows for maximal signal-to-noise ratio while keeping the
probe laser light that must be used to a minimum. In other words, one profits
maximally from the light that is circulating in the cavity anyway, either the light
for low-frequency vibration compensation, or that utilized for the cooling itself.
One might argue that it carries a certain elegance to read-out the phonon occu-
pancy immediately from the blue-scattered photons carrying away the energy (a
benefit of cooling laser sideband thermometry), and furthermore it might seem
intuitively logical that if one doesn’t have to, one shouldn’t send copious amounts
of light onto the mirror (a benefit of both cooling laser sideband thermometry,
and locking laser sideband thermometry). Indeed, we observed optomechanical
amplification of the mirror’s motion by locking laser light (chapter 4) and ab-
sorption of circulating light by the mirror (chapter 5). Therefore, the discussions
presented in this thesis are extendable to similar cavity-optomechanicalsystems,
for example systems utilizing membranes instead of a suspended trampoline mir-
ror. Ultra high quality (Q ~ 107) silicon nitride membrane-in-the-middle setups
are the subject of parallel research in our group [20], and are expected to benefit
equally from the demonstrated methods.

In chapter 7, we disclosed the effects of laser noise, which were previously at-
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tributed to absorption of cooling laser light, and we conveyed the physical model
matching the observed behavior. Although they are not new or even surprising
by themselves, the fact that the effects seen here are largely attributable to laser
noise, and not optical absorption, is essential for the viability and the further
course of the experiment. While the role of the probe laser can be minimized
by the various schemes described in chapter 6, one cannot outsource the tasks
of the cooling laser. The cooling laser and the fridge are all we have, to bring
our mirror to the quantum regime, thus absorption of cooling light would have
called for drastic measures, namely modification or abandonment of the trampo-
line resonator. Modifications to the nested resonator in the production process
that can reduce the heating by optical absorption are under active investigation.
Yet, even without these improvements, reaching a phonon occupation of less
than 10 phonons seems feasible in the very near future, on the two conditions
that we summarized in chapter 7. We conclude that the methods presented
in this thesis pave the way for near-ground state cooling and thermometry of a
cryogenically precooled nested trampoline resonator, and for similar set-ups that
are foreseen to feature even higher quality factors.



Epilogue
The layman’s guide to the
ground state

This thesis tells the story of a mirror that can be in two places at the same time.
The possibility of being in two places at once, is one of the most curious con-
sequences of the laws of quantum mechanics. These laws describe the behavior
of objects on the micro-scale, and they are vastly different from the laws that
govern the world we know - that of everyday life, and that of Kepler, Newton,
and Maxwell, who figured out how the earth circles around the sun, how apples
fall from trees, and how light illuminates all that. The laws of quantum physics
are so exotic, and come with so many fantastic names (quantum teleportation,
quantum computers, and so on) that it is tempting to see them as just that: fan-
tastic, and perhaps a good tool to describe some strange features in this world,
but not necessarily real.

Nonetheless, they are. So before telling you how you can make a thing that’s in
two places at once, I will give an example of quantum physics occurring in the
reality that we are familiar with, the macroscopic world.

Laboratories all over the world use scanning tunneling microscopes to make
atomic-scale pictures of material surfaces [4]: real machines, printing out real
images, only being able to operate because of electrons that are in places where
they cannot be. Tunneling is a quantum mechanical phenomenon wherein ob-
jects have a finite possibility of being found in places where they cannot be in
the classical sense. In the case of the microscope, the electrons belong to a metal
needle. Moving electrons make up a current. If a metal needle is held a distance
away from another metal surface, no current can flow in between the two. Just
like attempting to charge your laptop by dangling the plug in front of the socket
is very ineffective. Not so in the quantum world. There is a finite possibility of
finding an electron in the void between the two. This spooky ‘tunneling’ through
the forbidden region makes up the current on which the microscope works. Each
electron of the needle, is supposed to be in the needle, yet it can feel the topology
of the surface in front of it. The electron is smeared out all over the gap.

The problem with this example is, that electrons are not an object you can
see anyway. This is where this thesis comes in. We want to make a macroscopic
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object, that is, something that can be seen, and held, and touched, and put it
in a quantum state. It is by no means obvious that’s even possible, and it be-
mused the fathers of quantum mechanics themselves. In 1935 two of them, Erwin
Schrodinger and Albert Einstein, exchanged letters over this. In one, Schrédinger
pitched a hypothetical experiment to Einstein, wherein a cat would be locked in
a box, together with a flask filled with toxic gas, and another flask, with a tiny
bit of radioactive substance. Over the course of one hour, there is a fifty-fifty per-
cent chance that one of its atoms decays. If it does, a radiation detector registers
that, triggers a hammer, which smashes the glass of the poison-filled flask, thus
releasing the deadly gas. Schrodinger argued that according to quantum theory,
after one hour, the atom is in a quantum mechanical state of having decayed and
not decayed, and therefore the cat is dead and alive in equal parts. As if being
appointed this horrifying fate isn’t enough, the cat in this thought experiment
serves as a laughingstock, ridiculing the idea of a macroscopic superposition. A
macroscopic superposition is a macroscopic object (the cat) that is simultane-
ously in states that mutually exclude each other in the classical sense (dead and
alive). Regardless of Schrodingers intentions, the term macroscopic Schrédinger
cat is now used to describe just that.

Withal, this exchange highlights the difference between a cat and an electron.
Assuming you can put an electron in a superposition state, but you can’t put a
cat in one, what is the frontier separating them? What makes them behave so
differently, even obey different laws of nature? The difference seems to be scale-
related (one is macroscopic, the other microscopic), and observability-related
(one can be seen, the other can’t), and while the two are correlated, they imme-
diately put the finger on two very fundamental sour spots.

First, the scale issue. An electron can be put in a superposition state. An
atom, also. Cats and humans are apparently too large. This has made physicists
wonder: where is the line? If there is a microscopic world, obeying the seemingly
fantastic laws of quantum mechanics, and a macroscopic world, obeying the laws
of Newton, Kepler and Maxwell, then what is the biggest object I can make,
that still exhibits quantum effects? We believe that it is a mirror, about 70um
in diameter, encompassing about 10** atoms. The mirror is shown in the center
of Fig. 3.14 of this thesis. It’s not big - but it’s there. Our aim is to bring this
mirror in a state where it’s in two places at the same time. Thinking about that
makes me feel itchy. An electron was one thing. But something I can hold in
my hands? How can you imagine that? The answer is surprisingly simple: you
can’t, and you shouldn’t. That brings us to the second issue. An object in a
quantum state intrinsically cannot be observed. As long as it’s not observed, it
can be in two places at the same time. If you look, you will see it on one place,
or another. The act of seeing it, dramatically changes the state of the subject.
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As soon as you uncover your eyes, the object collapses! from a superposition
state (here and there) into one of the classical states (here or there). In quantum
mechanics, what’s seen, very fundamentally, cannot be unseen.

Both issues come with practical challenges. Regarding the scale-issue, one might
wonder: how does one put an object, like our little mirror, in such a state? In
the case of the cat, it’s sinister but straightforward. The quantum superposition
state of the microscopic atom (decayed and not decayed) is transferred to the
macroscopic cat (dead and alive). Instead of a cat, we use the little mirror, and
instead of an atom, we use a photon. A photon is a particle of light, and like any
other particle, it can exert pressure or force on an object when hitting it. This
is called radiation pressure. Imagine a beam of light incident on a mirror, but
instead of a ray, the beam comprises individual light particles, photons. Now
imagine there is only one single photon. We mount the mirror on springs, like
a trampoline. If now a laser shoots a single photon onto the mirror, the photon
bounces off the mirror and moves it. In between the laser and the mirror, we
place a gate. When a photon passes through, it can either be transmitted, or
deflected. This is displayed in Fig. 8.1. A photon emerging from the laser has
two options.

a) The photon continues its path straightforward, passing point (a) and disap-
g g
pearing into the void. The mirror is unaffected.

(b) The photon is deflected, passes point (b) and hits the mirror. As a result,
the mirror is displaced.

These are the two classic options. In the quantum world, however, there are
three options. One can have (a), or (b), or (a) and (b). Bringing a photon into
a superposition state of being at place (a) and (b) simultaneously is, like for an
electron, not that difficult. But, if the photon is simultaneously at (a) and at
(b), the mirror is simultaneously not hit, and hit. Thus, the mirror is displaced
and not displaced at the same time and a spatial superposition of a macroscopic,
touchable object is created. This experiment is a simplified version of an exper-
iment designed in 2003 by William Marshall, Christoph Simon, Roger Penrose,
and Dirk Bouwmeester [8].

Then, there is the observability issue: how to observe something you may not
observe? This is the biggest pitfall of the experiment, and the solution to that
question is non-trivial. As it turns out, it is of essential importance that the
mirror has a vey, very, very low temperature. In the case of the mirror, temper-
ature of the mirror means the same as motion of the mirror. Saying the mirror
has a very low temperature, is the same as saying the mirror must stand very
still, before we move it with the photon. Why is that? Atoms in any object

T use this word, because this phenomenon is called ‘the collapse of the 1-function’.
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a
- .
| Figure 8.1: Towards quan-

tum superpositions of a mirror.

b+ Adapted from Marshall et al.
8]

vibrate: they chaotically move around a little bit. This vibrational motion is so
small, that it’s unnoticeable in everyday objects. The hotter an object is, the
more the atoms vibrate. We call this thermal motion. As a result, objects can
in principle have infinitely high temperatures: you can always make the atoms
vibrate harder. However, the opposite is not quite true. By cooling something
down, you make the atoms move less and less, but at one point, it stops: when
the atoms stand perfectly still, you cannot make them move less anymore. The
corresponding temperature is the absolute zero. It is 0 Kelvin, or approximately
—273° Celcius. Physicists call this the ground state: you can’t go any lower in
temperature or energy.

The full reason that the observation of a mirror in a superposition state is so
difficult, is however not entirely quantum mechanic. Because a photon is micro-
scopic, and the mirror is macroscopic, the pressure that one photon will exert
on the mirror is incredibly small. Thus, the resulting displacement is incredibly
small. This has two implications. First, instead of having the photon bounce off
the mirror once, we can make it bounce off multiple times. To that extent, we
fix a second, stationary mirror in front of the moving mirror. This is depicted
in Fig. 3.1 of this thesis. The incident photon is then transmitted through the
first mirror, and subsequently gets trapped in between the two mirrors, bounc-
ing back and forth like a ping pong ball, before it leaks out again via one of
the mirrors. This set-up is called a cavity; it is a photon trap. More specific, it
is called a cavity-optomechanical system, because it is a cavity, accommodating
light (optics) that is interacting with a mirror on a trampoline (a mechanical
element).

Secondly, as I argued above, the mirror does not perfectly stand still in the
absence of any photon. If the mirror is at room temperature, its atoms vibrate
so viciously that shooting a single photon at it, in order to displace it, is in vain.
So, in order to measure the mirror’s displacement at all, it must stand as still
as possible beforehand: its thermal motion, and therefore temperature, must be
brought to zero.

The cooling of the mirror is the topic of this thesis. It is done in two stages.
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First, it is cooled down in the most conceivable way: by putting it in an ultra
cold fridge. The fridge, a helium dilution refrigerator located in the Kamerlingh
Onnes Laboratory in Leiden, is able to cool down the mirror to approximately
0.2 Kelvin. This is already very close to the absolute zero. The second stage,
consists of further damping the motion of the mirror. This is done with light. In
this stage, we do not use single photons yet. Rather large amounts of laser light
are used to counteract the motion of the mirror, via radiation pressure. In order
to do that properly, the motion of the mirror must be read-out as well. This is
again done by sending light onto it. A second laser is used for this. The light
that bounces off the mirror carries an imprint of its motion. So, by detecting
that light, we can measure the movement of the mirror. This thesis deals with
precisely those two issues: optical cooling (or laser cooling) and thermometry (or
motion-measurement).

Currently, there are three main problems obstructing us from reaching the ground
state. The first is that, the closer you get to the ground state, the less the mirror
moves, and the weaker the imprint on the light is. Thus as we damp the motion
of the mirror, the signal we measure becomes weaker as well, up to the point that
thermometry becomes impossible because we cannot measure the signal with a
high enough precision. The second problem that we encountered in this thesis is
absorption of light by the material of the movable mirror. This is a problem be-
cause, as anyone who has spent a day on the beach? can confirm, absorbing light
causes heating. Luckily we found that only the light we used for the read-out
of the motion heats up the mirror, not the light from the cooling laser. There-
fore, we explored methods in this thesis to outsource the task of reading out the
motion, to the cooling laser. We also investigated other methods to minimize
the necessary read-out laser light. However, the cooling laser imposed another
challenge upon us. We found that while the light is not heating up the mirror
due to absorption, the light is heating it up because of laser noise.

As said, the laser beam comprises a stream of photons. However, this stream
of photons is somewhat chaotic: the photons do not all have exactly the same
energy, and they do not travel in a perfectly coherent manner. Imagine that we
were trying to counter the motion of the mirror by spurting a stream of water
onto it. If out of our garden hose, a perfectly symmetric, controlled, straight
stream of water came, all drops traveling together in a completely ordered man-
ner, that would be terrific. Hot summer evenings with thirsty flowerbeds® learn
however that this is not how hose pipes work in practice. The imperfectness
of the light can sabotage the damping. If you send copious amounts of chaotic
light onto the mirror, the mirror will start to move more viciously, instead of
less. This heating caused by the noisiness of the cooling laser light is identified

20r a day in a cramped office in summer - take your pick.
30r sweaty summer days with filthy windows and a dust-covered car - take your pick.
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as well, and a solution is proposed.

Having identified the main problems that currently obstruct ground-state cool-
ing, we also demonstrate a practical method to directly observe quantum effects
of the mirror as it approaches the ground state, transitioning from the macro-
scopic world into the quantum realm. Having demonstrated this, makes us pre-
pared to effectively enter the quantum regime - provided the proposed solutions
for the identified issues are successfully implemented. If not with the trampoline
mirror used in this thesis, then with similar trampolines that are currently in the
making as well.



Layman’s abstract

Cavity Optomechanics in a Millikelvin Environment
by
Yasmine Laura Sfendla
KU Leuven

Under supervision of Prof. Dirk Bouwmeester
Leiden Institute of Physics

The possibility of being in two places at the same time, is one of the most curious
consequences of the laws of quantum mechanics. These laws describe the behav-
ior of microscopic objects, like atoms and electrons. They are vastly different
from the laws that govern the everyday world, the macroscopic world. This thesis
deals with the preparations of an experiment that aims to bring a macroscopic
object into such a superposition state - being in two places at once. Macroscopic,
means bigger than a few atoms: it must be a thing that can be seen and hand
held. In practice, the object is a tiny mirror, a little over half a millimeter in
diameter, mounted on springs like a trampoline. The final goal will be to bring
this mirror into a quantum superposition state by shooting particles of light,
photons, onto it. Like any other particle, they can exert a force, or pressure, on
an object by hitting it, and even move it.

A fundamental requirement for making, and observing, an object in a quan-
tum superposition state, is that it must be very cold. When atoms have a finite
temperature, they vibrate a little bit. This is called thermal motion, and it is
detrimental to the experiment. When cooling down an object, its constituent
atoms move less and less until they completely stand still. That point is called
the absolute zero, or the ground state. The aim of this thesis is to measure
the thermal motion of the mirror, and to cool it down as close as possible to
the ground state. This proceeds in two stages. First, the mirror is placed in
an extremely powerful fridge. Secondly, laser light is used to damp the thermal
motion even more, via the light pressure force exerted on the mirror. We lay
bare two issues currently preventing ground-state cooling: heating of the mirror
due to absorption of light in its surface, and amplification of the motion because
of imperfections of the laser. We demonstrate two modifications to the experi-
mental scheme that can solve these problems, and simultaneously solve another
problem that is expected to show up near the ground state: as the motion be-
comes weaker and weaker, detecting it becomes nearly impossible. The methods
demonstrated in this thesis ensure that even close to the absolute zero, the mo-
tion can be read out. In this way, we pave the path for ground state cooling
of a microscopic trampoline mirror, and similar objects that are currently in
development as quantum-experiment candidates.






“Men have wasted away before it, entranced by what they have
seen, or been driven mad, not knowing if what it shows is real or
even possible.

The Mirror will be moved to a new home tomorrow, Harry, and I
ask you not to go looking for it again. If you ever do run across it,
you will now be prepared. It does not do to dwell on dreams and
forget to live, remember that.”

— J.K. Rowling, Harry Potter and the Sorcerer’s Stone
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