Abstract
Quantum Optomechanics with Superfluid Helium

Alexey Shkarin
2018

The field of optomechanics deals with the interaction between light and mechanical objects. One of the goals
in this field is to gain ability to coherently manipulate mechanical states with single-quantum precision and to
interface these states with electromagnetic radiation without loss. Recent achievements enabled by this power
include cooling of the mechanical oscillator to its quantum ground state, generating optical or mechanical squeez-
ing, or entangling mechanical and optical degrees of freedom. To accomplish these goals, one generally aims to
create a system with strong optomechanical coupling, while maintaining low optical and mechanical losses and
low temperature. Superfluid helium is a liquid which is uniquely well-suited to meet these requirements.

In this work I describe the cavity optomechanics systems in which we couple infrared light to a standing
acoustic wave in superfluid helium. With this system, we used light to coherently excite acoustic vibrations and
manipulate their frequency and damping rate using the dynamic back-action effect. In addition, we measured
thermal fluctuations of the mechanical mode corresponding to mean phonon number of five. These measure-
ments had sufficient precision to reveal quantum signatures in the motion of the acoustic waves and in their
interaction with light. Specifically, we observed the expected one-phonon difference between the Stokes and
anti-Stokes mechanical sidebands, and indirectly measured the action of the optical shot noise on the mechanical
object by investigating the correlations between these sidebands.
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Chapter 1

Introduction

As is evident from its name, optomechanics deals with coupling between optical (or, more generally, electro-
magnetic) and mechanical (i.e., associated with macroscopic motion) degrees of freedom. Taken at its face
value, this is a very broad definition, as it includes any experiment in which light reflects off a potentially
moving surface: interferometry, microscopy, or even just observing an indicator needle. This is why the term
“optomechanics” is oftentimes restricted to the kind of experiments and systems where this interaction is bidi-
rectional. Just as the mechanical position affects light (e.g., by changing its direction or phase), so does the
light act on the mechanical object by exerting a force. In practice, such force can manifest in many ways:
radiation pressure (which is the colloquial general name for this kind of force), electrostriction, optical tweezing
(dipole forces), or just static Coulomb force. All these forces share the same important characteristics: they
are unitary, in the sense that they arise from the same part of the Hamiltonian that describes the influence of
the mechanical position on light (often referred to as the optomechanical interaction term). This means that
the system evolution induced by these forces is, in principle, reversible and information-conserving. In contrast,
another class of radiation-induced forces, so-called “photothermal” forces (which include temperature-related
effects, such as thermal expansion or temperature-dependent refractive index), are inherently associated with
some optical absorption and heating. Hence, these forces lead to loss of quantum coherence, and are less suitable
for quantum operations.

There are many different reasons to be interested in optomechanics. The one that I will focus on most in
this work involves quantum applications of optomechanics, where one can use light to manipulate or measure
a state of a mechanical object with single-quantum precision. This ability gives rise to several important
applications: transferring a quantum state between different systems by using the mechanical object as a bus;
manipulating properties of light through its interaction with the mechanical object (e.g., generating optical
quadrature squeezing); or creating non-classical mechanical states, which can be used, e.g., for testing different
decoherence mechanisms (such as the ones arising from the gravitational interaction of mechanical objects).

Our system of choice for studying quantum optomechanics is superfluid helium, which for us has several
attractive properties (low optical absorption, low temperature, low mechanical loss). The experimental efforts
in this direction started in the Harris Lab about six years ago, and for the last 3.5 years I have been a part of
this project. In that time, we have built two generations of superfluid helium optomechanics devices, performed
some standard and less standard optomechanics experiments, and learned a great deal about the applicability
and limitations of superfluid helium as an optomechanics medium. This thesis is my attempt to document these
endeavors.

The thesis proceeds as follows:

e In Chapter [2] T describe the canonical optomechanical system and derive several standard optomechanics
effects such as position detection, dynamical backaction and driven response measurements. This chapter
mostly serves to establish the notation and to give an introduction to basic concepts, which are used and
expanded upon in later chapters.

e Chapter [3] gives a brief overview of the field of optomechanics by describing the most common imple-
mentations of optomechanical systems and recapping recent achievements in quantum optomechanics.

1



It also introduces the thermal cooperativity, which is an important figure of merit in linear quantum
optomechanics.

Chapter [ gives a description of superfluid helium, particularly in its relation to optomechanics. In
this chapter I also provide expressions for some of its relevant properties, such as acoustic loss and
optomechanical coupling.

Next, in Chapter [5]I present our experimental schematic, including both the experimental device and the
measurement setup.

Chapter [6] shows the experimental results obtained with the first-generation experimental device, and
describes limitations of its design.

In Chapter [7] I take a brief intermission to give a theoretical description and an interpretation for the
main measurements of this thesis: mechanical sideband asymmetry and the sideband cross-correlator.

After that, in Chapter [§]I describe the improved version of the experimental device, and demonstrate the
new measurements that we were able to perform with it: the dynamical backaction, and the undriven
motion measurements (which is the focus of Chapter (7).

Finally, in Chapter [9]I conclude by assessing the device performance and outlining some possible future
improvements of this device and general potential directions in the superfluid helium optomechanics.



Chapter 2

Canonical optomechanical system

In this Chapter I will consider the theoretical description of a generic optomechanical system and derive several
standard optomechanics effects. I will start by describing a single optical mode in input-output formalism
(section . Then I will present the canonical optomechanical system and the optomechanical Hamiltonian
arising from it (section . Using this Hamiltonian I will derive the Langevin-Heisenberg equations of motion
(section , which are the starting point for describing many optomechanical experiments, including the ones
described in later chapters. Finally, I will use this description to derive several standard effects in optomechanics
theory including position detection (section , dynamical backaction (section , mechanical fluctuations
and radiation pressure shot noise (section [2.6)), and measurements of the driven mechanical response using the
optomechanically induced transparency and amplification (OMIT/A) approach (section [2.7). These and many
other effects are also described in a recent review [I].

2.1 Single optical mode

To introduce input-output theory, we start by considering a single optical mode without any mechanical ele-
ments. We derive a general form of Langevin-Heisenberg equation of motion for the mode’s amplitude, and
then solve this equation under the assumption of a single-tone external drive.

2.1.1 Closed system

In order to establish notation, let us first consider a single optical mode with a frequency w.. The Hamiltonian
describing the internal dynamics of such system is that of a simple harmonic oscillator

He = howe (aT& + ;) : (2.1)

where a is the annihilation operator of the mode, which obeys the standard bosonic commutation relation
[d, &T] = 1. Using this Hamiltonian, we can derive the Heisenberg equation of motion for the time-dependent
operator a:

b= [a ] = —iwea. (2.2)

2.1.2 Open system

In order to describe damping as well as the outgoing fields, we are going to employ input-output theory[2]. It
assumes a weak coupling of the system to a set of continuum Markovian baths through several ports. Each port
i is described by its coupling rate k;, its input field ain;(t) and the corresponding output field Gout,i(t). The
input field determines the force exerted by the bath on the optical mode, while the output field describes how



the information about the optical mode leaks back into the bath. The input and output fields corresponding
to the same port obey the commutation relations

[din,i(t)v d;rn,i(t,):| = [dout,i(t)v dlut,z’ (t/)] = 5(t - t/) (2'3)
[&in,i(t),&in,i(t/)] = [&out,i(t),&out,i(t,)] = 0. (24)

In addition, we assume that the baths coupled to different ports are completely independent, so the operators
corresponding to different baths commute with each other:

(i (0), 2], ;)] = [aoui(0), a5 (4]
- [din,i(t)y &in,z’(t/)] = [dout,i(t)a &out,i(t/)] = 07 { 7é ] (25>

Coupling to these baths leads to two effects: it adds random forces (one per port) acting on the optical
mode, and it induces damping (caused by the energy of the system leaking into the environment through the
same ports). With that, the Heisenberg equation of motion (2.2)) turns into a Langevin-Heisenberg equation

i

X PR K, ~
i = ot - Gat Y Vi, (2.6)
1
where k = ), k; is the total damping of the optical mode. Substituting Hamiltonian (2.1)) yields the equation
X K . ~ ~
a = — (5 + zwc> a—+ Z VEiQin,i- (2.7)
K3

Finally, input-output theory provides an expression for the outgoing fields, which is a combination of the
corresponding input fields and the optical mode escaping the cavity:

fouti(t) = Gina(t) — V/Fia(2). (2.8)

2.1.3 Input fields statistics

To determine the system dynamics, we need to define the properties of the incoming fields. If there is no
external drive (e.g., a laser or a microwave generator), then the incoming field is typically black-body radiation
corresponding to the bath temperature 7;. In the Markovian approximation this leads to the bath operators’
correlator

<(am(t))T iin,j (t/)> = nen (T, we) 8 ;0(t — 1), (2.9)

where ngy, is the bosonic occupation number defined as

1

nth(T7 w) = eﬁw/(kB—T)_l.

(2.10)
This approximation is valid for a high-Q resonator, where the dependence of n¢, on frequency can be neglected.
As far as higher-order correlations are concerned, the input radiation is assumed to be Gaussian and have zero
mean ((Gin;(t)) = 0), so all of the correlators can be expressed using Wick’s theorem[3].

The optical modes considered in this work lie in the near-infrared (near-IR) part of the spectrum at fre-
quencies of ~ 200 THz. At such frequencies the occupation of a room temperature bath (with a characteristic
frequency kpTioom/h =~ 27 - 6 THz) is extremely small, and so can be approximated to be zero. Thus, the
external bath can be assumed to be in its ground state, so the incoming radiation will only have vacuum noise,



which we will denote as as él for i*" port. The statistical properties of this noise can be derived from expressions

— and :
60,60 = 8idt—1) (2.11)
(dwéw) = o 21

(&) = (i) + [&w.dw)]
= §;;0(t—1"). (2.13)

If a port is externally driven, then the incoming operator will have an additional part corresponding to the
drive:

. d -
Gini(t) = aly?) (1) + & (2.14)
2
Here ai(g;) (t) is the classical drive amplitude normalized by the photon flux, i.e., ai(ﬁz) (t)’ yields the incoming

photon flux. For example, a single-tone drive of power Py and frequency wq will correspond to the amplitude
of ai(:r) (t) = w/%dde_wdt.

2.1.4 Solution for a driven damped optical mode

As an instructive example, let us consider an optical mode a with two ports. The first is the so-called “loss” or
“internal” port with a coupling rate iy and an input @in int; it is not driven externally, so its input is simply a
vacuum noise: Qip ing = fim. The second port is called called “input” or “external”, and it has a coupling rate
of Kext = K — Kint and an input operator dGinext. We assume that this port experiences a classical drive ai, (%),
so its total input is Ginext(t) = ain(t) + fext(t).

With these two ports the generic equation of motion transforms into

X L A £ £
a = — (5 + ZUJC) a + /Eint&int + v/Kextext + VFext@in- (2.15)

Next, to simplify the equation, let us move into a frame rotating at the frequency w. by making a substitution
a — ae~™!. This results in the equation

2 K. £ ¢ J
4= — 5+ \/Rinbint + /Rextoxt + v/ Rextaine™". (2.16)

To obtain this equation we have also made a transformation éint Jext = éint /eXte_i“Ct. However, this does not
change the statistical properties of the noise (as its autocorrelator is non-zero only for zero time difference where
the exponent is unity), so we can still treat these operators in the same way as before.

Let us assume that the drive is a single coherent tone with an amplitude aq and a frequency wq: ain(t) =
aqe”™at. This turns the drive term in the equation of motion into \/@ade_mt, where A = wq — w, is the
drive detuning from the cavity resonance. Since the equation of motion is linear, we can separate the classical
(driven) and the quantum (noise) parts of the intracavity field by looking for a solution in the form

a(t) = ae ™ 4 d(t), (2.17)

where a is a steady-state amplitude and d(t) are fluctuations around it. Substituting this ansatz into the
equation and separating the steady state and the fluctuation parts leaves us with two equations

—iAd = —ga + Femad (2.18)
X K o~ - A
d= _§d + +/ Hintgint + +/ K‘extgext- (219)
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The first equation results in the steady state amplitude a = x¢[A]\/Kext@d, where the cavity susceptibility y. is
defined as

1

T R2—iw (220)

Xe[w]

The magnitude and phase of the susceptibility are illustrated in Figure

Normalized magnitude
of the response

Phase
of the respons (rad)

i j i i i
-5 -4 -3 -2 -1 0 1 2 3 4 5
Relative detuning

Figure 2.1: Relative magnitude of the cavity response |xc[A]/xc[0]] (top) and the phase of the response
arg(xc[A]) (bottom) as a function of detuning.

To solve the second equation, we can transform into the Fourier domain (for a discussion of the Fourier
transform and its properties, see appendix [A.2)):

—itwdlw] = —Zdlw] + v/Fineinelw] + /Rt 0] (2.21)
dlw] = xelw] (VFimtéint ] + Vextboli]) (2.22)

The statistical properties of the vacuum noise in the Fourier domain follow from its properties in the time
domain (2.11))-(2.13]) and our definition of the noise Fourier transform described in appendix section

[Gl) &l1-wl] = 6 (2:23)
(lél-wl) = o (2.24)
(Elléll—w]) = & (2.25)
These lead to the following statistical properties of the intracavity vacuum noise:
el d-l] = s (2.26)
<CZT[w]ci[—w]> = 0 (2.27)
<J[w]df[—w]> - Mﬁ (2.28)



The equal-time commutator can be calculated (using the Wiener-Khinchin theorem similarly to equation (A.5))

in appendix |A.1.2)) as

[dy.d'(1)] = /

—00

N N dw oo K dw
dlw], df - ]_/ _r Wy 2.29
[ ], d'=w] 2m oo (K/2)2+w? 27 (2:29)
Thus, the intracavity field obeys the expected bosonic commutator relations (note that from (2.17) [d, dT] =
[(f, cﬂ, since the rest of a is a classical amplitude).

The output field can be found using relation (2.8) and then decomposing into stationary and fluctuating
parts similarly to expression (2.17). In the frame which is still rotating at w. we can write

CAlout,ext(t) = C_loute_iAt‘{'dout(t) (230)

Qout = Gd — V/Kext@ = a4 (1 - HK/BXt ) (231)

E—ZUJ

doutlw] = bextlw] — VFexed[w]
= (1 - ) Eextlw] — @&m [w]. (2.32)
2 — W 5 — iw

The statistics of the output noise is

(oo, dhil 1] = ‘“ff’?wr* Vi (2.33)
2 2

<cﬁ[w]d[—w]> - 0 (2.34)

<J[—w]cﬁ[w]> - 1L (2.35)

The commutator expression ([2.33) agrees with the expectation (2.3)) for the output mode.

2.2 Optomechanical coupling and its interpretations

In this section we add a mechanical mode to produce the canonical optomechanical system, derive a Hamiltonian
describing the optomechanical coupling, and discuss its interpretations.

2.2.1 Canonical system and its Hamiltonian

Figure 2.2: Schematic representation of the canonical optomechanical system.
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The canonical optomechanical system is shown in Figure It consists of two mirrors forming a Fabry-
Perot cavity, with the output mirror being placed on a spring to create a mechanical oscillator. Let us denote the
length of the cavity by L and let us consider the n' cavity longitudinal mode, i.e., the mode with the wavelength
Ao = L/(2n) (assuming perfect conductor boundary conditions, i.e., zero electric field at the mirror surfaces;
for a more general treatment, see section and the corresponding frequency weo = 2m¢/Aep = 4mne/L. As
in the previous section, the cavity mode is described by the Hamiltonian

N 1
He = hweo (eﬁa + 2) . (2.36)

Next, we need to introduce a mechanical Hamiltonian. Let us assume that the mechanical oscillator has
mass m and spring constant k, such that its resonant frequency is wy, = y/k/m. This results in a similar
Hamiltonian

. NP
Hun = hom (bTb + 2) : (2.37)

where now b is the annihilation operator of the mechanical oscillator. Its displacement can be expressed in
terms of this annihilation operator as

T = ITypfp (6 + I;T) = X7pFZ (2.38)

/| h
= _ 2.39
TZPF T (2.39)

The zero-point fluctuation (ZPF) amplitude xzpp specifies the RMS mechanical displacement in the ground
state: we can see that in the ground mechanical state

<i2> = x%pF< (l; + BT) (lA) + BT)> = x%pF<Bl;T> = Tipp. (2.40)

For brevity we have also introduced the dimensionless displacement operator

s=hybf=_2

, 2.41
TZPF ( )

which represents the mechanical position normalized by the ZPF amplitude.
Finally, we need to consider the fact that the cavity length (and, therefore, the optical resonance frequency)
depends on the mechanical mode position:

4dmne  4mne
ve(#) = = = 1 2.42
In practice, the typical mechanical displacement Z is much smaller than the average cavity length L. There-

fore, we can expand the optical frequency expression (2.42)) to first order in Z:

R Owe . Oow . .
We A Weo + =8 = Weo + ~—TZPFE = Weo + 9(0)27 (2.43)
ox ox

where w¢q is the optical resonance frequency for zero displacement and

ow
g0 = 83: TZPF- (2.44)

is the single-phonon optomechanical coupling. With this expansion the total Hamiltonian of the system becomes
H = h (wco +g(°>2) (a*& + ;) + wm <6T8+ ;)

= hweo <&T& + ;> + hwm (ZSTB + ;) + hg©z (&Td + ;)

= He+ Hu + Hom, (2.45)



where the optomechanical interaction Hamiltonian is

Hom = hgV2 (d*d + ;) . (2.46)

The additional % term in this expression represents the Casimir force[4], 5], or, more precisely, the contribution
to this force due to this particular optical mode. This effect is insignificant for the systems which are considered
in this work, and to take it into account consistently we would need to consider all of the optical modes both
inside and outside of the cavity (which, among other things, changes the sign of the force from repulsive to
attractive). Thus, we will ignore this term for simplicity. Furthermore, we will also omit the % terms in the bare
optical and mechanical parts, since all they contribute is a static shift to the Hamiltonian. These simplifications
result in a slightly different Hamiltonian

H o~ lweoda + hwnd'b+ ig® 2ata. (2.47)

This Hamiltonian is universal, and it describes any optomechanical system which has one mechanical and one
optical mode, and in which the optomechanical coupling is linear (i.e., expansion is valid).

It is interesting to note that while in the canonical optomechanical system the definition of the mechanical
displacement & is very clear and natural, this is not the case for every optomechanical system. For example, in
systems based on phononic defect cavities[6] the mechanical mode is described by a complicated displacement
profile, so choosing how to quantify it with a single number is fairly subjective (in Ref. [6] the authors use
the maximal point displacement); and in the case of the standing acoustic wave mode discussed in this thesis
such displacement does not make much sense. This ambiguity also implies that values of the effective mass
m, the effective spring constant k, and, correspondingly, the ZPF amplitude zzpr could be similarly poorly
defined. Nevertheless, it turns out that the mechanical frequency wy,, and the single-photon optomechanical
coupling ¢(? are still model-independent and can be derived for any optomechanical system (e.g., see section
for the derivation in our system). Since these are the only mechanical system parameters entering the final
Hamiltonian , the description presented in this section is universal, even though its derivation is not.

2.2.2 Interpretation of the optomechanical coupling

The optomechanical interaction Hamiltonian (2.46)) can be understood in several different ways:

(1) It can be interpreted in the way we just derived it, i.e., as a position-dependent resonant frequency of the

optical cavity. To underscore this interpretation, we can write the interaction as Hom = 1 (%i) ata =

hédeata with 6@, = % g

A~

(2) We can also write the Hamiltonian in a different form: Hom = (h%?ﬂd) & = Fz. This way it can
be seen as a force acting on the mechanical resonator which is proportional to the energy stored in the
optical mode. In the canonical optomechanical system this force is radiation pressure exerted by the light
reflected off the movable mirror, but in different optomechanical systems it can have different origins (e.g.,
electrostatic force, or electrostriction).

(3) Finally, by substituting 2 = b+b' the interaction Hamiltonian can be written as Hom = hig(©) (B&T& + 3%%).
This form suggests the interpretation of a three-wave mixing process where one photon (quantum of the

optical mode excitation) is destroyed, one photon is created, and in the process one phonon (quantum of
the mechanical mode excitation) is either created or destroyed.

2.3 Equations of motion and steady-state solution

Now we use the optomechanical Hamiltonian (2.47)) to derive the equations of motion describing the optome-
chanical system, similar to the derivation of equation (2.16)) from the Hamiltonian (2.1J).
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2.3.1 Equations of motion

Asin section equations of motion for the Heisenberg operators a and b can be derived using the input-output

relation (2.6)).

We consider the same two-port model for the optical mode as in the previous section. It leads to an equation
of motion

T .. o~ A R
a = _ﬁ[aa ,H] + mgint + \/agext + \/@ain
= - (g + iwC(]) a— Zg(o)& (i) + BT) + RV4 /iintéint + \/@éext + \/@ain- (248)

We can again go into the frame rotating at wcg to obtain

é’/ = _gd - ZQ(O)& (3 + BT) + +/ ﬁintéint + Hextéext + +/ Kextaine+iwcot~ (249)

A similar equation can be written for the mechanical mode as well. Since we are not going to consider any
external mechanical drive or measurement channels, it is sufficient to introduce a single port to describe the
intrinsic mechanical loss:

X TP .
b= 5B+
= _(%mﬂwm)g—ig(o’d%h/vmﬁ. (2.50)

Here 7y, is the total mechanical damping and 7 is the thermal noise force exerted by the bath. The statistics
of this thermal force can be derived using equations (2.3)) and (2.9) to be

i@, a'@)] = o) (2:51)
(i Oat)) = namdlt—1) (2:52)
(A" E)) = (g + 13— ¥) (2.53)

[ﬁ[W],ﬁT[—w]} =1 (2.54)
iflil—wl) = nam (2.55)
<ﬁ[ww[—w]> = Nghm + 1 (2.56)

in the Fourier domain. The equilibrium mechanical bath occupation n v, is found from equation ([2.10))

B T — 1 _ksT
i = (D wm) = g oo

(2.57)
where the last approximation is done under the assumption of a relatively hot bath kg1 > hwy,.

2.3.2 Linearization and steady state solution

The system of equations (2.49)), (2.50) is non-linear, so it is extremely hard to solve in general. Therefore,
we are going to obtain an approximate solution by linearizing these equations under the assumption of small

optomechanical coupling: ) g (3 + IST)‘ < /<c Note that this condition is significantly stricter than simply

2)Strictly speaking, we only need to include the dynamical (oscillating) part of the mechanical displacement in b. As shown later
in this subsection, the static part can be absorbed in the optical drive detuning A.
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requiring ¢V < & (which holds well for all optomechanical experiments up to date), as it puts a limit on the
maximal amplitude of the mechanical motion. In certain regimes, e.g., large mechanical oscillations caused by
dynamic instability[7, [§], this condition is not satisfied, and different methods are required to solve the equations
of motion. However, we will not consider these regimes in this work, so the linearization procedure will hold
for all the experiments described here.

Before we linearize the equations of motion, we obtain the steady state solution by ignoring all the noise
terms and assuming stationary optical and mechanical amplitudes. Thus, the intracavity field will become a
classical variable a(t), and, similarly, the mechanical mode will be described by a classical amplitude b(t).

To make the solution more concrete, we specify the the optical drive to be a single tone with amplitude aq
and frequency wq. The steady state equation then takes form

0 = _ga—ig<0>a<b+b*>+@ade%“ (2.58)
P ’Yim . 2
b = ( 5 —i—zwm) ilal?, (2.59)

with Ag = wq — wep being the drive detuning from the bare cavity resonant frequency. As before, we will
look for a solution in the form a(t) = ae~"*°! for the optical mode; for the mechanical mode we will simply
assume a static displacement b(t) = b. Depending on the parameters, this is not the only solution allowed by
the system of equations above (see, e.g., [§]), but it is the most “stationary” one in the sense that both optical
and mechanical displacements are simple oscillating functions (with the mechanical frequency being zero in this
case). Substituting this ansatz into the equations, we arrive at

_ v RextGd (260)

T E i (B9 (b+17))

_ — @72

b = mn' (2.61)
m T "5

In the second equation we can make an approximation 7y, < wy, (as this is the approximation required for the
derivation of the equation (2.50) anyway), with which the amplitude b becomes real. This leads to the final
system of equations

v fextdd (2.62)

T E T (8 — 2g000)
. ()32
b = —gw|“| . (2.63)

These equations could, in principle, have multiple solutions, which means that the optomechanical system could
have several steady states (a situation known as static bistability[1l [9]). We will mostly ignore this aspect and
assume that the system relaxes into one solution a, b (at least one solution always exists).

Next, we expand the equations of motion (2.49)), (2.50) around this solution. In order to do so, let us look
for a solution in the form a = (EL + cZ) e~ and b = b+ ¢ (note that the expansion for @ is different from (2.17)

as the perturbation is defined in the drive frame, not in the cavity frame; while the latter is more universal and
is suitable for the case of more complicated optical drive, the former significantly simplifies expressions for the
single-tone case). This expansion leads to the equations

- —gd _ (—Ao + 2g(0)6> d—ig® (a + cZ) (c + éT)
+/Fintéint + /Rextlext (2.64)

¢ = - (77“1 + iwm> é—ig® (acﬁ tard+ chZ) + ). (2.65)

Now we linearize these equation by getting rid of the term —ig(o)ci (é + éT) in the first equation and the term
—ig(o)aﬁcz in the second equation, which both are small according to the linearization criterion. In addition, we
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redefine the drive detuning by making a substitution A = Ag — 2¢(?b. This merely means that we include the
cavity frequency shift due to the static mechanical displacement dwe = 2¢(?b into the definition of the detuning.
The linearized equations now take form

d = — (g - iA) d—ig©a (c + éT) + /Rt + Foxtbext (2.66)

¢ = — (%m + iwm> ¢ —ig® (acﬁ + a*ci) + /Tl (2.67)
As a final step, since both of the equations are linear, we can transform them into the Fourier domain:
—iwdw] = — <g - iA) dw] —igPa (é[w] + é”w])
+V/Finint (0] + v/extbext 0] (2.68)
Ciwdlw] = — (77‘“ + i ) éle] — ig® (ad'] + a*dle]) + vAmile]. (2.69)
These equations, together with the output field relation
dout = bext — /Fexed (2.70)

describe a variety of optomechanical effects, and we will spend the remainder of this chapter exploring their
consequences.

2.4 Position detection

One of the most direct consequences of the optomechanical interaction is imprinting of the mechanical motion
on the complex amplitude of the intracavity and the output fields.

2.4.1 General expression

We start by deriving a general expression for this effect, for which we express the intracavity field ci[w] from

equation :
d[w] = Xc [UJ + A] <_7;g(0)a5'73[w] + V ’iintéint [w} + V Hextéext [w]) (271)

(similar to 2 before we have defined 62 = &+ &f, which is the mechanical fluctuations amplitude normalized by
its zero-point fluctuations). The equation (2.70|) lets us calculate the output field

@M::Kp“mﬁgw—g@“maw}

§—ilw+A —i(w+ A)

—RertXelw + Al (—ig(o)déé‘[u}]) . (2.72)

The first term depends only on the input noise and the bare cavity dynamics, and it is essentially the same
as it was for the empty cavity , barring the different rotating frame frequency. As we have already shown
in equations —, the statistical properties of this term are the same as of the input vacuum noises
—. This means that we can denote it as another vacuum noise operator

£ Rext £ RextRint 2
ou — 1-— X ex — = ., a~Gin s 2.73
il = ( ;—ww+M>5“” Ll (2.73)
which transforms (2.72)) into

~

dowt[w] = Eoutlw] + ivFexixelw + AlgVadz[w]. (2.74)

The second term is proportional to the mechanical fluctuations amplitude 02, and it is the term that provides
readout of the mechanical displacement.

12



2.4.2 Unresolved sideband limit

It is interesting to consider the result above in the “unresolved sideband limit” (also known as “fast cavity
limit”), in which the cavity response time 1/k is the fastest timescale in the problem, and in particular, faster
than the mechanical period: k > wy,. This means that the cavity susceptibility y.[w + A] can be treated as a
frequency-independent constant, which transforms the mechanical displacement term in equation into

PO
iA

XelA] (—ig(o)&dé[w]) e e
2

§2w). (2.75)

Interestingly, the same answer can be obtained by Taylor-expanding equation (2.60|) for small mechanical
fluctuations db = ¢:

v KextGd V Rext@d

T E i (Be—gO (bretb+d))  E—i(A—g0s2)

oo WOPP 0
Foxtd (1-” 52) 0 — G ——63, (2.76)

=a—1a
Kk _ 4 Kk _ g
2 ZA b} ZA

K
2
The first-order term agrees with the mechanical displacement term in the expression (2.75).

One potential problem with this derivation is that, strictly speaking, equation (2.60) was derived in the
steady-state approximation, and is not applicable for the case of time-dependent db. However, the unresolved

sideband limit ensures that the optical mode reacts quickly enough that it is essentially at the “steady state”
even when b changes, since this change is slow compared to the cavity response time.

2.5 Dynamical backaction

Now we consider the effects of light acting on the mechanical oscillator. We start by describing a single
mechanical mode with no optomechanical interaction. After that, we include the optomechanical backaction
and derive an expression for the optomechanical self-energy, which we then use to obtain magnitudes of the
optical spring (change in the mechanical frequency) and the optomechanical damping (change in the mechanical
linewidth). Finally, we present alternative interpretations of these effects: we explain the optomechanical
damping as an imbalance between the Stokes process (which creates mechanical excitations) and anti-Stokes
process (which annihilates them), and we demonstrate how the optical spring arises from the position-dependent
radiation pressure force in the unresolved sideband limit.

2.5.1 Bare mechanical oscillator

First, let us first consider the mechanical equation of motion in the absence of optomechanical effects (e.g., by
setting a = 0):

Ciwlw] = — (%‘“ + z'wm> élw] + AmAlw]. (2.77)

Its solution can be expressed as
twl = xmwlvmilw], (2.78)
where ym[w] = (Ym/2 — i(w — ww)) " is the mechanical susceptibility. This susceptibility describes a sharp

complex Lorentzian peak of width vy, centered at wy > vm. Since the driving force noise has a frequency-
independent spectrum (as can be seen from equations (2.54)-(2.56)), the power spectral density (PSD) S; . of
the mechanical annihilation operator will also be a Lorentzian centered around wy,:

Seer = (elwlel[-w]) = o :(‘Z T (it [—])
= Ym 5 (ngh,m + 1). (2.79)



In contrast, the spectrum S,

¢t ¢ of the creation operator will be centered at —wp,:

Sete = <6T[w]é[—w]> = ) +Py(z +wm)2nth’m. (2.80)

2.5.2 Optomechanical self-energy and modified mechanical susceptibility

Now we go back to the full equations of motion which includes the optomechanical coupling. In order to solve
the mechanical equation of motion, let us substitute the solution (2.71)) for the optical field into the mechanical
equation of motion (2.69). To simplify the notation, let us separate the solution (2.71)) into two parts:

dw] = dijw]+ dew] (2.81)
diw] = xelw+A] (—z’g(o)d (é[w] +ét [w])) (2.82)
del] = xelo + Al (VAiminl] + vRebonli]). (2.83)
Substituting this into yields
<'Y?m —i(w — wm)> tw] = —ig® <dcg[w] + d*cz,g[w}) —ig® (ad}[w] + d”‘c%[w]) + v/ TmN[w]

(el = A = xeloo + A]) (efu] + )
~ig® (adlw] + @ dgle]) + vAmile]
= —ixlw] (ew] + &) - iFrpsnle] + Finlw] (2.84)
Here we have defined two stochastic forces acting on the mechanical oscillator: the thermal force

Funlw] = yAmile] (2.85)

coming from the mechanical bath, and the radiation pressure shot noise (RPSN)
Frpsn|w] = g© (ad} W] + a*d [w]) (2.86)

coming from the vacuum fluctuations of the optical field. The properties of these forces are explored in more
detail in section Additionally, we have introduced the optomechanical self-energy term
Sl = ~iag®[ (xelo + A]  xelio - A)). (2.87)
Let us consider the self-energy term more closely. It represent an extra force acting on the mechanical
oscillator, and is proportional to the displacement of the oscillator (hence the term “self-energy”). In fact, this
force consists of two components: —i¥[w]é[w] and —i¥[w]éT[w]. As equations ([2.79) and (2.80) demonstrated,
the first term is mostly non-zero around the mechanical frequency wy,, while the second term is only significant
around —wy,. However, both of these forces are filtered by the same mechanical susceptibility xm|w], which is
centered around the positive frequency 4wy,. This means that the effect of the counter-rotating term —i¥[w]ét[w]
is going to be significantly reduced (by a factor of ~ Qn = wm/Ym) compared to the other one, so we can neglect
it entirely. After that, we can move the other term to the LHS, which results in the solution

twl = Xmeft[w] (—iFRPSN[w] + Fth[u)]) (2.88)

1

Xm,eff[w] = 'mi — i(w — Wm) T ZZ[W] . (289)

This solution is very similar to the bare mechanical oscillator (2.78)), but it has two important differences. First,
there is an additional stochastic force Frpgn acting on the mechanical object (the consequences of this force are
considered in section [2.6)). Second, the mechanical susceptibility is now modified by the self-energy term iX[w].
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2.5.3 Optical spring and optomechanical damping

While the expression is fairly general (it only requires the linearized equations of motion ,
and neglecting the counter-propagating term —iX[w]éf[w]), its intuitive meaning is easier to grasp with an
additional assumption that the cavity susceptibility y.[w] has weaker frequency dependence than the mechanical
susceptibility xmes (in other words, its width x is mach larger than the mechanical linewidth ~y). This
assumption lets us replace X[w] by its value at the susceptibility peak X|wy,]. With that we can rewrite the
mechanical susceptibility as

1
= 2m{EEmDF (0, (Re {Slwm]} + o))

X, eff (] (2.90)

Thus, the self-energy leads to a modification of the mechanical frequency and damping, known as the optical
spring effect and optomechanical damping (or anti-damping in the case of reduced mechanical linewidth). The
new values of the mechanical parameters can be found as

Wmeff = Wm+ Re{X[wmer]} (2.91)
Ym,eff = Ym — 2Im {E{wm,eﬂ]} (292)

Note that in order for the definitions to be self-consistent, the value of ¥ should be calculated at the modified
frequency wy, off, which means that definition is really a non-linear equation.

Finally, to make sure that the derivation is still consistent, we need to re-evaluate the assumptions that
relied on the mechanical parameters. The first one concerned the counter-rotating terms ¢fw] and required
a high mechanical quality factor Qn = wm/Ym > 1; now we have a potentially more strict requirement
Qmefi = Wmeff/Ymef > 1. Second, the “broad cavity” assumption & > 7y, should also be modified as
K > Ymeff- In the resolved sideband regime wy, o > & this leads to an additional “weak optomechanical
coupling” requirement | g(o)(_z] < k. In the experiments considered in this work all of these assumptions hold,
so we can safely use expressions , .

Let us reiterate the way we derived the optical spring and damping effect. First, we have calculated the
effect that the mechanical motion has on the field amplitude, i.e., the ds part of the intracavity field. Second, we
used d; to derive the radiation pressure force acting on the mechanical oscillator. Since this force is dependent
on the mechanical position, it effectively results in a feedback loop mediated by the optomechanical interaction.
It is this interpretation that resulted in the term “dynamical backaction”: the mechanical motion gets imprinted
on the cavity field, which then acts back on the mechanical object through the radiation pressure force.

2.5.4 Sideband cooling

Different interpretations of the dynamical backaction effects are possible. One particularly useful and intuitive
interpretation of the optical damping comes from the rates of the Stokes and anti-Stokes processes mediated by
the optomechanical interaction.

Let us start by examining the expression . It can be split into two parts:

Lw] = dofw] + des ] (2.93)
dw] = —igWayclw + Aléw] (2.94)
ditlw] = —igQaxc|w + A)elw]. (2.95)

The first (“blue”, or Stokes) part is proportional to ¢, so it is centered around w = +wp cf. The second (“red”,
or anti-Stokes) part involves ¢f, so it is located at w = —Wmeff- Both of these parts have relatively narrow
width e and, therefore, can be seen as sharp sidebands around the main drive tone. Figure is a rough
schematic showing the drive tone and the sidebands.

The nature of these sidebands can be understood starting from the 3-wave mixing representation of the

optomechanical Hamiltonian Hom = hg© (l;de + BTdT&). If we perform the same linearization as for the
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Figure 2.3: Schematic of optical tones and the mechanical sidebands experiencing cavity filtering in the sideband
cooling experiment.

equations of motion before and focus on the leading-order (i.e., quadratic) terms, this Hamiltonian becomes
Hom = hg® (acﬁé +adtet + h.c.) : (2.96)

The first term leads to the part —ig(®aé in the equation of motion and ultimately results in the blue
sideband dz. At the same time, it can be seen as describing a process in which a photon scatters from the strong
classical drive into the blue sideband and removes one phonon along the way. Similarly, the second term gives
rise to the the red sideband CZ&T, and simultaneously it describes the process of scattering the photon into the
red sideband and producing a phonon.

It is natural to assume that if one process creates phonons and the other annihilates them, then by altering
their relative rates it is possible to cause net production or destruction of phonons, effectively altering the
damping of the mechanical resonator.

To calculate the rates of these processes, consider the equations governing their amplitudes:

A

dy = —(5—id)d;—ig™ad, (2.97)

where A is either é or éf.

The first term describes the cavity dynamics (including damping), while the second term corresponds to
the drive (i.e., photon production). In the steady state these processes balance each other out, so the net rate
of change of the sideband power is zero. However, we are only interested in the rate of the photon production

process which is described by the second term. If we denote this term as ci(f), the photon production rate can
be expressed as

AP = dd? e, = dt (~ig®ad) +he. (2.98)

To simplify this expression, we make the broad cavity approximation (k > ymef) in equations (2.94)), (2.95)),
which allows us to rewrite them as

defw] ~ —ig®axe[wme + Alefw] (2.99)
detlw] =~ —igVaxe[—wmer + Ale[w]. (2.100)
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With these the rates become

ﬁ(ép) = (z’g(o)a* (Xelwm et + A])" éT) (—ig(o)dé) +h.c. = reéle (2.101)
2
re = 2 )g(o)d‘ Re {Xc[wm,er + A}
2
= n‘g‘o)d( |Xe [Win,o + A]J? (2.102)
ﬁg) = (ig(o)d* (Xe[—wWm.ef + A])* é) (—ig(o)&:&) +h.c. = rpéet (2.103)
]
Tet = 2)9 a‘ Re {Xc[_wm,eH+A]}
2
= #]g9a| xe[-wmen + AP (2:104)

Both process rates are proportional to the phonon number operator ¢'¢, up to the commutator [é, éT] = 1 in the
second line (this additional term is related to such quantum optomechanical effects as radiation pressure shot
noise and mechanical sideband asymmetry, and is discussed in section . This makes sense for a damping
process, which is generally expressed as ”fz%) = —’yﬁgﬁ). The additional damping rate can be obtained as the

difference between the two rate prefactors r; s+ in front of the phonon number operator éte:

2
57m,eff = Te—Ta = 2 ‘g(O)a‘ Re {XC [wm,eff - A] — Xc [wm,eff + A]}
= —2Im {E[wm en)}- (2.105)

This result agrees with the earlier expression ([2.92]).

2.5.5 Optical spring in the unresolved sideband regime

As a final exercise, we consider a simple way to interpret the optical spring effect in the unresolved sideband
regime. As in subsection [2.4.2] we start by expressing the intracavity amplitude as a function of the instanta-
neous position §z:

V Fext@d
% — (A — 9(0)52) . (2.106)

a =

From this amplitude we can find the intracavity power, which also depends on §Z

Rext ‘ad ’2

ala = (2.107)
a'a . .
(5)°+ (A - g©52)°
Finally, this power leads to a radiation pressure force
- i Fext|ad]?
Frp = ¢Wata = ¢© 5 —5 (2.108)
(3 + (2 -g05)
which would enter the mechanical equation of motion (2.50)) as
b=— (%m - iwm) & — iFrp + i (2.109)
Since this force is position-dependent, it contributes an effective spring constant
- 8FRP - (0) 2 Rext |ad’2 2A
bt = 3055 -\ M2 A2 ()2 4 A2
52=0 (5)"+A%(5)" +
2 2A
- ‘g(o)& — (2.110)
(5)" +42



which lets us rewrite equation (2.109)) as

i = — (%m _ z’wm> ¢ — ikeg (¢ + &) + Amn
(B = i(wm + o)) &+ /A (2.111)

where we neglected the static radiation pressure force and made the same rotating wave approximation & ~ 0
as discussed in subsection m This equation can be compared to the expression (2.91) in the unresolved
sideband limit:
2
dmer = Re{S[0]} = |g¥a| Tm {xc[A] - xe[-Al}
<o>—‘2 giﬁ_
(5 + &2

As we can see, it yields the same result: keg = dwp eff-

(2.112)

2.6 Undriven mechanical motion and RPSN

In this section we consider the mechanical motion PSD excited by the mechanical thermal bath noise 7, and
determine its signatures in the reflected light. We also briefly discuss interpretation of the asymmetry in the
force noise spectrum and the mechanical displacement spectrum.

2.6.1 Mechanical motion PSD
We start by figuring out the PSD of the mechanical motion:
S:alel = (Glwl2l-wl) = (@] + ) (el-w] + & [-w]))
= S@té[&)] + S@,éT [W] + S@é[&)] + Séfyéf [UJ] (2113)

As mentioned in subsection m ¢lw] is centered around +wmes and has width e < wmes (i€, we
work in the assumption of high-Q mechanical resonator). This means that the term Se:[w] = (c[w]c[—w])
Xm,eff (W] Xm,eff[—w] Will always be small, as for any frequency w at least one mechanical susceptibility term is
far off-resonance. The same goes for Sy st [w] = (S e[w])*. Thus, we can simplify equation as

Sz zlw] & Set olw] + Se ot [w]- (2.114)

Similar to equations (2.79) and (2.80)) in subsection we can use equation (2.88]) to derive:
Set elw] = |Xm,eﬂ[—w]|2(S§?N[W] + 5;%7p[w]) (2.115)
Seatlw] = Ixmer[+w][*(SEE ] + S i w). (2.116)

Note that, unlike in S ¢[w], these terms involve xp e only at one frequency.
The PSD of the thermal force is:

St el = (i) (VAmiw])) = Ymnenm (2.117)
Sl = (i) (Ami-w])) = Tm(nenm + 1), (2.118)

S??N[W] = <FRPSN[W]FRPSN[_W]>

= (¢9)"(aP{duldi[w])

— (6" laelxl + AP, (2119
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where we have used

(delwldl[-w])

xelw + AJP? (ine (Gl [ ) + ot (Goxt[wl€la[-w]) )
= Klxe|w + A2 (2.120)

Since Frpsy is Hermitian, this is the only correlator that we need.
For the following discussion we note that

S ptlwmet] = SE pl~wmet] = m (2.121)
S??N[wm,eff} - S%?N[_wm,eff] = (9(0))2|a|2’€ ((‘XC[wm,eff + AHQ - ‘XC[Wm,eff - A”Q))

= —2Im¥[wmeff] = 0Vm ot (2.122)

where 0Ymeff = Ymeff — Ym is the damping rate induced by the dynamical backaction. This shows that the
antisymmetric part of the force noise spectrum (with appropriate ordering for a non-Hermitian noise operator)
is equal to the dissipation rate associated with this force: either the intrinsic loss vy, for the environment
mechanical noise 7, or the optomechanically induced damping ¢y, g for the radiation pressure shot noise. This
is a well-known result from quantum noise theory[10], where the positive and the negative parts of the force
spectrum are associated with the tendency of this force to respectively extract energy from or give energy to
the system that it is acting on, so the difference between the two provides the net damping.

Another way to interpret equation is to note that the positive and the negative frequency parts of
the RPSN spectrum directly correspond to the Stokes and anti-Stokes photon production rate (per phonon)

given by equations (2.102)) and (2.104]):
2
SE lomenl = loa Ixclomr + AP =7 (2:123)
2
SpE ] = ]9 el + AP =i (2.124)

Hence, the antisymmetric part of the RPSN spectrum corresponds to the difference in the two rates, i.e., net
damping rate (as shown by equation (2.105))).

When substituting force spectra into the equations for Sy . and S; s+, we can simplify them by assuming
that ym et < K, so the radiation pressure noise spectrum is approximately flat over the mechanical resonance.

This lets us write

Setelw] = X[l (SERN [~wmet] + S p[—wm,en])
X eff [—w][* (PRPSNOYin eff + Tt mYm ) (2.125)
Seatlw] = Ixmer W] P(SEE" [wme] + SE st lwmett])
= Xmerr[@]*((nrPSN + 1)0%m.eff + (Rehm + 1)7m), (2.126)

where we have defined the effective phonon occupation of the RPSN bath

SEN [~ wm,et] SR [~ wm e

)

NRPSN = (2.127)

5/ym,eff B SFBF}?N [wm,eff] - SFRF}?N[_Wm,eff]

analogously to the thermal bath occupation 7}, . To determine the final mean energy of the mechanical mode,
we can find the expectation value of the phonon number operator by integrating its PSD:

= (f0e0) = [ Sl

- or
_ / 2 NRPSNOYm,off + Mthm Y A0 _ NRPSNGYmeff + Mthym Y (2128)
—00 12117eﬁ‘/4 + (OJ + wmﬁﬁ)z 2T Y eff ) '
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This expression can be intuitively understood if we consider that the mechanical oscillator is coupled to two
different baths (environment and radiation pressure force) at two different rates (ym and dym e respectively).
This implies that the final phonon occupation of the oscillator is a weighted average of the occupations of the
two baths, with the weights being proportional to the coupling rates.

With this expression for ny,, the mechanical PSDs simplify to

Nm Ym,eff
S Jw] = J 2.129
et el 7r2n,eff/4 + (W + Wi eft)? ( )

(nm + 1)7m eff
S. . _ : . 2.130
C,C1L [OJ] 73176&/4 + (W _ Wm’eﬂ')Q ( )

Note that the difference in the magnitude between the two PSDs (which can be traced to the asymmetry of the
force noise spectra) is directly related to the equal-time commutator of the mechanical creation and annihilation
operators:

e, et ] = (lew.d@) = (ewet®) - ()
= (Mm+1)—nm=1. (2.131)
2.6.2 Reflected light PSD

Now we can use relation (2.74]) from section to derive the PSD of the light leaving the cavity through the
external port:

Wn
Il
S
s,
o =¢
[

o+
£
Qn
f?

|
£
\/

= Hext< ) |a|?xe[—w + A]]* (Ser Sl + Seer[w])
ot (99 Jal? el + AP

NomYm,eff (nm + 1)7m,ef‘f
/712n,eff/4 + (w + Wm7eff)2 ’71211,eff/4 + (W - wm,eff)2

(2.132)

We should keep in mind that the optical frame is rotating at the optical drive frequency wq (subsection ,
which means that the frequency w above is also defined relative to the drive frequency. Because of the mechanical
susceptibility terms, the PSD expression has two sharp peaks at w = Zwy, ¢ and is zero everywhere
else. This implies that in the stationary frame these peaks manifest as sidebands on the control beam, which
are located at w = wq & wmer. These sidebands are precisely the Stokes and anti-Stokes sidebands discussed
in subsection and the perceived difference of one phonon in their magnitude is oftentimes referred to as
“sideband asymmetry”.

In the presented derivation the origin of the sideband asymmetry can be tracked to the difference between
the positive and the negative parts of the mechanical spectrum (equations (2.129)) and (2.130))), which describes
the fundamental asymmetry between the rate of absorption (Stokes process) or emission (anti-Stokes process)
of energy by the mechanical oscillator. It is worth noting that an alternative interpretation exists [11} 12} [13],
in which this asymmetry can be attributed to the correlations between the mechanical motion and the vacuum
noise background arising from the RPSN acting on the mechanical oscillator.

2.7 Driven response measurements (OMIT/A)

The last effect to consider in this section is the driven measurement of the mechanical response. In this kind
of measurement the optical mode is used both to coherently drive the mechanical oscillator and to interrogate
its motion. I will first present a general treatment, and then examine the results in the resolved sideband limit
W eff > K.
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2.7.1 General treatment

The technique we are going to consider is called optomechanically induced transparency or amplification
(OMIT/A)[14, 15] and it relies on sending two optical tones into the cavity. The stronger tone, called the
“control” is analogous to the drive tone that we have been considering so far. The other, weaker, tone is
called the “probe”, and it is added to drive the mechanical oscillator (in combination with the control tone).
When both tones excite the optical cavity, they produce intensity oscillations at a frequency equal to their
frequency difference, which in turn results in an oscillating radiation pressure force. If the frequency of this
force is close enough to the mechanical resonance, it can efficiently drive the mechanical oscillator. This driven
motion imprints sidebands on the beams, and because it is induced by the beating between the beams, one of
the control beam sidebands ends up being at the same frequency as the probe beam. This modifies the probe
beam’s amplitude, which can be detected after it leaves the cavity.

To describe this measurement, we first need to modify the equations of motion 2 . Since the
measurement scheme is coherent, we are going to ignore the noise terms proportional to £ or 7. Instead, we
include the additional probe tone apin(t) = ape™ % where a, < aq is the probe amplitude and Q, is its
detuning from the control beam (i.e., its frequency in the control beam frame). We will treat the probe as a
perturbation, so it will be included into the equation for d and not into the steady state amplitude a. All of

these changes transform equations of motion (2.68)), (2.69)) into

d = — (g - iA) d—ig@a (c + é*) + Remtape ! (2.133)
¢ = —(%?+u%gé—¢¢®(mﬁ+ana. (2.134)

At this point the equations are purely classical; nevertheless, we will keep the operator notation for consistency.
As before, we want to Fourier transform these equations. Since we are dealing with coherent signals, we will
use a “coherent” Fourier transform (see appendix [A.2):

(g—dw+ADﬂM - 4¢%ﬂ¢4+§m)+w@m@w—ﬂg (2.135)
@g—aw—wm)@q :<4¢WGMW4+$ﬂM). (2.136)

The next step is to again substitute the expression for d[w] into the equation for ¢[w]. The terms involving é[w]
and éf[w] will result in exactly the same modification of the mechanical susceptibility as before in section
which leaves us with

(Xmetw]) " elw] = —ig® \fRex (axelw — Alald(w + Qp)
+a" xc[w + Alapd(w — Qp)) . (2.137)

The solution can be written as a sum of two é-functions corresponding to the frequencies £€2,:

cw] = cpyEextapd(w — Qp) + e /Rextapd(w + ) (2.138)
et = —iXmet[ ) VT XA + Q] (2.139)
e = —ixmen=0lg¥a (xe[A + Q)" (2.140)

Usually only one of these terms will be close to the mechanical resonance frequency, depending on the sign of
2,. However, to keep the discussion general we need to preserve both terms. Substituting them back into the
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equation for d, we obtain

dle] = Xelw+ Alyren (1 ig®ales + 1)) apd(w — 2p) = igVa(e + c-)apdw + Q)
= Xelw + Aly/Eexs (arapd(w — Qp) + a_aid(w + Q) (2.141)
ar = 1—igWa(cy +c*)
= 1- ‘ ¢Va ’ Xe[A + Qp] (et [p] — (Xmer [~ ) ) (2.142)
a- = —igWa(ct +c)
=~ (6a)” (el + Qp))* Comen[ 2] — Cxmen(2])) (2143

The amplitude of the probe tone inside the cavity is now modified by the factor ay, which can be treated
as a change in the effective cavity susceptibility for the probe beam:

a1 = Xl + 0] (1= 0] XeIa + O] Cme9] — Cxmat-01))). (2,141

This change manifests as a sharp feature which is proportional to the effective mechanical susceptibility. Hence,
it can be used to extract the effective mechanical frequency and linewidth. The magnitude of the feature can
be described in terms of its amplitude relative to the background aye:

Ym eff/2
Q] = A+Q 1 .
Xc,eff[ p] XC[ + p] < + Qrel,+ ’Ym,eff/z _ Z(Qp — wm,eff)
Ym eff/2 >
T ayel : 2.145
o 'Ym,eff/2 + 'L(Qp + wm,eff) ( )
2
2 g(o)d
Qrel,+ = _u){c [A + wm,eff] (2146)
Ym,eff
2
2 g(o)(z
Qrel,— = uXC[A - wm,eff] (2147)
Ym,eff

Finally, from this effective susceptibility we can also find the amplitude of the probe beam reflection:

Apout = Gp — ’iextXC,eﬁ"[QpL (2148)

2.7.2 Resolved sideband limit

The results of the OMIT /A experiment are easier to understand in the resolved sideband limit wy, eg > k. First,
we will consider the situation in which the control beam is detuned to the red side of the cavity A = —wy, o,
and the probe beam detuning is close to the mechanical resonance: Qp, = wpy cff + dw With dw ~ v . In this
regime the optomechanical damping becomes
2
4 |ag"|

0o = —2lm{Xwmen]} # ———-, (2.149)

where we have neglected the off-resonant term x¢[A — wm off] = Xc[—2Wm eff] I X[wmefr]. In the same approxi-
mation the mechanical frequency stays unchanged wy, eff = Wi .
In calculating the effective probe beam susceptibility we can neglect the term Xm eff[—2p] & Xm,eff[—2Wm),
as it is very far off resonance. This leaves us with
2|gal’
Xepeff[wm +6w] =~ xc[ow] | 1 - TXm,eff[wm + dw]
5’7m,eff/2 >

_— 2.1
Ym,eff /2 — 10w (2.150)

= Xe[dw] <1 -
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(inside the parentheses we have approximated x.[A+€Q,] = xc[0w] = Xxc[0] = 2/k, as it multiplies Xm eff [Wm +0w]
which is only significant for dw < vm e < k). Right at the mechanical resonance this turns into

1 1

— o0 —— 2.151
1 +5’Ym,eff/7m X [ ] ( )

Xc,eﬁ[wm] = XC[O] 1—|—C7

where C is the optomechanical cooperativity defined as

14[ag®" Sy en

K Ym
(the second equality holds only in the case of the resolved sideband limit and red-detuned control beam A =
—wn). The peak susceptibility goes down by a factor of 1+ C, which in many systems can be much larger than
one. Thus, even if the optomechanical coupling is much smaller than the cavity linewidth (|ag(®)| < ), it can
still significantly modify the effective cavity susceptibility.

C = (2.152)

2.5 ‘ ‘ ! ; ;
j | f — Bare cavity (C=0)
20 S A S — A=-u,, C=5 |
j j — A= —wp, C=2
15h S S | I — A= 4wy C=0.2 |

Normalized magnitude of the response

Relative detuning

Figure 2.4: Examples of an OMIT/A response. The figure plots the magnitude of the effective probe beam
response |Xceff[2p]| as a function of its cavity detuning dw for different control beam detunings A and
values of the cooperativity C. Red lines denote the OMIT configuration when the control beam detuning
is negative (A = —wy,), while blues lines correspond to the OMIA configuration (A = +wy,). The black
line is the unperturbed cavity response x.[{2p], which corresponds to C = 0.

The OMIA experiment is fairly similar, except the signs on the probe and control beams detunings are
flipped: A = 4wy, and ), = —wm eg — 0w. This leads to optomechanical anti-damping (reduced linewidth)
4 |ag®|?

et X ——— ——, (2.153)

and the effective susceptibility
2
2 g(o)d N
Xeeff[~wm — 6w] = Xc[—0w] (1 + ‘I_@‘ (Xm eff [Wm + dw])

6’Ymeff/2
= w [1— ——— 1= ), 2.154
Xcld] < %n,eff/2+i5w) (2154

On resonance it is equal to

1 1

— = |0 ——. 2.155
1+(5'Ym,eff/r7m X [ ] ( )

Xeeft[~wm] = xc[0] 1-C
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The response is now larger by a factor of 1/(1 — C), which means that the probe beam is amplified[16, 15] in
a narrow frequency band corresponding to the mechanical linewidth vy, ef; hence the term “optomechanically
induced amplification”.

Note that this treatment of OMIA is only valid for C < 1. For C > 1 the effective linewidth becomes negative,
which means that the optomechanical anti-damping overcomes the intrinsic mechanical damping. This leads to
large mechanical oscillations (which can be thought of as a runaway process in a system with a positive feedback
loop), whose amplitude is limited by higher-order non-linearities of the optomechanical interaction[7, 8], which
are not included in the above treatment.

Figure [2.4illustrates results (2.150)) and (2.154)) for several different values of the cooperativity C. Note how
the OMIT/A feature becomes broader for the OMIT configuration and narrower for the OMIA configuration;
this reflects the impact of optical damping or anti-damping caused by the optomechanical interaction.
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Chapter 3

Overview and current progress

3.1 Common implementations

Over the years there have been many realizations of optomechanical systems[I], covering the electromagnetic
frequency range from microwave (~ 5 GHz) to optical (~ 500 THz), mechanical frequencies from Hz to GHz,
masses from kg-scale mirrors to just ~ 100 levitated atoms, and length-scales from meter- and even kilometer-
long interferometers to pm-size optomechanical crystals or ~ 50 nm-gap capacitors. In this section I will cover
the most common implementations of optomechanical systems.

One of the first cavity optomechanics realizations was explored theoretically[I7] and then implemented
experimentally[I8] by Braginsky et al., where they considered the effects of optomechanical damping (section
. The system was a microwave cavity with a movable wall suspended on a thin quartz fiber, which turned
it into a high-Q pendulum. In the optical domain the first optomechanics experiment was reported in Ref. [9],
where the radiation pressure induced static bistability (see section was observed. There the optical system
was a Fabry-Perot cavity, and the mechanical oscillator was one of its mirrors, which was likewise suspended
by a string to form a pendulum. Shortly after, the static bistability was also observed in a microwave (MW)
setting[19].

Since then many conceptually different realizations have arisen. Still, many modern systems continue
implementing this general concept of a movable end-mirror. The sizes of these mirror range from several
kilogram LIGO mirrors[20), 21| to gram-scale suspended mirrors[22], 23] to sub-nanogram mirrors placed on
the end of a cantilever[24] 25] or on a trampoline[26]. In addition, some experiments focus on the internal
vibrational modes of the mirrors|27, 28], rather than their center-of-mass motion.

Similar to the vibrational mirror modes, other experiments also focus on internal mechanical degrees of
freedom of a rigid optical resonator, which are often ignored due to their high frequency and stiffness. Some of
the most notable systems of this kind are microtoroid resonators[29], where the optical mode is a whispering
gallery mode (WGM) confined inside a microtoroid (with a diameter of ~ 100 pm), and the mechanical modes
are vibrational modes of this toroid. These systems were the first to demonstrate dynamical bistability[30} [7] and
OMIT[I4], and among the first to employ optomechanical cooling[31]. Conceptually similar are microsphere[32]
and microdisk[33] devices.

A different approach is to use a fixed Fabry-Perot cavity and embed a separate mechanical element inside
it, which lets one separate the optical and the mechanical subsystems and optimize them separately. One of
the most successful implementations of this idea, the so-called membrane-in-the-middle (MIM) setup, was first
demonstrated in the Harris Lab[34] 35]. There the mechanical element was a thin (50 nm) high-stress dielectric
SisN4 membrane placed in the center of a high-finesse optical cavity. One of the advantages of such setup is the
tunability of the form of the optomechanical coupling [36, B7], which allows one to switch from the standard
linear coupling to the quadratic coupling, in which the cavity resonance frequency depends quadratically on
the mechanical displacement (unlike the canonical optomechanical system, in which this dependence is linear).
Another interesting feature of the MIM setup is the presence of multiple nearly-degenerate mechanical modes
coupled to the same optical mode. This shared optical mode can mediate interactions between the mechanical
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modes[38] and lead to non-trivial multimode behavior, e.g., topological energy transfer[39]. In addition, it has
been shown that these membranes perform well even when coated with supercondicng materials like A1J40, [41]
or Nb[42]; this makes them a great candidate for a common mechanical element shared between optical and MW
resonators, which can be used for information transfer between the two domainsf42]. Finally, their relatively
large size leads to very low mechanical loss: Q-factors above 4 - 107[43] and as high as 10844} [45] have been
reported.

The mechanical element inside the cavity does not have to be a membrane. Other possibilities include
nanorods[46], or levitated objects such as silica nanoparticles[47] or clouds of cold atoms [48]. The latter systems
offer very strong optomechanical coupling, as they have extremely small mass (they consist only of 10%...105
atoms) and, consequently, large ZPF amplitude. It is no surprise that many of the quantum optomechanics
effects were first demonstrated in the cold atom systems (as discussed in the next section). Similarly, a Fabry-
Perot cavity can be replaced with a different optical resonator, for example, a WGM in a microtoroid with the
mechanical element being an evanescently coupled nanobeam[49].

Another class of systems use the advantages of modern micro- and nano-fabrication techniques and focus
on miniaturization to achieve large optomechanical coupling and scalability. Some of the most notable systems
of this kind are are optomechanical crystals[6], in which both optical and mechanical modes are confined inside
an artificial defect embedded into a combined photonic/phononic crystal. Due to the extremely small mode
volume (only several ym?), they demonstrate large optomechanical coupling and high mechanical frequencies.
As shown in section this has allowed these systems to feature prominently in the quantum optomechanics
field.

Another common approach to creating an optomechanical system is to use a MW resonator for the optical
part, but instead of a cavity realize it as a lumped element LC-circuit. The optomechanical coupling in such a
system is usually realized by making the mechanical motion modulate the gap in a vacuum-gap capacitor, which
is embedded either directly in the LC-circuit[50} 51], or in a two-level system coupled to the LC-resonator[52].
Similarly to the optomechanical crystals, these systems concentrate EM energy in a very small volume, which
helps them demonstrate a large optomechanical coupling compared to, e.g., MW MIM cavities[41].

Another set of optomechanical systems is built on the concept of stimulated Brillouin scattering[53], [54]
(SBS), which is closely related to the work done in this thesis. SBS is a process of photon-phonon scattering
similar to the Stokes and anti-Stokes scattering discussed in subsection but it happens in a continuous
medium (usually a 1D waveguide), so in addition to energy it also conserves momentum. Depending on the
direction of the scattered photon SBS is usually separated into “forward” and “backward”, with the latter
generating higher momentum and higher frequency phonons. Both of these processes have been demonstrated
in experiments[55], 56, 57, 58], which usually involve WGM mechanical and optical modes in a toroid, disk,
or sphere resonator. An interesting feature of these systems is the chirality of the optomechanical interaction,
which can lead to non-reciprocal OMIT[59] and phonon transport[60]. This type of system has also been
employed for demonstration of optomechanics with fluids[61].

3.2 Linear quantum cavity optomechanics

Now I want to present an overview of linear quantum cavity optomechanics. The name itself reflects that
these experiments deal with quantum optomechanics, i.e., optomechanical effects which depend on or reveal
the quantum nature of light or the mechanical oscillator. The typical sign of this is the ability to measure or
manipulate the mechanical object with a single-quantum resolution (e.g., energy resolution of ~ fuwy, or position
resolution of ~ xzpp). At the same time, these experiments are still described by the linearized EOMs ,
, which means that the consideration is usually limited to Gaussian quantum states (coherent or squeezed
states)@ This is to be contrasted with non-linear quantum optomechanics, which arises, for example, in the
strong single-photon coupling regime ¢(®) 2 K, or in the presence of a strong (single-phonon scale) intrinsic

A1t is still possible to generate non-Gaussian mechanical states in these systems using either non-Gaussian input optical states [62]
63], or non-linear detection mechanisms[64]. Nevertheless, the system dynamics in those cases is still linear, and non-Gaussianity
arises either from the external source, or from the measurement and post-selection process.

26



mechanical non-linearity.

3.2.1 Overview

The quantum nature of the interaction of light with mechanical motion and RPSN was first explored by Einstein
in his 1909 paper [65]. There he discussed the existance of a radiation pressure force noise which is not explained
by classical radiation theory, but can be interpreted as the shot noise of momentum transfers from individual
photons. More recently, RPSN was examined in the context of precision interferometry for gravitaional wave
detection[66], where it was interpreted as a source of noise which ultimately imposes the Heisenberg uncer-
tainty relation on the position measurement precision[67, [68]. Its direct experimental observation in a cavity
optomechanics setting was first performed in an atomic cloud system[48], [69], followed by the MIM system[70].

Later it was recognized that RPSN can serve as a resource, because the mechanical fluctuations it induces are
correlated with the driving field intensity (these correlations were also used as a less direct signature of RPSN
in Ref. [70]). These correlations were theoretically shown to generate ponderomotive quadrature squeezing
of light inside the cavity[71] [72], improve the displacement sensitivity[73], or to provide a way for quantum
non-demolition (QND) measurement of the light intensity [74) [75]. The ponderomotive squeezing scheme has
since been realized in atomic clouds[76], optomechanical crystals[77], and MIM systems[78]. The latter system
has also demonstrated improved position measurement sensitivity due the non-classical correlations between
the mechanical motion and the vacuum noise background[79].

Another quantum optomechanics signature related to the RPSN[II] 12] is the sideband asymmetry, that
is, the difference in the magnitude between the Stokes and anti-Stokes mechanical sidebands (discussed in
section . Its first direct observation in a cavity optomechanics system was performed in the optomechanical
crystal defect setup[64], [80], which was followed by the atomic cloud systems[81], electromechanical systems
with Al membrane capacitors[12] and optical MIM setups[82] [83]. Because these experiments rely on measuring
the perceived energy difference of only one mechanical quantum, they benefit from starting at as low average
mechanical phonon occupation ny, as possible. Since most of the systems start with a large thermal occupation of
the mechanical mode, even when cryogenically pre-cooled (e.g., in Ref. [82] the starting phonon bath occupation
is > 10 at the temperature of 0.4 K), additional sideband cooling (as described in subsection is usually
performed.

Finally, the fact that the optomechanical interaction is unitary (i.e., information preserving) allows one to use
it for transferring quantum states between the optical and the mechanical objects, or for generating entanglement
between them. The transfer methods have been successfully used to store[84] and re-shape[85] microwave pulses,
as well as to perform continuous frequency conversion within the optical[86] or the microwave[87] domains, as
well as between the two domains[42], all with only a few quanta of added noise. As far as entanglement is consid-
ered, schemes have been proposed to generate both steady-state continuous variable entanglement[88], [89), 90, [9T],
and an EPR-style entanglement using a pulsed technique[92]. The latter method has been implemented in mi-
crowave electromechanics[93] and in the optomechanical crystal defect[64] setting; in the latter experiment
single-photon counters were also used to generate non-classical correlations between the optical and the me-
chanical systems, and potentially create non-Gaussian mechanical states.

3.2.2 Thermal cooperativity

The majority of the measurements mentioned above crucially rely on one figure of merit: the thermal cooper-
ativity Cyp, defined as the ratio of the regular optomechanical cooperativity C (defined in equation (2.152)) to
the phonon occupation of the mechanical bath n, m:

= (0) 2
Con = ¢ :4‘ag | (3.1)

b
Tth,m KYmTth,m

Here @ is the intracavity amplitude of the control tone, ¢(9) is the single-photon optomechanical coupling, and
k and 7y, are the decay rates of the optical and the mechanical modes respectively. There are several ways of
interpreting this quantity which are useful for different experiments. Here we will consider three interpretations:
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(1)

First, let us examine the sideband cooling experiments. As equation (2.152)) shows, in the resolved
sideband limit and for the optimal control beam detuning A = —wy, the magnitude of optomechanical
damping is

2
0Ym,eff = | ‘ = CYn. (3.2)
This means that the optical mode is cooled by a factor of v cfr/Ym ~ C, where for simplicity we assume
C > 1. Hence, the mechanical phonon occupation is (equation (2.128]))

NRPSNOYm.eff + thmYm _ CPRPSN + 7thm
Ym,eff C+1
1

Nth,m
~ = — 3.3
c — 'RPSN + e (3.3)

nym =

As can be shown from equation (2.127)), in the situation that we consider here (A = —wy,, wy > k) the
heating due to RPSN is negligible: nrpsn ~ (k/ 4wm)2 < 1, so the final phonon occupation can be written
as

1

o (3.4)

Nm ~
Thus, Cyy, directly determines whether it is possible to cool the mechanical mode close to its vibrational
ground state (i.e., achieve ny, < 1).

Now consider a different kind of experiment, the detection of the RPSN. For simplicity, we assume an
unresolved sideband limit k¥ > wy, and a resonant control beam A = 0. In this regime the PSD of the

RPSN (2.119)) can be approximated as

4ag®|*

SN ] = [ag @] el [ag | xc[0]? = (35)

)

K

To estimate the quality of this measurement, we need to compare this spectrum to the only other me-
chanical force in the system, the thermal noise. Their ratio can be determined as

SBPASN[WIH] 4 ‘&g(o) ‘2 /K
Sth = = Ctn. (3.6)
Fi— F[ ] anth,m

Therefore, the thermal cooperativity can be thought of as the ratio of the optomechanical interaction
effects (in this case, RPSN) to the thermal bath effects (thermal drive force). This means that if we want
to manipulate the mechanical state with quantum precision (which requires the optomechanical effects to
be stronger than the thermal decoherence effects) we need Cy, = 1.

Finally, let us discuss experiments which rely on information transfer between the optical and the me-
chanical mode, for example, quantum state transfer, wavelength conversion, entanglement, or precision
position measurement. To characterize the measurement efficiency, we can examine a simple measurement
of the mechanical position. Let us again assume a single resonant measurement beam in the unresolved
sideband regime. As shown in equation , the intracavity amplitude can be written as

24(0)
a:a<1—z' gﬁ 52), (3.7)

The modification due to the mechanical displacement 0% is imaginary (i.e., out of phase with the mea-
surement drive), so we can interpret it as a small phase shift d¢ = (2¢(%) /)62
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Now let us imagine that we want to detect this phase shift in the reflected light. Due to the discrete
nature of light and the random photon arrival times, this measurement will have a statistical error[10]
dpo = 1/ V/N, where N is the total number of detected photons. This error would correspond to an
uncertainty in the position measurement 8z, = (62/6¢)6¢, = x/(29'9v/N). Given the measurement time
T, the total number of photons leaking out of the cavity is (using equation )

N = |dout|* 7 = |ay/Fext|> 7 = |]? KextT- (3.8)

Note that we only consider photons which interacted with the cavity, since these are the only ones bearing
the phase shift d¢ (we neglect the promptly reflected light, which can be in principle filtered out). Thus,
the total uncertainty in the position measurement is

K2 K K 1

§2e)? = = = , 3.9
( ) 4(9(0))2N Rext 4 ‘ag(o) |2 T nnrmeasT ( )

where we have introduced the measurement rate

2
Fmeas — |K“ (310)
and the input coupling quantum efficiency
Moo= "2 < 1L (3.11)

Equation states that in order to measure Z with ZPF precision (which is roughly the precision required
to distinguish two different quantum states), one needs to be measuring for a time 79 = 1/(I'eas?x); for
a perfect quantum efficiency 7, = 1 this simply turns into 79 = 1/I'jneas. Thus, we can interpret I'yeas as
the measurement rate, i.e., the rate with which we acquire the information about the quantum state of the
mechanical oscillator. A more rigorous definition of the measurement rate and the derivation of equation
is given in Ref. [10]. In different experiments this rate can be interpreted as the entanglement
rate[92], 93] or the information transfer rate[42, [92].

In order to assess the final measurement efficiency, we compare this rate to the thermal decoherence rate of
the mechanical mode, which is the rate at which the information about the mechanical state gets corrupted
by the environment. We can estimate it as the rate at which the mechanical system, initially in the ground
state, acquires one phonon of energy, thus changing its quantum state. The total thermalization rate of
the mechanical oscillator is v, so it acquires ~ ng, m phonons in a time 1/7y,; thus, to acquire one phonon
it takes time (1/9m)/nthm = 1/T'th, where I'yyy, = Ymnen,m is the desired thermal decoherence rate.

If we take the ratio of the two rates, we once again obtain

Fmeas 4 a (0) ? K
_ 4agO /s _ (3.12)

C'in YmTth,m

This provides another interpretation of the thermal cooperativity, as the ratio of the measurement and
decoherence rates. To measure the mechanical state with quantum precision, we need the measurement
rate to be higher (ideally, much higher) than the decoherence rate, which requires Cy, > 1. This require-
ment is a close analogue of the one derived from equation , where we were considering the state
manipulation rates, not the measurement/decoherence rates.

3.2.3 Cooperativity improvement possibilities

All of this goes to show that the optomechanical cooperativity is, probably, the most important figure of merit
in linear quantum optomechanics applications. To see what is required to improve it, we can examine equation
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e First, we need large optomechanical coupling ¢(®. Since it can be thought of as an optical resonant
frequency shift due to a mechanical displacement of one ZPF, it can be improved by having large ZPF
amplitude or large frequency shift per mechanical displacement. Thus, it benefits from having small
and light mechanical object (which results in larger ZPF amplitude), small optical mode volume (which
leads to better concentration of the optical power, and to larger fractional effects of the mechanical
displacement), large mode overlap between the optical and the mechanical subsystems (so that most of
the mechanical displacement works towards changing the optical mode frequency), and large interaction
of the mechanical system material with light (e.g., large dielectric index of refraction). This is one of the
most difficult conditions to satisfy, since sometimes these requirements are contradictory: for example,
large mode overlap and large interaction effects usually require a larger mechanical object, while to have
large ZPF amplitude we want it to be as small as possible.

e Second, we benefit from low optical loss k. This means that in addition to having a low-loss empty
optical cavity (which, for example, for Fabry-Perot cavities implies high-reflectivity mirrors with low
surface roughness) the mechanical object itself should not introduce additional optical loss, e.g., due to
absorption or scattering.

e Similarly, we need low mechanical loss vy,, which requires both low intrinsic loss inside the material, and
low clamping/radiation loss due to the confinement of the mechanical mode.

e In addition to low loss, the mechanical object also should have low bath phonon occupation n, m. Typi-
cally it requires cryogenic cooling of a system, and the majority of the experiments discussed in subsection
use it to lower the mechanical bath temperatures to values ranging from ~ 10 K down to ~ 10 mK.

e Finally, the thermal cooperativity benefits from having large circulating photon number |a|?. Oftentimes
this value has technical limitations, for example, the maximum output laser power or the amount of
classical optical noise. However, in cryogenic experiments it is usually restricted by the optical heating of
the mechanical object, which acts against the previous requirement of low mechanical bath occupation.
Thus, to support large circulating optical power, the optomechanical system should have low optical
absorption and heating, and it should be well-thermalized to the cold environment.

Optomechanical systems based on superfluid helium seem to be well-suited to satisfy many of these criteria.
The discussion of superfluid helium properties and their contribution to the requirements above is presented in
the next Chapter.
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Chapter 4

Superfluid helium and acoustic modes

In this Chapter I discuss superfluid helium properties, previous research on its interactions with light, and the
general description of our optomechanical device.

I start by reviewing properties of the superfluid helium and how they affect its applications in optomechanics
(section . Then I briefly describe the principles behind our optomechanical device (section and review
other experiments investigating the interaction of superfluid helium with EM radiation (section . After that
I go into more details about the device and discuss the equations describing the acoustic modes (section ,
deduce limits on the mechanical quality factor (section , and derive the optomechanical coupling (section

17).

4.1 General superfluid helium properties

Compared to usual liquids, superfluid *He has many extreme and unique properties. Among all liquids, it has
one of the lowest densities pye = 145 kg/m? (second only to liquid hydrogen with the density of 71 kg/m?3 and
liquid *He with the density of 82 kg/m?) and the lowest speed of sound cp. = 238 m/s[04]. It is a superfluid,
which means that it has zero viscosity. Being a quantum fluid with non-trivial thermodynamic properties, it
also offers unique kinds of excitations, such as quantized vortices[95, 96, [97], and second and third sound[96], O8].
Together with liquid 3He it is the only cryogenic fluid, in that it does not solidify under its own vapor pressure
at arbitrarily low temperatures. This is of great importance for observing quantum behavior of helium itself, or
of other systems embedded in it. These unique characteristics have already been exploited by using superfluid
helium as a host for a variety of systems, such as individual electrons on the helium surface[99, 100} 101] or in
bulk[102] [103]; helium excimers[104] [105]; ions, molecules, and atomic clusters[106] 107, [10§].

Helium has additional advantages in optomechanics applications. Since we are aiming to perform quantum
optomechanics experiments, let us consider superfluid helium (specifically, the acoustic waves in helium) in the
context of optimizing the thermal cooperativity (subsection :

e Helium has low density and low effective mas, which contributes to having high ZPF amplitude and hence
large optomechanical coupling. Furthermore, as a liquid it can fill an optical resonator and form acoustic
modes which have the same shape as the optical modes. This creates a near-perfect overlap between the
optical and the acoustic modes.

The downside of superfluid helium is its very low polarizability: its refractive index ngi ~ 1.028[94] is

only slightly higher than vacuum. This means that the optical frequency shift for a given relative helium
density change is fairly small (a quantitative discussion of the coupling mechanism is given in section [4.7)).

e Since helium stays liquid at arbitrary low temperatures, eventually all of its impurities except for He solid-
ify and stick to container wall (“freeze out”). Hence, isotopically pure *He (experiments have demonstrated
3He/*He ratio of < 210719 and possibly < 107!2[109]) can be an extremely clean and homogeneous
material. Combined with the lack of defects and a large electronic bandgap of > 18 eV [110, 111], it results
in helium having very low absorption or scattering of light, which leads to low optical loss.
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e The absence of viscosity results in a very low sound attenuation, which contributes to high mechanical
quality factor. Intrinsic Q-factors of 108 have been observed in Ref. [112], which is comparable to the
state-of-the-art in solid state systems.

e As helium is a cryogenic liquid, it has intrinsically low bath temperature. It also has large thermal
conductivity[I13] (for an insulator) thanks to its low speed of sound, which makes it easier to thermalize
to the cold environment.

e Finally the combination of the low intrinsic absorption and the large thermal conductivity of the superfluid
helium contributes to better optical power handling.

This list shows that the density waves in helium should be well suited for optomechanics applications. Look-
ing further, the ability of helium to host a variety of subsystems might make it useful for hybrid optomechanical
devices, where a hosted subsystem interacts with acoustic waves, which are subsequently interfaced with light
through the optomechanical interaction.

Nevertheless, superfluid helium still has some disadvantages. The most important one is its low index of
refraction, which significantly affects the optomechanical coupling. A more technical problem is that it wets
almost any material (the only relatively common exception is cesium), leading to the formation of a thin (several
tens of nm) superfluid film, called the Rollin film[T13] [114], which covers every surface. Since it has no viscosity,
this film can support large flow, which makes superfluid helium notoriously hard to contain. Finally, since
helium only becomes superfluid below the transition temperature of T, = 2.2 K and its internal mechanical loss
is strongly temperature-dependent (as described in subsection , it naturally requires cryogenic technology.

4.2 Device principle

helium

mirrors

Figure 4.1: Schematic of the superfluid helium filled device. Blue color variations denote the standing acoustic
wave, with darker regions corresponding to higher helium density; red line shows the intensity profile of
the standing optical wave inside the cavity.

The basis of our device is a Fabry-Perot cavity filled with superfluid helium, as shown in Figure This
cavity supports optical modes as well as sound modes co-existing in the volume between the mirrors. Both types
of modes obey the wave equation (albeit with different propagation velocities) and have the same boundaries,
so they have similar mode structures.

The mode type that we are interested in are the Gaussian modes (described in appendix, which closely
correspond to the typical picture of standing 1D plane waves, with the mirror curvature providing transverse
confinement. The optical modes are confined in the longitudinal direction by the high reflectivity dielectric
coating at the mirror surfaces (section , and typically have high finesse (i.e., the average number of photon
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round-trips inside the cavity before decaying) of > 10*. The sound modes are confined by the acoustic impedance
mismatch at the hard glass boundaries, which provides a finesse of ~ 100, as described in subsection The
optomechanical coupling arises due to the density-dependent dielectric constant of superfluid helium, and it is
derived in section 4.7

A more detailed device description is given in section and in Ref. [I15]. In addition, Ref. [116]
gives the description of other kinds of acoustic modes in helium which are coupled to the optical modes in
our device. Compared to the Gaussian modes described above, these modes have several disadvantages for
our applications: their optomechanical coupling has a considerable photothermal component, they have lower
frequencies (10 kHz <+ 10 MHz), they are less localized, and their frequencies are highly geometry-dependent.
This is why I do not consider these modes in the thesis.

4.3 Previous helium optomechanics work

4.3.1 Spontaneous Brillouin scattering

Laser light has been used for a long time as an instrument to study acoustic waves[117, 118, 119, 120] and other
mechanical excitations in superfluid helium, including rotons[121 [122], second sound[120, 123, [124], isotopic
concentration variations[118], surface waves[125], and entropy fluctuations[119]. These studies were performed
in the context of spontaneous light scattering: a strong laser beam was incident on the experimental helium
cell, and then the scattered light (usually around 90° scattering angle) was collected to measure its intensity
and spectrum. For acoustic wave studies, which are most relevant to the work in this thesis, the scattering
process is spontaneous Brillouin scattering.

While this method utilizes the same kind of Brillouin interaction as does our work, it is different in several
aspects. First, and most important, it is performed in free space without any kind of optical or acoustic
resonators. This does not allow one to control the modes of the scattered light and acoustic waves (i.e.,
scattering happens equally into many different spatial modes), meaning that it is harder to make the interaction
coherent and achieve good control and readout efficiency. Second (although related), the scattered light modes
are different from the incident light mode; this is in contrast with the canonical optomechanical system, where
there is only one optical mode containing both the drive and the scattered (Stokes and anti-Stokes) sidebands.
Finally, the scattering experiments were done at a relatively high temperature (> 1 K), where the internal loss
of acoustic waves is fairly high: for 320 MHz sound used in out experiment the quality factor at 1 K is only
~ 100 (see subsection. Our experiment is performed in a dilution refrigerator at much lower temperatures,
so the mechanical quality factor is much higher (up to 100,000 at low optical powers).

4.3.2 Superfluid helium optomechanics

Recently several other cavity optomechanics experiments with superfluid helium have emerged. While they are
qualitatively different from the schematic described in section all of them use some kind of excitations in
the superfluid helium as a mechanical resonator coupled to an EM mode via an optomechanical interaction.

The first reported experiment (and conceptually the closest to ours), is described in Ref. [126]. There the
optical mode is a MW mode confined inside a superconducting cavity, and the mechanical mode is an acoustic
density wave of helium filling this cavity. The optomechanical interaction arises for the same reasons as in
our system (section , although it is harder to describe in terms of Brillouin scattering, since the optical
and acoustic modes do not have a clear plane wave-like structure. This experiment demonstrated very high
acoustic quality factors (its upgraded version[I12] showed @ > 10%), but due to the very large mode volume,
the optomechanical interaction was very small. While it was large enough to measure mechanical motion driven
by a piezoelectric element, it was not sufficient to induce any radiation pressure effects.

The second experiment[127] employed a WGM microtoroid resonator to contain the optical mode, while the
mechanical mode was third sound[96, 08| [128] (surface acoustic waves on a thin superfluid Rollin film) confined
on the top of the toroid. The optomechanical coupling was predominantly photothermal, mediated by a fountain
effect[96, 129, [130]. This experiment demonstrated optomechanical coupling strong enough to observe radiation
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pressure effects such as optical spring and optomechanical damping. However, due to its photothermal nature
it is not well-suited for observation of quantum optomechanics effects.

In the last experiment[I31, [132] the mechanical oscillator is a fourth-sound Helmholtz resonator[133]. Its
motion was detected via a parallel-plate capacitor, which is sensitive to changes in helium density due to the
change in its dielectric constant (similar to Ref. [126] and our work). At the same time, electrostatic forces
inside the capacitor were used to drive the acoustic mode by applying an oscillating voltage to the capacitor
plates at the mechanical mode frequency. A major difference of this experiment from Ref. [126], apart from a
different kind of mechanical mode, is that there is no electromagnetic mode present, and both drive and readout
were performed using external devices (an arbitrary waveform generator and a lock-in amplifier). Nevertheless,
one could imagine placing such device in a resonant LC-circuit to produce a more standard optomechanical
device, similar to Ref. [50].

4.4 Wave equation and modes

In this section I consider the acoustic modes of superfluid helium. Most of the derivation in this section and
section is described more generally in Ref. [134].

4.4.1 Wave equation

First, we need to derive the equations obeyed by the superfluid helium. One of them is a standard continuity
equation following directly from the conservation of mass:

% _
ot
Here p is the local helium density and v is the local velocity. The second equation describes the fluid dynamics,

and it corresponds to a local Newton equation. Under the ideal fluid (i.e., no friction) assumption it is written
as

-V - (pv). (4.1)

dv.  0Ov

Pat ~ ot

where p is the local pressure. Note the difference between the partial time derivative dv/0t, which corresponds

to a fixed coordinate system (i.e., it describes change of the fluid velocity at a given fixed point), and the full

time derivative dv/dt, which corresponds to a coordinate system moving with the fluid (i.e., this derivative

describes change in the velocity of a given fluid element). To simplify equation , we restrict ourselves to

the case of “slow” subsonic fluid flows v < cge.. We can estimate the first term in the LHS of equation

as |%¥‘ ~ wmv, while the second term is only |(v - V)v| ~ wyv(v/cpe) < wmv. Thus, we can drop the second
term and obtain

+p(v-V)v=-Vp, (4.2)

ov

PE =

Finally, we need an equation which determines the local pressure. We will treat helium as a simple compressible
fluid, for which this equation is

—Vp. (4.3)

5
p= Byt (4.4)

PHe

where d0p = p — ppe are the density fluctuations and Epe = C%_IepHe is the helium Young’s modulus.

Next, we can linearize the equations and under the assumption of small density variations. To
do that, we substitute p = ppe + dp with |0p| < pue and only keep the first-order terms in dp and v (since from
the continuity equation v/cpe ~ 0p/pHe):

9(6p) _

7 = pHeV \4 (45)
ov

pHeE - _VP- (46)
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Finally, since we are looking for oscillating wave-like excitations, we can assume that the velocity field is
irrotational V x v = 0, that is, there are no vortices in the liquid. This implies that we can define a velocity
potential ¢, such that v = Ve¢,. In terms of this potential equations (4.5)) and (4.6)) become

(6
00) — —puev?s, (47)
foJo8 op
— —p—_F . 4.8
PHe ot b He e ( )
Combining the two equations, we obtain the wave equation for the velocity potential

1 0%
V3, — o = 0. 4.9
dv . Ot (49)

Since we are looking for an oscillating solution, we assume ¢, (r,t) = ¢,(r)e”“=! for some frequency wpy,
(keeping in mind that the actual velocity potential is the real part of this expression). This results in

v2¢v + k?nQSv = 07 (4.10)

where ky, = wm/cpe is the mode wave-vector. The corresponding density profile can be obtained from equation

(E3):

5,0 .Wm
=1y 4.11
L =it (.11

The density is quarter of a period out of phase compared to the velocity, but its spatial profile is the same as
Gy
4.4.2 Boundary conditions

The sound modes that we consider obey hard wall boundary conditions, which correspond to zero normal
velocity. In terms of the velocity potential they are expressed as

0y
= 4.12
S, (412)

where %f: = (V¢y,) - 1 is the normal derivative of the velocity potential.

4.4.3 Stored energy

Similar to appendix the energy consists of the kinetic and the potential part. The kinetic energy density
is

H H
g = 5 = (V6" (4.13
while the potential energy density is
2 2 2
p 1 8¢v ,OHe a¢v
= = = ) 4.14
U 9Fne | 2Fme (pHe ot ) 2¢3, \ ot (4.14)

For a mode with a frequency wy, and a spatial profile ¢,(r) the total energy is

2
Us = /(uS,K+us,p)dvz pge /(v¢v)2dv+ 2’”;“‘ /<a;5;> dv. (4.15)
CHe
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The first integral can be done by parts using the boundary condition (4.12]):

‘ﬂwﬁwzﬁﬁﬂﬁw—/wﬂmvﬁfjﬁw (4.16)

He

The total energy then becomes
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The energy can also be rewritten in terms of the relative density change dp/pre as

U, = E§e / '5p(r) ’

PHe

dv. (4.18)

4.5 Loss mechanisms

4.5.1 Intrinsic loss

For T' < 600 mK the main internal loss mechanism for acoustic waves in superfluid helium is the three-phonon
process[135, [136], 137]. It can be described by an amplitude attenuation coefficient cgpp

w2k (u + 1)2

3
3013 prract wnT? (arctan(me) — arctan <2'yp2wm7'>> . (4.19)
€~He

3pp(Wm) =

Here wy, is the acoustic wave frequency, 7T is the temperature, u = 2.84 is the Griineisen constant[I38], 7 = 7>
is the thermal phonon lifetime, where ¢ = 1.11 x 1077 s- K®[139] and p = 3kpT/che is the average thermal
phonon momentum. Finally, ~y is the coefficient for the cubic term in the phonon dispersion, which is expressed
as vy = _601He %, where € and p are phonon energy and momentum respectively. It has been measured to be
v = —8 x 10*7 kg~ ?m~2s2[138].

The internal quality factor of an acoustic mode can be calculated from the attenuation length as

Wm

Qm,int - (420)

2CHe043pp

For the relevant acoustic mode frequency wy, = 27 x300 MHz and temperature 7" < 0.5 K both arctan arguments
in equation (4.19) are > 1, leading to the simple relationship

X

Qm,int = ﬁ, (421)

where

15h3pHec%e 4
= PHeTHe 118 K4, 4.22
X ki (ut1)2 (4.22)
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4.5.2 Acoustic radiation loss

Another source of loss is the acoustic radiation of the standing sound wave into the confining mirrors. Like
in the optical cavity, this loss can be calculated from the reflection coefficient of the mirrors, and described
in terms of the acoustic cavity finesse. The reflection coefficient can be obtained from the acoustic impedance
mismatch Z() using equation (B.115)):

Z(rel) -1 2
Z(rel) +1

RO — |02 = (4.23)

If we assume that the mirrors are made of silica with density psio, = 2.2 - 103 kg/m?® and speed of sound
csio, = 6 - 103 m/s[140], the impedance mismatch becomes Zel) — (Psi05€8i0, )/ (pHeCHe) =~ 380, and the
reflection coefficient is R ~ 99.0%. This results in the acoustic finesse of (using equation (B.65))

7

]:ac == 1—7R(b) =~ 300. (424)
For a typical acoustic frequency of wy = 300 MHz and cavity length of L = 80 pum this leads to the quality
factor

w 2wm L
mfac_ m

om o =TT~ 6104 4.25
onF 27TcHe]:aC (4.25)

Qm,rad =nFac =

This simple calculation can be extended in two aspects. First, we should take into account the optical DBR

layer structure by employing the full transfer matrix formalism described in the subsection [B.5.4l Second, due

to the difference in the sound velocities the acoustic wavelength in glass is about 30 times larger than in helium,

so the sound in glass no longer obeys the paraxial approximation (the transverse mode size is no longer much

larger than the wavelength). This means that the 1D plane-wave approximation is no longer applicable, and a
full numerical simulation should be performed. Both of these complications are discussed in Ref. [141].

4.6 Other excitations and non-ideality considerations

It is evident from the discussion above, that the model of superfluid helium that we assume in our work is fairly
simple: an ideal liquid with irrotational flow and simple linear loss due to a three-phonon process. However,
superfluid helium is known to have complicated behavior with many different kinds of excitations, as described
in section In this section I want to try and justify our approximations.

It is well known[135], 136, [142] that below about 0.5 K the only excitations in helium are elementary phonons,
as other elementary excitations have higher characteristic energies (roton energies are about 9 K), and therefore
are rare enough to not affect phonon behavior. It can also be understood in terms of the two-fluid model[142]
143|, [144] as rapid disappearance of the normal component: the relative normal density is p,/p ~ 1075 at
0.5 K[94], and it decreases as T° at lower temperatures. Similarly, when considering sound attenuation, only
three-phonon processes are taken into account, while phonon-roton interactions and higher-order (5-phonon)
processes can be are ignored [136].

On the other hand, light absorption in the mirror coating can generate substantial heat flux in helium directly
next to the mirror surface, which can raise its temperature up to 1 — 2 K. As mentioned in section and
discussed in Ref. [141], this can drastically affect the mechanical mode dissipation and effective temperature.
However, in that scenario the heated helium layer extends only by < 1 pm from the mirror surface, and bulk
of the helium inside the cavity is still at a temperature lower than 0.5 K.

Another important assumption that we made about helium is zero circulation, i.e., absence of vortices or
turbulence. We mainly justify this by noting that in our experimental device there are no moving components
which would normally generate vortices or turbulent flow. Furthermore, filling of the cavity (see section is
performed very slowly and at low (< 1 K, and typically < 200 mK) temperature via superfluid Rollin film[I14].
Hence, the cavity never contains bulk helium at a temperature above A-point, or even any noticeable normal
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fluid fraction in the superfluid state. It seems reasonable to assume that the residual vortices density for this
case is at most as large as for helium samples which were carefully pumped through the A-point. Estimates
given in Ref. [145] suggest that in our geometry the surface vortex density is on the order of 2 - 103 mm™2,
which results in ~ 500 vortices inside the cavity (i.e., between the fiber mirrors, as described in section ,
leading to at most a couple of vortices penetrating acoustic or optical modes.

As far as impurity-type excitations are concerned, most of those are either specifically added impurities
(such as molecules or ions[107], or electrons[I00]), or require excitation or ionization of helium atoms (electron
bubbles, and helium excimers). Such processes require high-energy (deep UV) photons, high power ultra-short
laser pulses[105], electrical discharge[103, [146], or charged particles bombardment[147]; none of these sources
are explicitly present in our system.

Finally, we need to consider the possibility of light-induced excitations on top the thermal distribution. As
mentioned above, we do consider light absorption in cavity mirrors and associated heating effects. However,
light scattering in helium itself is fairly small (as discussed in section our experimental lower bound on
the light attenuation length in helium is 15 m). This is in part due to low photon momentum, which means
that the resulting excitations are either long-wavelength phonons (indeed, as discussed in the following section,
this is one way to interpret the optomechanical coupling in our system), or at least pairs or higher-momentum
excitations, such as rotons. The first kind of scattering is expected to be negligible, as even for our experimental
phonon mode (which is optimized to have the maximum scattering efficiency) the light interaction effects are
relatively small compared to the thermal population. The second kind of process, being higher-order, should
be even less important (Ref. [121] suggest that for 488 nm light at ~ 1 K this process is 10® times weaker,
and the total light attenuation length is on the order of 10°...10% m). Finally, non-elementary excitations
(e.g., second sound), are, again, suppressed due to low helium temperature, which ensures that the phonons are
almost non-interacting: the phonon mean-free path at 0.5 K is &~ 1 mm[I48] and goes down as 7~*3, compared
to the characteristic size of the device a ~ 100 pm.

This concludes my theoretical justification for treating low-temperature superfluid helium as a fairly ideal
liquid. Ultimately, the most convincing argument is, probably, the fact we were not able to clearly observe
any signatures (such as Stokes scattering peaks) of non-acoustic excitations in our experiments, nor did we
need to employ them to explain our experimental results (light and sound attenuation, heat conductivity, or
optomechanical coupling).

4.7 Coupling mechanism

4.7.1 Overlap integral

The origin of the optomechanical coupling is in the fact that the helium index of refraction depends on its
change in density, so that it is affected by the acoustic mode. To derive this dependence, we start with the
Clausius-Mossotti relation for the dielectric constant[149)
)1 N

€ Q@

— = . (4.26)

e +2 3€0
Here €™ is the relative dielectric constant, « is the atomic polarizability and N is the atomic number density.
By considering small perturbations of ¢*) and N, we arrive at

§e® B §e® _57]\7_57,0
-1 eM42 N  po’

(4.27)

where de) and 6N are the perturbations of € and N respectively, and pg is the equilibrium material density.
For superfluid helium ¢ = eg) = 1.057[94] so the term with ) — 1 in the denominator dominates, and

e

a)Strictly speaking, this value for egi is obtained in the low frequency (MW and RF) regime. However, the electronic bandgap of
helium wyg,ie &~ 27 - 4 PHz is much larger than the NIR laser frequency used in this experiment wr, ~ 27 - 200 THz, which ensures
that the optical polarizability « is still within (wr/whg e)? ~ 0.2% of its low frequency value[I50].
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we can neglect the other term. This leads to

5e) () — 1) 2P (4.28)
PHe
As described in appendix perturbations in the dielectric constant can lead to changes in the resonant
frequency of an optical mode. Let us assume the density change profile dp(r) and the optical intensity profile
I(r) = |Eo(r)|?, where Eo(r) is the electric field of the optical mode. Then equations and yield
the relative change in the optical resonant frequency

s, S0 ) [2eE)I(x)dV . € — 1) [, (6p(x)/pre) I (x)dV (429)
c e [ I(x)dv e Qegi J I(x)dv ' '

4.7.2 Mode normalization

In order to derive the value of the single-photon optomechanical coupling ¢© from equation , we need to
correctly normalize the density fluctuations dp. To to this, we are going to use the value of the stored mechanical
energy.

Let us recall the derivation of the single-photon optomechanical coupling presented in section First, we
considered only the mechanical system, which has frequency wy, and is described by the Haliltonian (equation
237) Hm = hwm(b'b + 1/2), where b is the mechanical annihilation operator. Then, we normalized the
mechanical displacement Z in terms of its creation and annihilation operators bl and b (equation ):
T = xzpp(i)—i—iﬂ), where xzpp is the proportionality coefficient. Finally, we calculated the detuning of the optical
cavity due to the mechanical displacement of zzpp and thus obtained ¢(®) as the proportionality coefficient
between the cavity detuning and the normalized displacement Z = b+ bt (equation ): dwe = g0 2.

Now let us consider a large coherent state of the oscillator with some amplitude by > 1, which we can
assume WLOG to be real and positive. This lets us approximate the time-dependent annihilation operator
b(t) by a classical value b(t) = bpe ™mt, where the time dependence comes from the Hamiltonian above. This
results in the mechanical energy

Um = fiw |b(t)]? = hwmb, (4.30)
and the normalized mechanical displacement
z(t) = b(t) + b*(t) = 2bg cos(wmt). (4.31)
The amplitude of the mechanical motion is therefore zg = 2bg, and the corresponding cavity detuning is
Swe = 90z = 29Oy, (4.32)

Now we can find the optomechanical coupling ¢(®) for the helium acoustic mode by reversing this procedure.
Let us assume that the acoustic mode has a density profile dp with an arbitrary non-normalized amplitude.
From equation we can calculate the acoustic energy Uy, stored in this mode, from which we can extract
the corresponding amplitude of the coherent state by using equation :

Un

At the same time, we can calculate the cavity detuning dw. from equation (4.29)). Finally, we can combine these
two expressions and equation (4.32]) to extract the optomechanical coupling:

gV = = dwey | ——- (4.34)




If we explicitly substitute expressions (4.18)) and (4.29)) into (4.34)), we will end up with the generic expression
for the optomechanical coupling

FON (e =1) [hwm | fyydp-1dV] ' (4.35)
2ey V2B ([ 1av) | [[(5p)2av

The normalization integrals in the denominator ensure that the value of ¢(») does not depend on the magnitudes
of the intensity profile I and the density profile dp.
To estimate the magnitude of ¢(°), we can rewrite it as

(x)
o _ (e —1) hwom A
g e 269 Winode Bt " (4.36)
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Vmode = %} (4.37)
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We can associate V04 with the effective volume of the optical mode, and recognize 0 < aqy < 1 as the effective
mode overlap (the limits come from the Cauchy-Schwartz inequality). If we assume the typical frequencies in
our experiment w, = 27 -200 THz, wy, = 27-300 MHz, the mode volume of V54 = 100 pm x 10 pm x 10 pym =
10~ m? and the perfect mode overlap (aoy = 1), we get ¢(©) ~ 27 - 6 kHz.

where

Govl

4.7.3 Wavelength matching condition

The fact that the optomechanical coupling is proportional to the overlap integral [ dp(r)I(r)dV places a strong
restriction on which mechanical modes couple to a given optical mode. To understand this, let us start with
a simplified 1D case, where the wave equation solutions are sine waves. For simplicity, we can assume perfect
boundary conditions: for the optical mode this means a node of the amplitude at the boundary, while for the
mechanical mode it implies a density maximum (as mentioned in subsection . Then the mode profiles can
be expressed as

E(z) o sin (WnE\()/r;t)a:) (4.39)
I(z) o |E(z)?* = sin® (an\c;gt)x) (4.40)
dp(x) o< cos (wng\agx) , (4.41)

where 0 < x < 1 is the normalized position along the cavity, and ng?/};t), nf\‘r;cz) are the numbers of half-wavelengths

inside the cavity for the optical and the acoustic mode respectively. An example of an optical mode with

g\o/l;t) = 3 and two acoustic modes with nf\a(;) = 6,8 is shown in Figure 4.2

The overlap integral can be calculated as
/0 o) (@)do /0 sin? (7nloh)e ) cos (i) da
=5 [ (1 cos (2mnle) Y con (rniiler) a
i " (2008 (mnlfi) + cos ( () + 2020 ) )

+ cos (77 (ng\a;cz) - Qn&()/gt)) :U)) dx. (4.42)
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Optical amplitude, n,, =3
—— Optical intensity, n,, =3
= Mechanical amplitude, n,, =6
- - Mechanical amplitude, n,, =7

Normalized position along the cavity

Figure 4.2: Amplitude and intensity for optical and acoustic modes as a function of position along the cavity.
Red color corresponds to the optical mode, blue color correspond to acoustic modes. ny/, denotes the
number of half-wavelengths inside the cavity for a given mode.

Since both nE\a/CQ) and nf\o/%t) are positive integers, the first two terms cancel, and the overlap integral is non-zero

only for nf\aCQ) = 2nf\o/%t), or, in other words, when the acoustic wavelength is half of the optical wavelength.

This can also be seen from Figure The mode described by the solid blue line has a maximally negative
displacement for every optical intensity maximum, so their overlap is non-zero. On the other hand, the dashed
blue line mode is mismatched, and the overlap in the right half of the cavity cancels the overlap in the left half.

The matching condition can also be interpreted in terms of the backward Brillouin scattering (BBS) process.
Consider a 1D waveguide (e.g., an optical fiber) which can support both mechanical and acoustic modes. The
Brillouin scattering in this medium is a three-wave process in which a photon absorbs or produces a phonon
and scatters in a different direction; for simplicity, let us focus on a production process. Since the medium
is translationally invariant, this scattering process should obey momentum conservation: pin = Pout + Qphon;
where pi, and poy are correspondingly the momenta of the incident and scattered photons, and qpnen is the
momentum of the produced phonon. At the same time, the energy is also conserved, which can be expressed as
Win = Wout + Wphon, Where win, wout and wphen are the corresponding photon and phonon frequencies. Because
the phonon frequency is much smaller than the photon frequency, we can approximate it as win = Wout, SO
that |pin| & |Pout|. In the backwards scattering pi, and poyt have opposite direction (i.e., the scattered photon
is traveling backwards), which results in gphon = Pin — Pout ~ 2Pin and, consequently Aphon = 27/|Qphon| =
7/|Pin| = Ain/2, where i, is the wavelength of the incident (and, consequently, scattered) light and Aphon is
the sound wavelength.

Coming back to cavity systems, the confining mirrors turn forward-propagating photons into backward-
propagating photons and vice versa, meaning that the incident and the scattered photons belong to the same
optical mode. Otherwise, the reasoning outlined above still holds, so we can write the wavelength matching
condition as Aac = Aopt/2, Where Agpe and A, are wavelengths of the optical and the acoustic standing wave
respectively. As we can see, this condition exactly corresponds to ng\a/;) = Qng\o/pzt) obtained earlier.

The precise requirement of the wavelength matching disappears if the acoustic and optical modes have
different boundary conditions. This can happen because the optical mode is confined by an extended DBR
structure (see appendix which can have complicated boundary conditions, while the acoustic confinement
happens right at the helium/glass interface. To describe this situation, we can introduce an arbitrary reflection
phase of the optical mode ¢ at the boundary (same concept is used in appendix ; as an example, a perfect
mirror corresponds to ¢ = w. This changes the shape of the optical mode to

E(r) o cos ((an\o/gt) - qb) x + ¢/2> ; (4.43)
where nf\o/r;t) is still an integer, even though it does not anymore correspond to the number of half-wavelengths

inside the cavity. To make this expression look more like equation (4.39)), we can redefine ¢ — 7+ ¢ (now ¢ = 0
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describes an ideal mirror) and nf\o/%t) — ng\o/gt) + 1 to get

; (opt)
E(z) o sin ((WTL)\/Q —¢lz+¢/2). (4.44)
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Figure 4.3: Normalized overlap integral as a function of the mirror reflection phase ¢ for different mode mismatch
values Any /.

The overlap integral now becomes (after canceling the term which is exactly zero)
1
/ dp(z)I(z)dx
0

x /1 [cos ((an\a/;) + 27rng\o/p;) — 2¢) x4+ q§> + cos <<7rng\a/2 — 27rng\o/gt) + 2(;5) T — qﬁ)] dx
0

0, ”&272) is odd
=y o 1 1 (ac) . (4.45)

281n(¢) <7rng\a/c2>+27rn§)/p;>+2¢ T ﬂ'n()\a/cQ) —27Tng\o/p2t)+2¢> ’ n)‘/z 15 even.

Sty : (ac) (opt)
If the cavity is long, i.e., ny,,, nyp > 1, we can neglect the first term and get
1 .
sin(9)

1) I(x)d _ 4.46
/0 p(.’B) (fU) T X TrAn)\/Q + 2¢7 ( )

where Any/, = nf\a}(g — 2nf\0/gt) and we only consider even ng\a/cz) It is evident that unless ¢ = 0, the overlap

integral is non-zero for Any, # 0, that is, the matching condition is no longer perfect. This seemingly
contradicts the Brillouin picture of scattering, where the matching requirement was derived without taking
any kind of boundary conditions into account. However, since the cavity is finite, the translation symmetry
is broken, and the momentum conservation is satisfied only within some precision Ap ~ 27/L, where L is
the cavity length. This precision corresponds to Any/, = 1, which is the characteristic scale of the matching
condition .

Figure[4.3|demonstrates how the matching condition changes for ¢ # 0. Since the coupling to the mismatched
modes grows as ¢ deviates further from zero, the magnitude of their coupling (or inability to observe these modes
for a given signal-to-noise ratio) can place constraints on ¢.

The results are qualitatively the same when 3D Gaussian modes are considered, though analytic calculations
quickly become intractable. Instead, the mode shapes are found from the known system parameters (cavity
length, mirror radii of curvature, optical and acoustic frequencies) using the approach described in appendix
and the integrals in equation are carried out numerically. Numerical results for particular system
geometries are given in sections and
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Chapter 5

Experimental setup overview

5.1 Device description

g VCR connector
< fill port

brass cell (top part)

helium glass ferrule In seal
fiber / brass cell (bottom part) \fiber
feedthrough feedthrough

glass ferrule

optical fibers

Figure 5.1: Top: Overall schematic of the device cell. The black arrow on top shows the direction of gravity.
Bottom: Zoom-in of the cavity region denoted by the magenta rectangle in the top figure. Blue color
variations denote the standing acoustic wave, with darker regions corresponding to higher helium density;
red line shows the intensity profile of the standing optical wave inside the cavity.

A generic schematic of the main part of the device is shown in the top part of Figure The schematic
shown here is of the first generation device, in which the cavity is formed inside a single alignment ferrule. The
differences of in second generation device are highlighted in section [8:1}

The cavity is formed in the space between the two fibers, whose ends are laser-machined[I51] to form convex
surfaces with radius of curvature (ROC) between 200 ym and 500 pm. The ends are subsequently coated with
a high-reflectivity (0.9999 to 0.99999) dielectric DBR mirror coating (section [B.4)). The fibers are aligned inside
a glass ferrule whose inner diameter (ID) is only several um larger than the fibers outer diameter (OD). This
creates a fairly precise and stable alignment, which can withstand thermal contractions. The ferrule is glued
inside the brass cell with a cryogenically-compatible epoxy (Stycast 2850). The fibers are inserted into the
cell though long narrow fiber feedthroughs, which are afterwards filled with the epoxy to ensure that they are
superfluid helium tight; these feedthroughs are the two points which fix the cavity length. After the ferrule and
the fibers are glued inside the cell, it is joined together with a top part using an indium seal, which is known
to be very reliable in cryogenic environments. The top part has a helium fill port with a VCR connector for
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controlled supplying of helium gas into the cell. After assembly, the device is mounted to the mixing chamber
(MC) plate of the dilution refrigerator, which can be cooled down to ~ 10 mK.

The helium fill port is connected to the room-temperature experimental gas handling system (expGHS)
through a long stainless steel capillary with OD of 1.5 mm and ID of 0.5 mm. To minimize the heat load, the
capillary is heat-sunk at every stage of the dilution refrigerator: 4K plate (4.2 K), 1K plate (~ 1.5 K), still
plate (~ 500 mK), intermediate cold plate (~ 150 mK) and MC (down to 10 mK). Heat-sinking at the MC is
done by an in-line sintered heat exchanger: a small (~ 2 cm®) chamber filled with sintered silver, which has a
porous structure and, therefore, very large surface area (> 1 m?). This ensures good thermal contact between
helium inside the device and the mixing chamber. All other heat sinks are copper bobbins which have capillaries
wrapped around them and attached with silver solder.

The expGHS has several calibrated volumes, which allow us to send measured doses of helium gas into the
device after it is cooled down. The most commonly used dose has a volume of 13.4 cm?, which at a typical
pressure of 1.1 atm corresponds to about 0.02 cm? of liquid helium condensed inside the device. On the way to
the device helium gas passes through a liquid nitrogen trap, which filters out most of the impurities. Additionally,
the expGHS has a pressure relief, which is an evacuated vacuum chamber with the volume of 2 liters; it is
continuously connected to the capillary going to the device. The relief is large enough to accommodate all of
the helium in the system (expGHS and the device combined) at room temperature and pressure below 1 atm.
This ensures that the device and the helium delivery lines will not get over-pressurized if the device temperature
goes above helium boiling point and all of the liquid helium inside the device evaporates.

As far as the optical part of the device is concerned, the light is sent into and collected from the cavity
using the same optical fibers which form the cavity. On the way from the device to the room temperature
components the fibers pass through a heat-sink mounted on the 4K plate, which is designed to reduce the
thermal load induced by the fibers. The heat-sink is a massive copper block with a channel in the middle,
inside which the fibers are epoxied. Since the fibers are thin, and the glass thermal conductivity is fairly small
at cryogenic temperatures[113], a single stage of heat-sinking is enough to avoid excessive device heating. After
the heat-sink, the fibers travel along a clear-shot tube and through the room temperature vacuum feedthroughs
towards the rest of the optical setup.

The bottom part of Figure shows a zoomed-in view of the device cavity region. It demonstrates the
optical mode intensity (red line) and acoustic mode density modulation (shades of blue) inside the cavity volume
in between the two fiber faces. The modes shown satisfy the wavelength matching condition (subsection .
However, their wavelengths are intentionally exaggerated for clarity: in the actual device the cavity is about
100 mechanical wavelengths long.

5.2 Measurement setup

The measurement setup schematic is shown in Figure [5.2] It can be generally divided into several regions,
which are denoted by different color backgrounds in the schematic: light generation and preparation (green),
tone generation (blue), detection (brown), cavity lock (purple), and auxiliary measurements and calibration
(yellow). Every part is described in more detail below.

5.2.1 Light preparation

The light is generated by a tunable fiber-coupled diode laser (TL), whose wavelength (in vacuum) can be
tuned between 1440 nm and 1590 nm (in most experiments it is tuned close to 1550 nm, as this is the design
wavelength of the mirror coating). The output power is typically kept constant at about 20 mW to improve
stability of the laser and the following components (TF, IQM and ¢M). The the experimental laser power is
adjusted using the variable optical attenuator (VOA).

After that, the laser passes through the tunable filter cavity setup (TFCS) to filter out the classical noise.
This setup involves several optical and electrical components which are not shown here for simplicity; its detailed
description is given in appendix Due to the presence of the optical circulator at the input of this setup, it
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Figure 5.2: Schematic of the measurement setup. Red symbols denote optical components, with red lines corresponding to the interconnecting
optical fibers; double lines denote polarization-maintaining fibers, while single lines denote regular fibers. Green symbols denote electrical
components, with green lines showing either microwave or low frequency connections.



also effectively serves as an optical isolator. This eliminates light reflection back into the laser output, which
improves the laser stability and noise characteristics.

Next, the lasers passes through the optical IQ modulator (IQM) and phase modulator (¢M), which are
described in the corresponding subsections. After that, the light goes through the polarization controller
(PCnt) and the VOA, both of which are computer-controlled. The PCnt is used to adjust the polarization to
one of the cavity polarization eigenmodes, while the VOA is used to set the final laser power.

Finally, the light is sent into the experimental cavity through an optical circulator, and its reflection is sent
onto the detection part of the setup.

5.2.2 Tones generation

All of the necessary optical signals (controls, probe, locking, calibration) are generated in the ¢M from a single
laser tone (a detailed description of the phase modulator operation is presented in appendix . Each optical
tone is created with a single microwave tone going into the ¢M, with the transmitted carrier serving as the
optical local oscillator (OLO) for the heterodyne detection. Thus, this kind of generation can be thought of
as a direct mapping of the microwave domain signal onto the optical domain, while the heterodyne detection
transforms the signal back onto the microwave domain; since the OLO is the ¢M carrier, the detected MW
beatnotes end up being coherent and phase-locked with the corresponding MW generation signals. This allows
for great setup flexibility (as adding another optical signal corresponds to simply sending an extra microwave
tone into the M) and high degree of coherence between different optical signals, which is limited only by the
quality of external clock acquisition in the microwave generators.

In the electrical part of the setup, the main drive tones are generated by separate MW components and
are then combined together in the main 4 x 1 combiner. The combined drive gets amplified, and an optional
calibration low-frequency tone is added using a direction coupler (the purpose of this tone is explained in
appendix. After that, the drive is sent through another directional coupler, where a small part of it is split
off into the spectrum analyzer (SA) for monitoring and calibration of the M drive, while the main output is
sent into the M. The procedure for calibrating the ¢M drive strength is described in appendix

Below is the list of the microwave drives:

(a) First control drive (“control 17), which corresponds to the lower frequency control beam. It is created
using a single microwave generator (MWG 2), and its typical frequency is 1790 MHz. The tone is sent
through a low-pass filter to reduce the noise added into the ¢M at the frequencies corresponding to the
mechanical sideband (around 2110 MHz). This ensures that no classical laser noise is added in the ¢M.

(b) Probe drive (“probe”), which is used in the OMIT /A measurements, and to obtain optical cavity sweeps.
It is provided by the vector network analyzer (VNA) output, and typically lies between 1900 MHz and
2300 MHz. The VNA output is attenuated by about 20 dB (not shown) to reduce the classical microwave
noise.

(¢) Second control tone (“control 2”), corresponding to the upper frequency control beam. It is generated by
combining the microwave local oscillator (MWLO), which is provided by a microwave generator (MWG 1),
with the output of the Zurich Instruments UHF Lock-In amplifier (ZILI) in the up-mixer circuit (described
in appendix. Similarly to the first control tone, this tone is also filtered to reduce its noise. However,
since its frequency is higher the the mechanical sidebands, a high-pass filter is used. The typical frequency
of this tone is 2430 MHz.

(d) Lock tone (“lock”), which is used to determine the detuning of the OLO from the experimental cavity
resonance. Its frequency is usually 2100 MHz, which is close to the OLO-cavity detuning (so that the
optical locking beam lies near the cavity resonance). Like the “control 2” drive, it is generated by
combining the MWLO with a ZILI output in a second up-mixer circuit. Similar to the probe drive, this
tone is also attenuated to reduce the noise.
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(e) Phase calibration tone (“¢cal”) used in the sideband correlation measurements. It adds a low frequency
(~ 320 MHz) drive into the phase modulator, which is used to generate second-order sidebands on the
control beams for phase calibration; a more detailed description of the calibration procedure is given in
appendix This is the only microwave tone added not in the main combiner, due to its frequency
being very different from the rest of the tones.

5.2.3 Detection

The light reflected from the cavity passes through the optical circulator and into the erbium-doped fiber amplifier
(EDFA). The EDFA boosts the laser power by about a factor of 10 to 20, depending on its input power.
Without it, the noise in the system is heavily dominated by the microwave amplifier noise on the output of
the photodiode (PD), which significantly reduces the measurement SNR. The output of the EDFA contains the
amplified optical signal together with the amplified spontaneous emission (ASE), which acts as a very broadband
noise background with a bandwidth of about 20 nm. For low (< 10 pW) optical power at the EDFA input most
of its output power is contained in the ASE, which adds a lot of extra noise to the photocurrent. To reduce
the ASE, the laser passes through a tunable filter (TF) with a bandwidth of about 0.6 nm (80 GHz), which
is narrow enough to get rid of most of the ASE, but wide enough to not significantly affect the measurement
signal@ The procedure for calibrating the noise figure for the EDFA+TF system is described in appendix

The amplified and filtered optical signal subsequently lands on the photodiode and gets converted into a
photocurrent, which goes through a high-pass filter (to get rid of the DC component) and a chain of MW
amplifiers. It then gets split in a 1 x 3 splitter into three branches:

(a) One part goes to the input of the VNA, thus completing the driven optical measurement loop. As
mentioned in the previous section, the generation and detection processes happen coherently, meaning
that the VNA input is phase-coherent with its output. This allows one to obtain both amplitude and
phase information from the VNA sweeps. For the calibration procedure of the measurement loop gain,

see appendix

(b) Another part gets mixed down with the same MWLO as used in the up-mixing procedure, and the IF
signal is sent into the ZILI. This signal is used both for coherent detection of the locking beam beatnote
(described in subsection, and for obtaining the PSD of the optical signal around the cavity resonance
frequency. When measuring the undriven motion of the mechanical oscillator, this part of the optical
spectrum contains the mechanical sidebands. Hence, the data obtained with ZILI is used to measure the
PSD of the underiven mechanical motion (section [8.4).

Care needs to be taken to ensure that the measured signals are phase-coherent. The locking beatnote
signal is automatically coherent with the corresponding ZILI output, since the up-mixing and down-mixing
is performed with the same MWLO, and the MW=-optical==MW process is already coherent. However,
the sideband correlation measurements require that the two control beams are also coherent. This is
achieved by synchronizing the MWG 1, MWG 2 and ZILI internal clocks to the same 10 MHZ clock signal
generated by a commercial Rb clock.

(c) Finally, part of the signal is directed towards the SA, where it is used to gain a broad-range coarse record
of the reflection spectrum, mainly for debugging purposes.
5.2.4 Laser locking

Generally, the locking can be separated into 3 stages: obtaining the error signal, generating the feedback signal,
and applying the feedback to correct for the error.

%) One should distinguish the photocurrent noise coming from the ASE beating with the OLO, and the noise coming from beating
of the ASE with itself (which is the noise which exists even if there is no OLO). The first kind of noise comes from the ASE right at
the signal frequency, and it directly corresponds to the SNR of the optical signal; thus, it cannot be reduced with simple filtering,
which affects the signal and the noise to the same extent. The second kind of noise, however, comes from the full ASE bandwidth,
and can be made smaller if the ASE bandwidth is reduced while its PSD is kept the same.
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(a)

The error signal is obtained from the locking beam beatnote. First, both quadratures of the beatnote
are detected in the ZILI, converted into voltage signals, and sent into the FPGA. In the FPGA the 2D
beatnote signal is rotated, shifted and transformed into radial coordinates; the phase coordinate is then
interpreted as the error signal. For more detail on obtaining the error signal, see appendix

The feedback signal is generated from the error signal using a proportional-integral (PI) controller with
low frequency gain limit (LFGL), which is implemented digitally in the FPGA. More specifically, the
feedback signal is a sum of the error signal plus the same signal passed through a single pole low-pass
filter. The bandwidth of the filter and the gains of both signals are adjusted to optimize the lock quality.

Finally, to complete the loop, the feedback signal has to be converted into the laser frequency detuning.
To adjust the laser frequency, we use an optical IQQ modulator (IQM) working in the single sideband
suppressed carrier (SSB-SC) regime. This means that the output of the modulator contains only one tone,
which is a sideband whose frequency is either sum or difference (depending on the modulator settings)
of the input optical frequency and microwave frequency. Hence, the modulator can be thought of as an
optical frequency shifter, where the laser frequency is shifted by the microwave signal frequency. A more
detailed description of the IQM is given in appendix

In the measurement setup the I and Q signals are created from a single microwave drive using a 90° hybrid.
The microwave drive is generated by a voltage controlled oscillator (VCO), whose frequency tuning port
is driven by the feedback signal. As a result, the optical frequency is controlled by the feedback voltage
generated by the FPGA, providing the way to complete the feedback loop.

Compared to other feedback approaches (e.g., in which the error signal is sent to the laser piezo, cavity
piezo, or acousto-optical modulators) this method has several advantages. First, unlike cavity or laser
piezos, it does not impose any additional requirements on the hardware (in our setup neither the laser
nor the cavity have piezo tuning). Second, it has a very large bandwidth (short reaction time), which
in practice is only limited by the VCO reaction time and can be on MHz scale. Lastly, compared to
acousto-optical modulators (AOMs) it has a fairly large range: it is limited by the combination of the
VCO tuning range, the 90° hybrid and the IQM bandwidth, but can still span about 1 GHz (compared
to ~ 10 MHz for regular AOMs). The disadvantages of this approach are the relative complexity of the
setup, large insertion loss (the total insertion loss of the shifter, including the SSB-SC efficiency, is about
10 dB), the need for fine tuning of the IQM bias voltages to achieve complete suppression of the carrier
and the other sideband (see appendix , and dependence of the laser power on the magnitude of the
shift, which requires an additional feedback loop to stabilize (also described in appendix .

5.2.5 Auxiliary measurements

There are several auxiliary measurements performed during the main experiment:

(a)

The “monitor” tap (Mtap), which is a 90:10 optical combiner after the VOA. Its 90% output is directed
into the device, and the 10% (tap) output is used for analysis. Depending on the configuration of the
optical switch (OSW), the tap output can either land directly on the photodetector (PD), or pass through
a tunable Fabry-Perot cavity (TFPC) first. The first mode is used to monitor the power incident on the
device during the experiment. In the second mode the TFPC length is modulated by a triangle wave,
and its transmission is recorded as a function of time (i.e., effectively as a function of TFPC resonant
frequency). This mode lets us analyze the light spectrum with the resolution of roughly the TFPC
linewidth, which is ~ 200 MHz. We use this kind of measurement when calibrating the phase modulator
efficiency (appendix or adjusting the IQM control voltages (appendix ; examples of TFPC
sweeps for the latter measurement are shown in Figure

The “reflection” tap (Rtap), which, like the Mtap, is a 90:10 combiner located right before the EDFA.
The tap output of this combiner is used to monitor the power reflected off the experimental cavity; since
the dependence of the EDFA output power on its input power is highly non-linear, this provides a much
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easier and more reliable way to measure the reflection. In addition, this tap is used during the calibration
of the EDFA noise figure (appendix [D.5]).

The “calibration” tap (Ctap) between the circulator and the experimental device. This tap is used in
absolute calibration of the monitor and reflection taps as well as losses in the optical components. The
calibration procedure is described in the appendix section

The SA used to monitor the coarse (~ 1 MHz resolution) spectrum of MW signals in the setup. The MW
switch (MWSW) on its input allows it to measure either the spectrum of the ¢M drive, or the spectrum
of the photocurrent. The ¢M spectrum is used to calibrate and later monitor the relative powers of all
the tones generated by the ¢M (see appendix . The photodiode spectrum is used for general setup
debugging to make sure that there are no unaccounted optical tones.
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Chapter 6

First generation device

In this Chapter I consider the experimental results obtained with our first generation optomechanical device. 1
start by presenting the device parameters (subsection and our initial optical measurements (subsections
6.1.2] and [6.1.3). Then I describe the way we characterized the mechanical modes (section and the
information that it provides about the cavity (subsection and about the coupling mechanism (subsections
to . After that I discuss in more detail the mechanical loss mechanism and the heating model which
determines its dependence on the optical power (section . Finally, I briefly evaluate the device performance
for quantum optomechanics applications (section .

Most of the results described here, as well as the device description given in section are presented in
Ref. [115].

6.1 Initial optical characterization and filling

6.1.1 Device parameters

The schematic of the device is as described in section The two fiber mirrors have radii of curvature (ROC)
r1 = 409 pm and ro = 282 um, and their respective designed transmissions are 71 = 103-107% and 75 = 10-1075,
which means that the maximum expected finesse is F = T12—|7:T2 ~ 55,000. Both fibers’ OD is 125+ 0.7 pm and
the alignment ferule ID is 133 £ 5 pum. The cavity length at room temperature is ~ 130 pm, which contracts
to ~ 70 pm when cooled down to the base temperature of 20 mK.

6.1.2 Empty cavity characterization

When the cavity is cold, we use the frequencies of its fundamental resonances to precisely determine its effective
length. To find these resonance frequencies, we use the optical frequency shifter (IQM) to repeatedly sweep the
laser frequency over a small range (~ 0.5 GHz), while also increasing the frequency of the tunable laser (TL)
in ~ 0.2 GHz steps. At the same time, we monitor the reflected power to determine when the laser frequency
gets close to the cavity resonance. When the laser frequency is swept around the cavity resonance frequency, we
expect to see a Lorentzian dip in reflection with the shape (relative to the background) given by (see equation
(C.46):

21y

2
_ 1 4y (1 = ny)
= 2iAjm| (6.1)

PraslA] o | Keay [A]? = '1 ErTmER

where k is the cavity linewidth and 7, = Kext/k is its relative input coupling. The magnitude of the cavity
response (i.e., the value of 7,;) helps us verify that we are observing a fundamental TEMOO cavity mode[I52],
and not a higher-order transverse mode (for which the response is significantly reduced).

After finding several resonance frequencies w,, we use the differences between the consecutive frequencies

Awp, = wpt1 — wy, to determine the cavity’s effective free spectral range (FSR) F, e(gpt) = (Awp)/(27) (where
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Figure 6.1: a) Frequency difference between consecutive resonances Aw, for different resonance indices measured
for empty cavity (red) and for the same cavity filled with superfluid helium (blue). The longitudinal index
n corresponds to the number of nodes of the standing optical wave inside the cavity, and is formally defined
in equation .
b) Optical cavity response for an empty cavity (red) and for a filled cavity (blue). Solid lines show fits to
the expected Lorentzian profile.

averaging is taken over several resonances), and from that extract the effective cavity length Lgf)fpt) =c/ (2Fe(§pt))
(see appendix [B.2.3)). Red markers in Figure show the measured frequency difference. From this data, the

cavity FSR is Féf(;pt) = 2.169 £ 0.001 THz (the error is the statistical uncertainty), which corresponds to an

effective length of Lg?fpt) =69.12 £ 0.04 pm.

The optical linewidth is measured by locking the laser to the cavity resonance and performing a cavity
response sweep using the VNA, as described in appendix subsection The responses are then fit to
the expected Lorentzian lineshape, and the linewidth is extracted as a fit parameter. The red plot in Figure
shows one such response sweep along with the fit. The extracted optical linewidth is 46.1 + 0.1 MHz,
corresponding to a finesse F = 47,000. Overall, the linewidth shows a significant variation between different
resonances, ranging from 46 MHz to 53 MHz. We attribute this variation to a combination of linewidth-
dependent DBR reflectivity and geometrical imperfections, e.g., slight cavity misalignment or deviations in
mirror surface profile. Such imperfections can cause the fundamental TEMO0O mode to hybridize with higher-
order transverse modes [152] (which usually have higher loss), and through that can affect its linewidth.

6.1.3 Filled cavity characterization

The cavity is filled with helium by slowly adding measured doses of helium gas using the experimental gas
handling system (expGHS), as described in section (for a detailed modeling of the filling process, see Ref.
[116]). Once enough helium is added, the cavity get rapidly filled (since the cavity length is smaller than the
typical helium level change for one dose, it goes from empty to filled almost immediately), and we observe
a jump in the cavity resonance frequencies. The jump happens because the refractive index of the medium
inside the cavity changes from 1 (vacuum) to ngl = 1.0282[94] (helium). We characterize this change by
repeating the measurement of the effective cavity length, and the results are shown with blue dots in Figure
[6.1p. Note that red and the blue dots cover the same frequency range, but due to different effective FSRs they
correspond to different longitudinal numbers, hence the shift along the horizontal axis. The new extracted FSR
is FOPY = 2109 + 0.002 ym, yielding the length of LY = 71.07 +0.06 THz. This constitutes an increase in

Lé?fpt) by a factor of 1.0282 £ 0.0011, which is consistent with the helium index of refraction.

At the same time, the optical linewidth does not demonstrate a consistent change. As an example, Figure
shows the response of the filled cavity (blue dots) plotted on top of the empty cavity response (red dots).
The linewidth of this mode of the filled cavity is 46.3 £ 0.1 MHz, which is well within its natural variability
between different resonances. If we make a conservative estimate that the linewidth change introduced by
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helium is less that k = 27 -3 MHz (half of the linewidth spread for the empty cavity), we obtain a lower bound
on the optical attenuation length inside helium of ¢/k &~ 15 m. This is consistent with the calculated helium
Rayleigh scattering length of 200 m for optical wavelength Aopy = 78 nm at 7" = 0.1 K[153] (the same expression
yields ~ 107 m scattering length for Aop; = 1550 nm and T = 1K).

6.2 Driven response measurements

6.2.1 Experimental procedure

To characterize the mechanical mode, we perform driven mechanical response measurements. Specifically, we
employ the optomechanically induced transparency and amplification (OMIT/A) technique, described in section
To recap: the technique requires injecting two beams in the cavity: a strong control beam and a weak
probe beam. The beating between the two beams creates an oscillating force driving the mechanical mode,
which modifies the reflection of the probe beam. The mechanical response can be obtained by observing this
change in the reflection.
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Figure 6.2: a) Optical tone configuration for the OMIA measurement. The horizontal axis is scaled in units of
optical cavity linewidths. Tones detunings are not to scale (except for the locking beam).
b) Amplitude (top) and phase (bottom) of a single NA sweep ap out[w] as described in the text. The
horizontal axis is shifted to have zero at the mechanical resonance frequency, and the data is normalized
to have apout = 1 far from the mechanical resonance. Solid lines show the fit to the complex Lorentzian

function (6.2)).

The optical beams configuration for the OMIA measurement (which has a positive control beam detuning)
is show in Figure [6.2h. As described in section [5.2 and Figure both control and probe beams are created
in the phase modulator (¢M) using two microwave tones, with the carrier serving as the OLO. The MW drive
corresponding to the control beam is created by a microwave generator MWG 2; the probe beam drive is
generated by the NA, which is also used to read its response by measuring the beating between the probe beam
and the OLO, as described in subsection [5.2.2] and appendix In addition, there is always a locking beam
present to lock the OLO detuning from the cavity (see subsection for the description). The measurement
goes as follows:

(a) Lock the laser and the experimental cavity; in most measurements the cavity resonance is detuned by
Ve = 27 - 2100 MHz from the OLO.

(b) Configure the MWG 2 to output a constant microwave tone at a frequency v, and some fixed power.
The power Py, in the corresponding optical control beam can be extracted knowing the total laser power,
the microwave tone power, and the ¢M calibration (section [D.7)).
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(c) Perform an NA sweep in a narrow band (usually, 100 kHz) around v}, = Veon &+ wm, where wy, is the
mechanical resonance frequency. Typically, the sign is chosen to have the probe beam closer to the cavity
resonance, which implies having v, close to the OLO-resonance detuning v.

An example of one such sweep is shown in Figure [6.2pb. It is fit to a complex Lorentzian on a complex
background:

Gp,out [w] = Qbg <1 + Qrel ’Ym/2 (_'ern(/f)_ Wm)> s (62)

from which we extract the mechanical frequency wy,, linewidth vy, and the relative mechanical resonance
amplitude ae.

6.2.2 Acoustic cavity length and optical penetration depth

First, we perform the OMIA measurements for different optical resonances (different optical longitudinal in-

dices). As discussed in subsection the optomechanical coupling is dependent on the mode-matching

(ac)
A/2

optical) inside the cavity, i.e., the longitudinal mode index n mentioned above. Therefore, we expect different
optical modes to couple to different acoustic modes. This is indeed what we observe: for each optical mode
we can detect only a single mechanical mode, and these detectable mechanical modes vary for different optical
modes. Figure [6.3] demonstrates the optical mode frequencies and the corresponding coupled mechanical mode
frequencies for several different optical resonances.

condition n = QnE\O/I;t), where 1/, is the number of half-wavelengths of a given mode (either acoustic or
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Figure 6.3: Mechanical (blue) and optical (green) resonance frequencies as a function of optical longitudinal
mode index. Note that the plots have different vertical axes scale. The vertical axes are rescaled for the
data to have the same slope, and shifted for clarity.

From this data we extract the acoustic FSR Fe(gc) = (1/2)(Awy,)/(27) (where Aw, is the difference in
mechanical frequencies corresponding to neighboring optical modes), from which we obtain the effective acoustic

cavity length LS?EC) = CHe/ Fe(gc). Note the extra factor of 2 in the expression for Fégc):

(ac) (opt)
2/2 A2 0

acoustic modes is 2 (i.e., their frequencies are different by 2Fé§c)). The obtained acoustic FSR is Fégc) =
1.6854+0.001 MHz, and the corresponding cavity length is Lg?fc) = 70.68+0.02 pm. Knowing this effective cavity
length and the ROCs of the mirrors we can use equation ([B.32) to predict the acoustic resonant frequencies in
addition to the FSR. In doing that, we assume the geometric cavity length (which determines the Gouy phase
shift from equation (B.30))) to be equal to the effective acoustic cavity length, and we set the mirror reflection

since the acoustic mode

number n is twice the optical mode number n the mode index difference between the consecutive
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phases to be zero, which corresponds to the zero-velocity boundary condition (equation ) The predicted
acoustic frequencies match the observed ones remarkably well, with a discrepancy of about 1% of the acoustic
FSR (about 20 kHz).

At the same time, the optical modes yield a different effective cavity length: their FSR is F e(gpt) = 2.090 £
0.002 THz which corresponds to Lé?fpt) = 71.72 £ 0.08 ,u The difference between the two extracted cavity

lengths AL.g = Lgc;fpt) — Lg?fc) = 1.04 £0.08 pum can be attributed to the finite penetration depth of the optical
mode, as described in subsection Since the optical mode is confined by a DBR structure, it has a non-
trivial reflection phase resulting in a non-zero penetration depth; on the other hand, the acoustic mode is almost
entirely confined by the helium/fiber interface, and its effective cavity length should be very nearly equal to
the geometric cavity length. To estimate the optical penetration depth, we can use the expression from
section The DBR mirror coating of our fiber mirrors is composed of layers of TasOs5 and SiOy (with a
TagO5 outer layer), whose refractive indices are n%)lQOS = 2.05 and ngi)(b = 1.47. Assuming the designed DBR
wavelength A\g = 1.55 pm, we get the penetration depth of

(r) (r)

A nd
oL =3 Z’)H S0 = 0.49 . (6.3)
nTa205 (nTaQO5 - nSiOQ)

This is in a good agreement with the experimental result of 0L = ALeg/2 = 0.52 £ 0.04 pm.
There is another way to obtain the optical penetration depth by comparing the optical resonance data for
the filled and the empty cavity. Recall the resonance condition for the n'® mode of an empty cavity (equation

(B32)):

wy, = 2 F <n LAY M) , (6.4)

m ™

where At is Gouy phase shift for the Gaussian mode, ¢(w) is the frequency-dependent reflection phase of
the mirror and F' = ¢/(2L) is the “geometric” cavity FSR, in the sense that it involves the geometric cavity
length L. The filled cavity condition looks almost the same, with the only differences being a rescaled FSR

F'=F/ ngl and a potentially different reflection phase ¢'(wy,):

o = oL <n L A% M) . (6.5)

n (r) iy e
nHe

We can combine these two expressions to get

o (nty ) = Blwn) — () = (Blen) — 6(h)) — (&) — B(eh)

2F
= 2 =) — (Flh) — 1)
= 2wl — () - 6l (6.6

where in the last line we used the definition of the penetration depth (B.34]). The first term can be estimated
()

using wy, ~ nyw,, from which

/
28 o — ) DL () — 1) = 4mSE (0] — 1)~ () - 1), (67

where we used §L ~ \o/4. At the same time, we could expect the second term to be much smaller. If we assume
a perfect DBR, so that ¢'(wp) = ¢(wo) = 7 (where wy = 2wAo/c is the designed DBR optical frequency), we

%) The data is different from the results in section since it was taken during a different cooldown, resulting in a slightly different
cavity parameters.
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can estimate this terms as

o’ 96
¢'(wp,) — Plwy,) =~ 67(% —wo) — 87;(% — wp)
< 22 nluh — ) 2L ], - )
I /
~ Qngmgg 1)< zaLi;(ngg —1), (6.8)

where in going from the first to the second line we used equation (B.93|) for the penetration depth dependence
on the media outside the DBR. Thus, the second term is much smaller than the first one, and we can neglect
it. This allows us to turn into

¢ (nheh —wn) p (nlwh —wn)
T2

0L ~ —
4F (Wl —wy)

@ —wn) (6.9)
For the geometric cavity length L we can either use our previous estimate of 6L =~ 0.5 um to calculate L =
Lé?fpt) — 26L, or simply set L = Lg%pt). Since 6L < L,(;fpt), the latter introduces an error of only 1.5%, well
below the statistical uncertainty. Kither way, equation yields 6L = 0.64 £+ 0.01 pm for our data (the
statistical uncertainty is most likely underestimated, since it is calculated over only 2 data points). This is still
in a decent agreement with the other two estimates; the difference is most likely due to neglecting the second

term in equation .

6.2.3 Analysis of OMIT/A data

Now we can perform a more in-depth analysis of the OMIT /A signal by systematically varying the power and
the detuning of the control beam and measuring the relative amplitude a,e of the OMIT/A response. The
measurements described here and in the following sections are performed at a slightly different cavity length

of 84.1 ym and for a particular optical mode nf\o/l;t) = 112. This corresponds to the mechanical frequency

wm = 27 - 317.44 kHz and the optical wavelength (in vacuum) Aope = 1538.30 nm. The optical linewidth of this
mode is measured to be k = 27 - 69 MHz, and its external coupling is Kext = 27 - 15 MHZE

The results of the analysis are shown in Figure along with theoretical fits. The dashed lines show the
fit to the model described in section Specifically, we use equation and set are] = arel,—, because
in all measurements 0, ~ —wp, (control beam detuning is positive, so the probe beam has lower frequency to
be closer to the cavity resonance). While this model reproduces the magnitude behavior (top plot) very well,
it systematically overestimates the relative phase of the response. To explain this deviation, we introduce an
additional mechanism of the optomechanical coupling, which we generically call a “photothermal coupling”.

6.2.4 Photothermal coupling

In this section we consider the photothermal coupling effects only in the classical limit; a full quantum treatment
is presented in section [7.3] For consistency with the rest of the derivation, I will keep the operator notation
for the cavity field and the mechanical motion. However, one should keep in mind that the derivation in this
section should only be applied to the classical case.

The photothermal coupling arises usually arises due to some additional optical forces in the system, which
are associated with an optical loss. For example, one possible origin of this force in our system is the light
being absorbed in the mirror, which causes it to heat, thermally expand and, consequently, exert a force on the
acoustic mode. There are two main distinguishing factors between the photothermal force and the standard
radiation pressure. First: since this force is associated with loss, it is not described by a Hamiltonian; in other

b) As in subsection 6.2.2] the parameters do not precisely agree with the ones presented in the previous section, because the device
was thermally cycled, causing slight mechanical changes. This is especially apparent in the optical linewidth, which is larger than
the range given in subsection @ most likely due to the cavity misalignment.
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Figure 6.4: Amplitude (top) and phase (bottom) of the relative mechanical response amplitude a,¢ extracted
from the fits like the one shown on the right. The horizontal axis shows the detuning of the control
beam from the cavity resonance A¢on = Veon — Ve- As this detuning is positive, the probe beam frequency is
always lower than the mechanical frequency: €, = v, —Veon = —wm. Solid lines show a fit to the theoretical

(0)

model with only two fit parameters ¢(®) and g¢ Dashed lines show the fit under the assumption of no

pt *
photothermal coupling, i.e., gl()(z) = 0; they almost coincide with the solid lines on the top plot. Different

colors correspond to different control beam powers.

words, it does not have an associated position-dependent resonance frequency shift, so its effects only appear
in the mechanical equation of motion. Second: this force often has some low-pass filtering or delay due to the
slow thermal response. This is in contrast with the radiation pressure force, which is always proportional to
the instantaneous intracavity power.

To account for the delayed nature of the photothermal force, we describe its behavior with a relaxation
differential equation

7_ptﬁ‘pt = _Fpt + Gptfl, (610)

where Fpt is the photothermal force, 7, is the thermal reaction time, 1 = ata is the intracavity photon number
(@ is the annihilation operator for the intracavity field) and Gy is the DC proportionality coeflicient between
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the photon number and the photothermal force. In the Fourier domain this equation can be easily solved:

N G
Fot [w] = t

— TRt ary). 6.11
1—z‘w7pt”[w] (6.11)

Since we are only interested in the force in a small frequency band around 4wy, ¢ (where it can efficiently drive
the mechanical motion), we can substitute w & wp, g in the denominator of the expression above and transform
back into time domain, obtaining

. Gpt

Fpt(t) =

A _ (0)

pt
with 91(32) denoting the effective photothermal single-photon coupling, which in general can be complex (signifying
the delayed response). The acoustic frequency in our system is fairly large (~ 300 MHz), so we expect the

thermal reaction 7, time to be much longer than the acoustic period. Hence, we can assume wp, ef7pt > 1 and

simplify 91(9?3) ~ iGpt/(Wmefi Tpt)- Since Gpy is real, we find that gl()(g) should be purely imaginary.

Now we can add the photothermal force into the mechanical equation of motion (2.50)), which turns into

o= (77“1 n iwm) b—ig®ata — iFy + /A
= - (%n + iwm) b—i(g™ + gl(,(t)))dT& + vV Am7)- (6.13)

The optical equation of motion stays the same as before (c.f. (2.49))):

o = —gA —ig®a (13 + BT) + V/Fext@ine 0. (6.14)

We dropped the input vacuum noise terms éint, éext to underline that the present treatment is not applicable
in the quantum domain. Note that g}(ﬁ) enters the equation for b, but not for a.
Given this alteration, the OMIT/A derivation follows very closely the one presented in chapter The

important differences are in the definition of the optomechanical self-energy (equation (2.87))
o] = —ilal? g (g9 + g5) Ceelw + A] = xelow — A)) (6.15)

(the expressions for ymef and wmpes in terms of X stay the same) and in the OMIT/A relative amplitudes

(equations ([2.146]) and (2.147))):

2 (a2 4O <g(o) n 91(32)) [
- Xc

Qrel,+ = A+ wm’eﬁ‘] (616)
Ym,eff
21l 9@ (99 + (o))
Qrel,— = o Xe[A — wm o] (6.17)

The only difference is the replacement of ¢(® in one of the terms by the full optical single-photon coupling

g + 4.

6.2.5 Optomechanical coupling results

The data presented in Figure was fit to equation (6.17), and the solid lines show the resulting fit. This
fit describes well both the amplitude and the phase of the response. The only two free parameters in the fit

were the two coupling rates g(U) and 91(32) and their resulting values are g(o) — 97 (3.18 + 0.2) kHz and
gW =i 2m - (0.97 + 0.05) kHz.

(0)

pt

(0)

91t is only possible to fit them independently, because g(®) is real and g ot

complex number), the fit would be under-constrained

is imaginary. If both were real (or g,,’ was a generic
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Figure 6.5: Calculated values of ¢(® as a function of reflection phase ¢ (where a perfect mirror corresponds
to ¢ = 0) for different values of the mode number mismatch Any ;. The vertical dashed line shows the
value ¢ = —0.247 estimated from the resonant optical wavelengths. The shaded gray area shows the range
—0.37 < ¢ < 0.37 estimated from the mismatched mechanical modes.

The radiation pressure coupling can be calculated theoretically using the approach outlined in section [4.7
The mechanical and the optical mode profiles are obtained from the known cavity parameters (mirror ROCs and
cavity length) and corresponding wavelengths as described in section The main source of uncertainty in
these calculations is the boundary condition of the optical mode, specifically, its reflection phase ¢(w). While it
can be calculated theoretically from the mirror stack parameters, it does not appear to match the experimentally
obtained optical resonance frequencies, even though the DBR theory correctly reproduces the distance between
the consecutive resonances (i.e., difference in the reflection phase between nearby modes). We attribute this to
the fact that the reflection phase is much more sensitive to the exact DBR parameters, and small imperfections
in the manufacturing process (e.g., varying layer thickness or refractive index) can strongly affect it.

We can estimate this phase by matching the obtained optical resonance wavelengths to the generic resonance
formula , which yields ¢ = —0.247. Using this value, we obtain ¢©) = 2 - 3.32 kHz, which agrees
reasonably well with the experimentally obtained value of ¢(© = 27 - (3.18 £ 0.2) kHz. We can also put a
conservative constraint on the reflection phase by using the coupling to the nominally mismatched acoustic
modes, which is the concept discussed in subsection |4.7.3] Figure shows the coupling to the main mode, as
well as to the four neighboring mismatched modes, as a function of ¢. We assume that we would be able to
observe these mismatched modes if their coupling strength is > 45% of the matched mode (i.e., their OMIT /A
feature size is > 20% that of the matched mode). Since we can not, in fact, detect them, we conclude that
the phase angle ¢ lies in the range —0.37 < ¢ < 0.37, meaning that the coupling to the main mode should lie
between ¢(©) = 27 - 3.15 kHz and ¢(®©) = 27 - 3.6 kHz.

6.3 Mechanical quality factor and heating

6.3.1 Mechanical quality factor measurements

As described in section there are two main mechanisms for the acoustic loss: the intrinsic 3-phonon loss
and the acoustic radiation loss. The 3-phonon loss is discussed in subsection [4.5.1] where it is shown that it
leads to an intrinsic quality factor of Qmint = Xx/T%, with x ~ 118 K%. The radiation loss (subsection |4.5.2))
is temperature-independent, and it can be described by a constant mechanical finesse. A simple helium-glass

interface corresponds to an acoustic finesse F,. ~ 300, which limits the quality factor to Qm raa = ng\a/(;)fac =
5.6-10%. A more precise transfer matrix calculation (subsection[B.5.4)) based on the knowledge of the DBR stacks
yields a slightly higher expected quality factor Qmraa = (7.7 £ 0.5) - 10* (the error comes from uncertainties
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in acoustic properties of the DBR materials); for details of this calculation, see Ref. [14I]. Combining the two
loss mechanisms, we obtain the relation for the total quality factor:

1 1 1 T4 1

Qm Qm,int Qm,rad X Qm,rad ( )
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Figure 6.6: a) Mechanical quality factor @, as a function of mixing chamber temperature Tyic for various
total incident laser powers P.. The black line shows the total expected quality factor udner the
assumption T' = Tyic; the dashed blue line denotes the radiative loss Qm rad, While the dashed red line
denotes the intrinsic loss Qm int. The solid lines are fits to the heating model .

b) Mechanical quality factor @y, as a function of the circulating photon number 7. for various total incident
laser power Pj.. The blue dashed line is the same as in (a). The solid lines are fits to the heating model
(16.50)).

To systematically investigate the acoustic loss, we performed OMIT/A measurements while varying the
mixing chamber (MC) temperature Tyic, the average intracavity photon number 7., and the total incident laser
power Pi.. The results are summarized in Figure The first plot (Figure [6.6h) shows the measurements
done when P, and the control beam detuning Ao, were held constant (so that 7. was constant as well),
while Tyic was varied. While the general behavior qualitatively agrees with the theoretical predictions (black
line), the quality factor is consistently lower than expected. Furthermore, it seems to be generally lower for
larger laser power P.. All of this suggests that there is some additional heating inside the device, and that
the equilibrium helium temperature T is higher than Tyc.

The second plot (Figure [6.6b) sheds some more light on the potential loss mechanism. Different datasets
shown in this plot are obtained for constant incident powers P, and for slightly varying (but low Tyic <
100 mK) mixing chamber temperatures; changes in 7. were achieved by altering the detuning of the control
beam Acon. Since this beam’s contribution to the total circulating photon number scales as |x¢[Acon]|? ~
1/((k/2)?+ A2 ) (where £ is the optical linewidth), this allows us to change 7. by a factor of ~ (2w, /k) =~ 80.
The quality factor shown in the plot demonstrates a clear decreasing trend for growing circulating photon
number, which suggests that the heating power scales with n.. In addition, it also goes down for higher
incident powers given the same ., so the heating power must also have some contribution due to Py, which is
independent of 7.

Combining the two heating sources, we can construct the expression for the total heat load:

D = pPie + vhwy KintTic. (6.19)
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Here wr, is the laser frequency and ki, is the internal loss rate of the optical mode, so that hwpkintnc is the
power lost inside the cavity (i.e., the power contained in the light leaving the cavity but not returning back
into the propagating fiber mode). The two coefficients p and v, denote, respectively, the fraction of the power
incident on the cavity and the fraction of the power dissipated inside the cavity which contribute to heating.

6.3.2 Heating model

| ferrule |
d ) i cavity i
fiber fiber

[ helium sheath”

b) < 3 mm 70 um i412.5 pm !
TMCE 125 pm Teav ¢ E Tuc
C) i Teav
: °
| i C.

Figure 6.7: a) Schematic of the device (not to scale). The heat load is located inside the cavity (at temperature
Ttav), which is connected to the helium outside (at temperature Tyc) via long narrow sheaths filled with
helium.

b) Simplified geometry of the setup, along with the relevant dimensions.
¢) The heating model. The cavity is modeled as a point heat capacity, which is connected to a reservoir
through a one-dimensional heat-conducting channel.

To quantitatively describe the heating effects, we have developed a simple model of heat transport in the
device. The steady-state solution of this model yields the dependence of the device temperature Tc,, on the
heat load ® and the temperature of the mixing chamber Tyic. The dynamical solution provides an expression
for the thermal relaxation time of the helium inside the cavity, whose subsequent experimental measurements
allow us to place additional constraints on the system parameters.

Heat transport equation

First, let us define the geometry of the device. Its general layout is shown in Figure [6.7h, and the simplified
version in Figure [6.7p. The cavity is a cylindrical volume of helium confined between the two fiber faces inside
the ferrule. It is thermally linked to a larger volume of helium outside the ferrule via two identical sheaths.
We assume that the helium outside the ferrule has large heat capacity and a good thermal link to the mixing
chamber, so its temperature does not depend on the power dissipated inside the cavity and is the same as the
mixing chamber temperature Tyic.

Figure [6.7c shows the final simplified model. Since both sheaths are nearly identical, we replaced them with
a single sheath with doubled cross-sectional area; due to its extreme aspect ratio, we can treat this sheath as
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a one-dimensional channel with a heat capacity per unit length C; and a thermal resistance per unit length
R;. Next, because the sheaths are long, narrow, and have low thermal conductivity, we can assume that the
temperature inside the cavity is approximately homogeneous, so we can treat it as a point object with a heat
capacity Cy. Thus, the whole system is represented as a point heat capacity located at = [ and experiencing
heat load ®, which is connected to a reservoir at £ = 0 through a 1D channel. The reservoir is maintained at a
constant temperature Tyic.

If we denote the temperature-dependent specific heat (per unit volume) of helium by ¢y (7') and its thermal
conductivity in the channel by x(T'), we get for the parameters above

Co(T) = Vaver (T) (6.20)
C(T) = Agnev(T) (6.21)
Ry(T) = (Aans(T)) ™! (6.22)

where V_,y is the volume of the cylindrical cavity and Agy, is the combined cross-sectional area of the sheaths.
The two equations governing the heat transport in the channel are[I54]

1 or
S il 6.23
= "R oz (6.23)
aoT 07
(T = - 6.24
( )815 ox ( )
The first equation relates the heat current j(z) and the temperature gradlent (p081tlve values of j denote

heat flowing in the positive x direction, i.e., from the reservoir into the cavity), and the second one describes the
heating of the helium inside the channel. The boundary condition at the reservoir is simply 7'(z = 0) = Tc,
while for the cavity it is expressed through a heat flow balance

oT .
(% B )

This last relation shows that the power ® dissipated in the cavity is partially spent on increasing its temperature
and partially transmitted into the channel. Because the thermal conductivity x and heat capacity cy are
temperature-dependent, the equations above are in principle non-linear. Nevertheless, since both parameters
have the same dependence ¢(T) = 0y T2, k(T) = ey T3, we can transform the equations into linear ones with an
appropriate substitution. For that, we express the material parameters as

(6.25)

=l

Co(T) = Veavev (T) = 6oT° (6.26)
CT) = Agney (T) = §T° (6.27)
R(T) = (Aawr(T)) " = (eT°) 7, (6.28)

where dyp = Veaydy, 0 = Aghdy and ¢ = Aghey. Substituting these expressions into equations (6.23)), (6.24]) and
boundary condition (6.25]), we obtain

. _ 3o+ d
jlz) = —aT 5 T (6.29)
9j  ..50T 5 0(T
oT 80 O(T?)
O = (6T°—= — — — 31
(50 8t > x=l ( 4 8t ]> x=l (6 ’ )
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Denoting v = T4, ug = Tf;[c, and using the first equation to express j leads to

ou € 0%u
ul,_o = uo (6.33)
ou € Ou 4®
eI S = . .34
(at % ax> Ll 5% (6.34)

Thus, the heat transport equation is expressed as a one-dimensional diffusion equation with the diffusion
coefficient D = ¢;/4;.
Steady state solution

First, we consider a steady state solution for a constant heat load ®. The diffusion equation turns into % =0,
which has the general solution © = a + bz. The boundary condition at x = 0 immediately yields a = ug = T&C.

From the second boundary condition we find b = % = %, which results in
4P
u(x) = up + —x, (6.35)

€1
From this, the temperature of the cavity can be determined as

40

l

cav

(6.36)

This relation provides the necessary connection between the mixing chamber temperature Tjyic, the heat load ®
and the device temperature Tgsy,. Together with equation (6.19)), it can be used to model the heating behavior
demonstrated in Figure (see subsection [6.3.3)).

Transient dynamics

Next, we investigate the dynamics of this system. We consider the system to be in the steady state derived
above, and then abruptly turn off the power source at ¢ = 0. With then expect the cavity temperature to decay
to Thvc exponentially with some characteristic time 79, which we want to determine.

To find the time evolution of the temperature we use the eigenfunction expansion of the solution:

u(z,t) =ug+ Y _ Tn(t)vn(z), (6.37)

where v, (x) is an eigenfunction of the Laplace operator with the appropriate boundary conditions

9%,
vn(0) = 0 (6.39)

= 0. (6.40)

@& @ o
(5[ 8372 (50 ox
If we denote )\, = k2 (choosing the opposite sign A\, = —k2 results in the inability to satisfy both boundary

conditions simultaneously, as well as an exponentially diverging time evolution), we get from the first two
equations that v, (x) = sin(k,x). The boundary condition at x = [ restricts the values of k,

=l

€l
0y

k2 sin(knl) + %kn cos(kal) =0, (6.41)
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which can be rewritten as

(knl) tan(kpl) = ry (6.42)
with ry = % = l‘é—:}: = % is the ratio of the sheath and the cavity volumes. The solutions for this equation
exhaust all of the values k,,.

Now we can substitute the expansion back into equation ((6.32)) to obtain the equations for the time-dependent
parts T,,:

ou € 0%u
= - = A4
ot 0; Ox? (6.43)
oT,, € v, € 2
n n n
As the eigenfunctions are orthogonal,@ equation (|6.44]) has to be satisfied for each T,, independently
8Tn Elki Tn
—n__Zmp o __ N 6.45
ot &6 " Tn’ (6.45)
where 7, = q‘% is the characteristic decay time. The solution for this equation is
Ty (t) = T,,(0)e ™™, (6.46)

We are mostly interested in the longest relaxation time 79 corresponding to the smallest value of k,,, which we
denote as kg

o 1
= ——. 6.47
70 e ]'6'(2] ( )
With several percent error, ky can be approximated by
9\ 2
(kol) 2 ~ <> + 7y, (6.48)
T

so the relaxation time becomes

€ 4 §T31 (4 c? (4 Can (4
=g (o) =g (e o) =5 () == (o). (6.45)
where Cy, = cAg,l = 6T is the total heat capacity of the sheath, and Ky, = kAq,/l = ¢T3/l is the total
thermal conductance of the sheath.

The expression above for the thermal relaxation time 7y depends only the sheath’s heat capacity, thermal
conductance, and the geometric parameter . The heat capacity of the sheath can be known fairly well, since
it only depends on its volume and the specific heat of liquid helium, which for low temperatures is well known
[113]. Thermal conductivity, however, is much harder to evaluate a priori, since it depends upon the particular
geometry of the conducting channel (which determines the mean phonon travel path between collisions with the
boundaries) and the scattering properties of its wall. Therefore, measurements of 7y can provide an estimate

for the thermal conductivity without the need for any assumptions about the specularity of reflections from the
sheath surface.
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Figure 6.8: Mechanical quality factor @), as a function of the device temperature Tc,, calculated from the
heating model and . This plot shows the same data as in Figures and b, but with a
rescaled horizontal axis; the dashed blue and red lines and the solid black line have the same meaning as
Figure . Marker colors denote the circulating photon number.

6.3.3 Fitting the quality factor measurements

Combining (6.18]), (6.36)) and (6.19)) we arrive at the final expression for the mechanical quality factor in terms
of observable system parameters:

1 1 T 1 1 49
L 1 Jear _ +<ﬂ +Q
Qm Qm,rad X Qm,rad X Me €
1 Ty 41 _
= + —Me + — (M-Pinc + VhUJL’iintnc) . (650)

Qm,rad X X€i

This expression was used to simultaneously fit all of the data shown in Figure[6.6] As independent parameters in
the fit we chose Qm rad (the zero-temperature quality factor describing the radiation loss), v/ (the ratio of the
two dimensionless heating coefficients) and ul/€; (a combined parameter which characterizes the reaction of the
device temperature to a given incident power); their extracted values are Qu raq = (70£2)-103, v/p = 390470
and pl/e; = (12 +2) K*/W. The radiation loss quality factor is in a fairly good agreement with the theoretical
prediction of Quraq = (77 £ 5) - 103 (subsection . The large value of the heating coefficients ratio v/u is
consistent with the idea that a substantial fraction of the power inside the cavity leads to heating, while only a
small portion of the incident power generates heat (i.e., most of the incident power is reflected). The ratio ul/¢
is harder to interpret, since we do not know the heat conductivity €;/l; however, the measurements described in
the next subsection allow us to place some constraints on it, and thus obtain independent estimates of y and v.

dBecause of the non-trivial boundary condition , the orthogonality condition is expressed as f;:ol U (2)Vm (z)dz +
(U/rv)vn(l)vm(l) x On,m, rather than the more common f;:ol Un(2)Vm (x)dx < 0n,m. One can check explicitly that the eigen-
functions v, (z) = sin(kn,x) with the condition on k, given by equation satisfy the first orthogonality relation, but not the
second one. Nevertheless, existence of any orthogonality condition is enough to justify equation .

One way to obtain the correct orthogonality condition is to model the cavity heat capacity as a J-function in the channel heat
capacity per unit length: C[(T,z) = Ci(T) + Co(T)§(x — ). This turns the boundary condition at x = [ into a simple no-flow
condition j|,_, = 0, but forces us to use a generic orthogonality relation f:f::Ol Un (2)vm (2)C] (z)dx = 0. Together with the definition
of C/(T, z), this relation is equivalent to the one presented above.
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Figure demonstrates the final output of the thermal model. There all of the quality factor data presented
in Figure is replotted as a function of the device temperature T¢,, extracted from the thermal model for the
parameters described above. Despite large differences in the circulating photon number and the incident power
shown in Figure all of the data now follows the theoretical curve , provided that the internal helium
temperature T is interpreted as Teay.

6.3.4 Thermal relaxation time

As we mentioned in the end of subsection we can use the thermal relaxation time 7y to determine the
thermal conductivity of the sheaths, which is otherwise hard to calculate.

We measure 79 by changing the circulating optical power (which is proportional to the power dissipated
inside the cavity, and therefore to the heat load ®) and monitoring the response of the temperature-dependent
linewidth of the acoustic mode. The experiment is performed using the OMIT/A technique described in
subsection but with the probe beam frequency being fixed exactly one acoustic frequency away from
the control beam: Q, = v, — Veon = —wm. This way, the magnitude of the OMIA part of the probe beam
reflection (described by equation ) is inversely proportional to the linewidth of the acoustic mode, which
is a monotonic function of the device temperature. Hence, by observing the OMIA response as a function of
time we can access the temperature dynamics. In practice, rather than measuring a step response to a change in
the dissipated optical power, we perform a lock-in measurement in which we sinusoidally modulate the optical
drive and record the magnitude and phase of the response of the OMIA signal amplitude.
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Figure 6.9: Amplitude and phase of the linewidth response as a function of the modulation frequency of the
circulating optical power. The blue line is the fit to a double exponential (6.51)); for comparison, the green
line shows the fit to a simple exponential decay with a time delay, which corresponds to setting 7 = 0 in

equation (6.51]).

The results are shown in figure The data was fit to a double exponential decay with two time scales 75
and 7r and an additional time delay 74

1 1

x 14 iwrs 1 + wwre
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We attribute the longer of the two decay times 75 & 350 us to the thermal response. The shorter time 7 ~ 40 us
is only required to account for the data at frequencies above 2 kHz; it might arise from some other faster thermal
process in the system (e.g., heating of the dielectric stack, or thermal equilibration of the helium inside the
cavity), or from the mechanical response itself. Finally, the time delay 7q ~ 30 ps can be attributed to the
sound propagation delay, as it is comparable to the ballistic phonon travel time in the sheath [/cpe ~ 12 us.
In interpreting the slowest time 75 as the thermal response time 79 we assumed that the thermal response is
the slowest time scale in the system. Indeed, the observed time 75 ~ 350 us is much larger than either optical
(k71 < 3 ns) or mechanical (y,,' < 20 us) lifetime, and we are not aware of any other similarly slow process
occurring inside the device.

Finally, we use the measured value of 79 to estimate the thermal conductance. First, we need to calculate
the heat capacity, for which we can use the known value for the specific heat ¢, /T3 = 8.3 x 1072 J/(mol - K*)
[T13], which leads to the heat capacity per unit volume cy /T3 = 3 x 103 J/(K*-m?). Next, we evaluate the
volumes. The cavity has a diameter of depy = 133 £ 5 um and a length of l..y = 70 pm, so its volume is
Veay = %dgavlcav = (1.0£0.1) x 107!2 m3. The sheaths have the same outer diameter dc,, (which is set by the
inner diameter of the ferrule), inner diameter dg, = 125 pm and length [ = 3 mm; this means that the combined
volume of two sheaths Vg, = Agnl = 2% (d2,, — d% )l = (3.5 + 16) x 107'? m®. The large spread in the volume
estimates is due to the uncertainty in the sheath thickness hgy, = (deay — dsh)/2 = (1.5 + 6.5) pm. From the
volume estimates we obtain 7y = 0.06 + 0.27 and Cy, /T3 = (1.0 = 4.8) x 1078 J/K*. Using the experimental
value for the time constant 79 = 3.5 x 107% s we get Kg,/T% = ¢/l = (2.5 = 7.8) x 107°> W/K*.

Now we can use this value of ¢/l to estimate the heating fractions p and v introduced in equation .
From the experimentally obtained ul/e = (124 2) K*/W we get that u = (2.5 < 10) x 10~% and, consequently,
v ~ 400p = (0.1+-0.4). This agrees with an intuitive expectation that a sizable fraction of the power lost inside
the cavity (in our case, between 10% and 40%) contributes to the heat load. The rest of the optical power is lost
to a combination of surface scattering losses (both due to the surface roughness and the mirror misalignment)
and coupling into the non-propagating fiber modes (i.e., imperfect matching between the cavity mode and the
traveling fiber mode).

Another way we can assess the validity of these thermal conductivity estimates is by using the theoretical
expression for the thermal conductivity of a cylindrical channel[I55]:

(1) = ge(Tencda ™.
which is applicable when the phonon mean free path is limited by scattering at the channel boundaries. Here
den is the diameter of the channel, and f is the fraction of diffusive phonon scattering events at the channel
walls (the rest of the scattering events are assumed to be specular). This equation can be rewritten as

2-f_ 3 (@) (6.53)
f cteden ¢(T)

We can apply this formula to the sheath by using equation (6.49)) to express the ratio ¢/x. With that, we find
2 — 3 2[4
! ( +7~V) | (6.54)

/ cHeden To \ 7
If we approximate d, by twice the sheath thickness (to account for the non-cylindrical channel shape) dg, ~
2hgy, = (3 + 13) pm, we will find that the diffusive scattering fraction f is between 3% for the minimal sheath
thickness of 1.5 um and 20% for the maximal sheath thickness of 6.5 ym. These values appear reasonable for

the optically smooth glass surfaces of the ferrule and the fiber and a typical wavelength of thermal phonons

A = 2428 > 10 nm for T < 0.4 K.

(6.52)

6.4 Performance and limitations

Now that we have described the device performance, we can ask how well it performs as a quantum optomechan-
ics device. To provide a quantitative answer, we analyze two figures of merit: the optomechanical cooperativity
C (equation (2.152))) and the thermal optomechanical cooperativity Cy, (equation (3.1))).
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Figure 6.10: Cooperativity (left) and thermal cooperativity (right) of the first generation device as a function
of the circulating photon number. In both plots dashed lines assume that all of the incident laser power
is contained in the control beam, while solid lines assume that 10% of the total incident power is in the
control beam. The yellow markers in both plots show the experimental results in our system for the highest
achieved cooperativity. All of the plots assume Tyic = 0.

Both of these quantities grow with increasing circulating power. However, in our case heating due to the
optical absorption leads to an increase of the helium temperature. As a consequence, the mechanical linewidth
also increases, which causes the cooperativities to go down. Since the extra mechanical damping is proportional
to the dissipated power, these two processes end up compensating each other, so the cooperativity saturates
at high circulating powers. However, the thermal cooperativity has an extra factor of 1/nhm, so at high

1/

temperatures it starts decreasing: Cy = C/ngnm < 1/ o fic 4 Therefore, it will have a maximum for some
circulating photon number.

Figure summarizes these processes and shows the dependence of both cooperativities on the circulating
photon number. Since the heat load depends both on the circulating and on the incident power, we need to
make some assumptions about the latter. The dashed lines show an ideal situation where all of the incident
optical power is contained in the control beam. The solid lines depict a more realistic case where only 10% of
the incident power is in the control beam. This is the highest reasonable fraction in the M approach that we
use, and is the highest fraction used in the experiments. The yellow markers show the best performance that
we observed in the experiment, which corresponds to the OMIT/A sweeps at the top of the red curve in Figure
The cooperativity (left plot in Figure was directly extracted from the OMIT/A feature size (equation
(6.17)), and the thermal cooperativity was estimated assuming the mechanical bath temperature to be equal
to the device temperature extracted from the theoretical model. The measured cooperativity C =~ 0.04 matches
fairly well with the expectations. However, both this observed value and the ideal saturation cooperativity
C =~ 0.2 are still significantly below 1, and the maximal thermal cooperativity is even lower (for comparison,
cooperativities above 10* are routinely achieved[82] [156], [157], and the highest observed thermal cooperativity
is 250[157]). This means that this device is still not well-suited for the quantum optomechanics applications.
However, there are some straightforward ways to improve the performance, which is why we manufactured a
new version of the device. The description of the new device and of the new experiments that we were able to
perform with it is presented in Chapter
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Chapter 7

Undriven motion measurement theory

In this Chapter I will expand the general treatment of the undriven mechanical motion measurement given in
section to make it more applicable to the experiments performed with our superfluid helium device. We
address four main points:

e We introduce the double control beam measurement scheme designed to simultaneously measure both
motional sidebands in the resolved sideband regime, which allows for easier and more direct observation
of sideband asymmetry (section [7.1]).

e In addition to calculating the outgoing radiation, we also consider the measurement process and derive
expressions for the photocurrent correlators (section [7.2)).

e We introduce another measurable quantity: the sideband cross-correlator, and we discuss its interpretation
and its quantum signatures (mostly discussed in subsection [7.2.2)).

e Finally, we take into account the photothermal coupling, and determine how its presence affects measure-
ment results and interpretations (section [7.3)).

As only a handful of results derived here are actively used in the following chapters, I briefly summarize
them in section [7.4l

7.1 Double control beam scheme

First, we lay out the double beam measurement scheme and describe the corresponding system dynamics, which
ultimately lets us produce an expression for the outgoing radiation. The derivation is going to follow closely
the one presented in chapter [2] specifically sections [2.3] and

7.1.1 Measurement schematic

One of the main goals of the experiments described in this work is to observe quantum optomechanics effects,
starting with the sideband asymmetry. By sideband asymmetry we mean the perceived difference of one
phonon between the Stokes and anti-Stokes sidebands, which is discussed in subsection To measure this
asymmetry, we need to detect undriven motion in both mechanical sidebands.

A standard way of observing undriven mechanical motion in the resolved sideband regime is shown in Figure
. There, a single drive (usually called the “measurement” or “control” beam) is detuned from the cavity
resonance by about the mechanical frequency, so one of the motional sidebands (the one which is closer to the
resonance) experiences a resonant cavity enhancement. However, this scheme does not allow us to detect both
sidebands efficiently, because the off-resonant sideband (in Figure this is the anti-Stokes, or “red” sideband)
experiences very strong cavity filtering by a factor of ~ (4w cfr/%)? & 3000. To detect this other sideband, we
add a second control beam at a detuning +wmy g as shown in Figure . This way, each beam produces a
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Figure 7.1: a) Optical tone configuration for the measurement of the undriven motion. The horizontal axis is
scaled in units of optical cavity linewidths. Tones detunings and the mechanical motion linewidth are not
to scale (except for the locking beam).

b) Optical tone configuration for the simultaneous measurements of both mechanical sidebands. The
horizontal axis is scaled in units of optical cavity linewidths. Tones detunings and the mechanical motion
linewidth are not to scale (except for the locking beam).

single resonant sideband, which is different for different beams. As an added benefit, both mechanical sidebands
are produced and measured simultaneously, so they represent the same mechanical motion. This means that in
addition to measuring their individual PSDs we can also calculate their cross-correlator. As we show in section
[7-2] this quantity allows us to extract the correlations between the mechanical motion and the optical vacuum
noise, which reveals thr action of RPSN on the mechanical oscillator (discussion of a related quantity, an optical
quadrature correlator, and its relation to the RPSN, is given in Ref. [I5§]).

The double beam technique has already been demonstrated in Ref. [I2], and a similar scheme involving
switching detuning of a single control beam has been used in Ref. [80]. The latter scheme, however, is less
convenient for us, as it does not allow for measuring the sideband cross-correlator (since the sidebands are
measured one at a time). A different approach to simultanous measurement of both sidebands is to apply a
single control tone close to the cavity resonance to have approximately equal filtering of both sidebands. It has
been adopted in many experiments[81], 83], [82] [156] [159], one of which[I59] also demonstrated measurement of
the sideband cross-correlator (via the optical quadrature correlator). However, a combination of high sideband
resolution (wy,/k ~ 15) and strong optical heating prevents us from using this method efficiently.

To describe the scheme more quantitatively, let us denote the frequencies of the “upper” and “lower” control
beam as respectively weon,u and weone. Thus, we expect the Stokes sideband coming from the upper beam to
lie around Weon,u — wWmer and the anti-Stokes sideband of the lower beam to be at weon ¢ + wWmer. If we choose
the beams corresponding detunings such that Ay = weonu — Weo = Wmet a0d Ay = Weon g — We) X —Wi eff 5
both of these sidebands will be close to resonance. To resolve them, and to avoid complications arising from a
mechanical squeezing Hamiltonian [160} [161], 162] [163], we slightly shift them away from each other by increasing
the frequency difference between the two control beams: |Ay|+|A¢| = Weon,u —Weon ¢ = 2wm eff +0, so the distance
between the two sidebands becomes d. To keep the sidebands well resolved, but still both resonant with the
cavity, we require vy o < 0 < K. It is possible to do this in our system thanks to the large difference between
the optical linewidth x ~ 27 -20 MHz and the mechanical linewidth vy, e ~ 27 -3 kHz. In the end, we typically
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set 0 = 27 - 200 kHz.

7.1.2 Equations of motion and linearization

In order to describe the measurement process, we start with the standard optomechanical equations of motion
(12.49), (2.50):

X K. . ~ (s 3 A o )
i = —ga—igWa b+t ) t /Aintint + v/extbext + v/Fextine T (7.1)
— <77m + zwm> b—igWala + VY] (7.2)

Here @ and b are respectively the optical and the mechanical annihilation operators, ¢(?) is the optomechanical
couphng, Kint and Kext are the internal and the external optical loss rates with the corresponding vacuum noise
inputs fmt and fext, ain is the external classical drive, Kk = Kint + Kext is the total optical loss, wy, and 7y, are the
mechanical frequency and damping, and 7 is the mechanical thermal noise drive. The first equation is written
in the frame rotating at the bare cavity frequency weo, hence the et™<! factor in front of aiy,.

Next, we specify the optical drive. It is comprised of two control tones denoted “lower” and “upper” in
Figure [7.1, with the corresponding detunings A, and A,; the later discussion will assume that Ay ~ —wyy,
and A, & 4wpy. Denoting the tones’ amplitudes by ain¢ and ainy, we can express the drive as ain(t) =
Gin g6~ D0 4 i g,

After that, we apply the usual expansion of @ in powers of ¢(9), as in section The zeroth order only
includes the coherent drive and not the vacuum noise, and results in the equations of motion

a = —ga —igDa(b+ b*) + \/Fext@in (7.3)

h — Jm —iad©@1q2
b = (2 —l—zwm)b ig™|al”. (7.4)

The radiation pressure force in the second equation —ig(o)]a|2 has two components: one static and one at
frequency |Ay — Ay| & 2wy,. Since both of these are far away from the mechanical resonance, and the radiation
pressure force is relatively small, we can ignore them in our case and simply assume b = 0. To put it more

0) _
4" p., where
Wm

quantitatively, these forces result in a dimensionless mechanical displacement on the order of zy ~
Ne = W is the average intracavity photon number. We can ignore this displacement when considering the
optical mode if its contribution to the cavity detuning is less than a cavity linewidth: 29¢(®) < &, which results

in ne < 0 (0)) For our system this bound is about 4 - 108, which is much higher than the maximum circulating

photon number used in the experiment 7. < 10%. Thus, ignoring the static mechanical displacement is justified,
and the zeroth order solution for the optical mode becomes

a = age P4 g e Bt (7.5)
_ V Fext@in, ¢

= Y = = 7.6

a H/2 — iAg ( )
_ _ V/FRext@inu

ay = /2 — Dy (7.7)

Next, the linearized equations of motion are

Ci = —gd - ig(o) (éT + é)d(t) + Méint + V Rext Aext (78)
¢ = (%m + zwm) ¢—ig©(@*(t)d + d'a(t)) + v/ Ami, (7.9)

where d and ¢ are the first order expansion terms for the optical and mechanical modes respectively.
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It is convenient to introduce a combined vacuum noise operator

€ = (VFextEext + v/Fintint)/ VE. (7.10)

Because Kint + Kext = K, this operator has the same correlation properties (2.11)-(2.13) as fim’ext. Equation
(7.8) for the optical mode can be rewritten as

d = —gd—m@Mﬁ+@mo+V%é (7.11)

After applying the Fourier transform (specifically, the “noise” Fourier transform defined in appendix [A.2.2))
and using some of its properties described in appendix the equations of motion become

(g—wgﬂq = —ig® (a (elw - Ad+ &llw = AJ) + au (oo — A + T — A ) )
V] (7.12)
(%Lﬁ@—wwym]: 4¢®@w@+MH@m@+AJ+@$p—Ad+%$p—A@

v mw]. (7.13)

7.1.3 Solution, dynamical backaction and outgoing field

To solve equations , , we substitute the expression for d (i.e., equation ([7.12))) into the equation for
¢ (i.e., equation (7-13)). This produces 16 terms containing mechanical motion (¢ or é'), which we can divide
into several categories. First, there are 8 terms involving ¢!. If the mechanical sidebands are far from each other
(|Ay — Ay — 2w | > Ym efr), these terms are off-resonant for the mechanical mode, and can be ignored. Of the
remaining 8 terms, 4 include beating of the sideband of one control beam against the other beam, which would
result in expressions like ¢lw £ (A, — Ay)]; since Ay — Ay = 2w > Ymefr, these terms are also very far off
resonance and can be neglected. The last 4 terms produce a combination of the standard dynamic backaction
effects of the beams (two terms per beam), and thus should be preserved. With the addition of the vacuum
noise term, we obtain the following equation for the mechanical mode:

(B —itw—wm)) el = (92 (jael(xelw = Ad] = xelw + Ad))
Flau 2 (xelw — Au] = xelw + Au))) &[]
—@@(@QW+AA+@@W_AA
+ande[w + A + Gudfw — Au])
TVl (7.14)

Here x.|[w] = (k/2 — iw) ™! is the cavity susceptibility, and (fé[w] = Ye|w]y/F€[w] are the vacuum fluctuations of
the intracavity field.
As in section [2.5] we can rewrite the mechanical equation of motion as

twl = Xmeti[w] (—iFRPSN[w] + Fth[w]) : (7.15)
where the modified mechanical susceptibility is
Nmett] = (/2 = 80 — wm) + Zw]) ™ & (et /2 — i@ — wmett) (7.16)
with the mechanical linewidth and the mechanical frequency modified by the dynamic backaction:

TYmeff = Ym — 2ImY [Wm,eff] = Ym + 5’7m,eff (717)
Wmef = wWm + ReX[wm ] = wm + 0w efr- (7.18)
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The self-energy |w] for the mechanical system is defined as
Slw] = i(g)? (Jae* (xelw — Ad = xelw + Ad) + [Gul* (Xelw — Au] = Xelw + Au])) , (7.19)

which is simply a sum of two contributions like (2.87]), one for each beam. In the same vein, the radiation
pressure force is

Frpsn[w] = g (52625 [w + Ad + @gdlw — Af + ajdelw + Ay] + audfw — Au]) , (7.20)

which is, again, a sum of two radiation pressure forces like (2.86)). Finally, the thermal force is exactly the same

as before (equation ([2.85))):
F[w] = Amiw]. (7.21)

Note that the radiation pressure is still Hermitian: F&PSN [w] = Frpsn|w].

Now we are ready to find an expression for the intracavity field. Because we focus on the part of the
spectrum close to the optical resonance w =~ 0, we can neglect the other two sidebands: the red sideband of
the lower control beam, which corresponds to é'fw — Ay] ~ é/[4+wm] ~ 0, and the blue sideband of the upper
control beam, corresponding to ¢jw — Ay] & ¢[—wn| ~ 0 (in addition, as we mentioned before, these sidebands
are strongly filtered by the optical cavity response). The optical field thus becomes

dl] ~ xelo] (=ig® (@t — A+ aélfw — Al]) + Vi) (7.22)

Finally, the outgoing field can be calculated using the input-output relations ({2.8]):

dout = éext - \/@d
= ot = Vitaxelw] (—ig @ (aelw — Ad + auéllw - Ad)) + Vieé) (7.23)

The mechanical annihilation operator spectrum has peaks at +wp, o, While the creation operator (being its
Hermitian conjugate) is peaked at —wp, og. Thus, if we denote the location of the red sideband (coming from
the éf term) as w, and the location of the blue sideband (which comes from the ¢ term) as wy,, we get

Wr = Ay — Whe (7.24)
wh = A+ wpes- (7.25)

Because of the earlier choice of Ay ~ —wy, and Ay &~ +wy, both of these frequencies are close to zero.

7.2 Photocurrent PSDs and a cross-correlator

7.2.1 Relating photocurrent to the outgoing field

Next, we need to relate the photocurrent PSD and cross-correlators to this outgoing field. As shown in equation
(C.5) from appendix the photocurrent PSD can be found as

Silel = GZaorol (S 4.1 —worol + S 4 [-w—woro] +1), (7.26)
with the outgoing field spectrum defined as
Sitdna 9] = {dhlldoni[—])- (7.27)

In the following discussion we assume a negatively detuned OLO, that is, wor,o < 0 in the cavity frame.
Now, let us consider what would be the photocurrent i(¢) and its corresponding Fourier transform iw].
After mixing with the optical local oscillator, we expect the two mechanical sidebands of interest to be located
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around w;, — woro (i.e., the distance between the OLO at woro and the sidebands at wy1,). Hence, we can
define the shifted “local” Fourier transforms

irp[0w] = ilwr), — woro + 0w (7.28)

(note that unlike i[w] these do not correspond to any real function of time, so in general i, [w] # (i;[—w])*). The
PSDs of the sidebands are then described by

SEw] = (i:[0w] (i [dw])*) = Sii[~woro + wi + dw]
= G*laoLol® x
X(Sgiwgout[—%om + wy + dw] + Sdiutadout [—wy — 0w] + 1) (7.29)
SEV0w] = (infow](infdw])") = Sil-woro + w + du]
= G*laoLol?® x
x(Sczlwdout[—QwoLo + wp + dw] + Sdlutadout[_wb —ow] +1). (7.30)

Here SZ(; ) [0w] and Sgo b) [0w] are the PSDs of the red and the blue sideband respectively, and dw is the frequency
shift in the PSD from the sideband maximum.
While the second terms in the parentheses S; s t[—wr’b — dw] correspond to the optical spectrum close

out 0

to the cavity resonance, the first terms probe the spectrum roughly 2woro away from the cavity resonance,
and therefore are insensitive to the cavity dynamics (more rigorously, the cavity susceptibility in the expression
(7.23]) is very small). Moreover, because of the normal ordering of the operators in S the vacuum noise

dout )dout

terms é do not contribute. Thus, it is clear that Sy . [2woro] & 0, and the PSDs simplify to
outou

5 [w] =~ G? laoLo |2(S

(L dAlut 7dAout [

[~y — 0w] + 1). (7.32)

—wy — 0w] + 1) (7.31)
Si(zbb)[éw] ~ GQ\aOLOIQ(SJ

T N
out 7dout

Next, we turn to the cross-correlator between the two sidebands. It is natural to define it as
ST w] = (ip[swlid[—dw]) = (i[~woro + wb + dwli[—woro + wr — 6w]). (7.33)

Note that 4, is not complex conjugated, because it comes from ¢ rather than é. Similar to equation (C.4) from
appendix we can use the definition of the Fourier transform i[dw] to express the result above through the
time correlator Cy;(t, 7):

—+o00
Si(irb) [bw] = Ciil(t, T)e"(*%OLO+"Jr+°’b)tei(”b/Q_wr/Q*"sw)TdT

—0o0

= Gz(a6L0)2 X

[ (e (14 3)) (e, (1 ) ) 2y (7.39)

—0o0

This expression can be greatly simplified if we recall from input-output theory[2] that the commutation relations
of the outgoing fields are the same as the incoming ones. This implies that ciout (just like fext) commute at
different times, so the time ordering inside the ensemble averaging is irrelevant. Therefore, we can apply the
Wiener-Khinchin theorem again and arrive at

Si(irb) [bw] = G2(“6Lo)2< Aout [wp + &u}dout [wr — 5w]>. (7.35)
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7.2.2 Correlator values and interpretation

Now we have everything we need to calculate the PSDs (7.31)), (7.32) and the cross-correlator (7.35]) for the
optical field ([7.23]) obtained earlier.
We start with the sideband PSDs Sgr) and Si(ib b), which is proportional to S

out 7dout

due to the normal ordering the terms containing the vacuum noise é do not contribute. Thus, we are left with

[w]. As noted before,

W = (dhlwldoni[w])
= ot el wlP(0)? (el Sercleo + Adl + 12zt [ + Au]) (7.36)

S .

d::tut ’Czout

We have also omitted two other terms involving the mechanical motion: a}as(¢jw + Ay]é[—w — Ay]) and
ayan(e'fw + Aglé[—w — Ay]). While not strictly zero, these terms are nevertheless small because the mechanical
susceptibilities of the two terms in the product do not overlap. For example, in the first expression the two
mechanical terms are centered around w = wy — Ay = —wy and w = —wy — Ay = —wy; as we are working in the
assumption |wy — wp| > Ymer (well resolved sidebands, as discussed in subsection , the product of these
two terms is always small.

Now we need to calculate the mechanical motion correlators:

Setelw] = Ixmer[-w]*(SE 2" w] + S plw)) (7.37)
Seetlw] = Ixme[+w]P(SERNW] + S 5 W]). (7.38)
The PSD of the thermal force is given by equations (2.117)), (2.118):
S%htp[w] = TmNth (7.39)
Sp el = ym(nn +1), (7.40)

and the spectrum of the radiation pressure is similar to equation (2.119)):

SENW] = <FRPSN[W]FRPSN[—W}>
(9% (|ael’Ixelw + Ad P + |@ul*xelw + Ad]?) - (7.41)

Like in section [2.6] its antisymmetric part still satisfies the criterion

S??N[Wm,eff] - S??N[_Wm,eﬁ“] = (g(o))z"<a (‘aE‘Q(‘XC[wm,eﬁ + Af]|2 — [Xe[—Wm,eff + AKHQ)

"“au’Q(’XC[wm,eff + Au”2 - ‘XC[_wm,eff + Au]‘Q))
= —2ImY[wm eff] = IV eff- (7.42)

We can once again define the effective RPSN phonon bath occupation ([2.127))
SII;}PI);ﬂSN[_Wm,eH]
NRPSN — ’ 5 (7.43)
Ym,eff

which results in exactly the same results for the mechanical motion PSD as before (equations (2.129) and
(2.130)):

Nm Ym,eff
SAT Al = 2 744
¢ ,c[ ] 7r2rl,eﬁ/4 + (w + wm,eff)Z ( )
1
Saetlw] = (m & 1) et

71211763/4 + (w - wm,eff)Q
nRPSN(S’Ym,eff + TNth,mYm

Ym,eff
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With these spectra the PSD of the outgoing field is

Sdlut,dout[‘*’] = Fealxe[~w][*(g'9)? x
— 12 T VYm,eff 9 (nm+1)7meﬁ
X aﬂ 5 + a 7 | 7‘46
( | Tmer/4+ (@ +wp)? o Yo/ 4+ W+ wr)? (7.46)

As expected, it is comprised of two Lorentzians centered at w = —w, and w = —wyp. From (7.31)), (7.32)) the
photocurrent PSDs of the individual sidebands are

T _ m"‘l)'}/meﬁ

S5l o~ G2 2 [ oo Irelin] P(g@)2 |y 2T DYmett 7.47
(1) 5] lorof” | rexxeliae (0l 5" R (7.47)
gbb)rs 1 o2 2 [ jooe e wn]12(g(0)2 | |2 ety ) 7.48
0w lorof? | rexlxelin] Ho a5 s (7.48)

Both are Lorentzians with shot noise background, and with area under the Lorentzian proportional to n,, or
nm + 1 for the blue and the red sideband respectively.

Now we switch to the cross-correlator ((7.35)), which is proportional to <ciout [wh + 5w]ziout [wr — 5w]>. Because

the normal ordering is not enforced, there will be terms involving the vacuum noise:

<czout [wp + 6] doyt wr — M)
~ —Rext (Xelwilxelwn]) (9'7)ar@uS; ot [win,eft + 0]
i ( (Gontlon + 8] = VRemarixcleon €y, + 0]
% (Vieaxelwrlg® (aue! [~wmer —60])) ) (7.49)

The first term is just the mechanical motion PSD, similar to the sidebands’ PSDs (as before, we assumed
dw ~ Ymet < |wr — wp| and neglected all off-resonant mechanical terms). The second term involves the
correlations of the optical vacuum fluctuations with the mechanical motion, which are non-zero because the
mechanical oscillator is driven by the radiation pressure shot noise arising from these vacuum fluctuations.
Thus, this term directly represents the action of the radiation pressure shot noise on the mechanical oscillator.

Using expression ([7.10)) for ¢ and (7.20) for Frpsn, we get

(&lwn + 0] Frpsx [ —wmer —0w]) = 0ae(Elwr, + owld][—wr, — ] )
= gOapxc[-wp]VE (7.50)
<éext [wh + 6w] FRpsN|[—win,eff — 5w]> = \/m<f[wb + 6w] FRPSN [~ W off — 5w]>
= gQapxc[~wp]/Fext. (7.51)

so that

<<éext [wh + 6w] — /KexthXelwb)é[wn + 5w]) &N —wm et — 5w]>
= i(Xm,eff (Wi eff + 5w])*< <£ext [wp + 0w] — /FextrXe|wbEwp + &u}) FRpSN[—Wm eff — 5w]>

= Z'(Xrn,eﬂ [wm,eﬂ" + 5W])*\/ Hext(l — KXc [wb])g(o)dEXc[_wb]

= _i(Xm,eff[Wm,eff + 5"‘)])*\/ ﬂextg(o)aZXC[wb]' (752)
Note that this expression depends on the full complex mechanical susceptibility, unlike, for example, the me-
chanical PSD, where only |Xm7eﬁ“‘2 is present. This implies that it is sensitive to the phase response of the

75



mechanical oscillator, meaning that this term really is a correlator between the force and the displacement
(simple force-force or displacement-displacement correlators would not depend on the force-displacement phase
shift).

The complete noise correlator becomes

<dout [wb + &U]CZout [wr - 5W]> ~ Gec (S{;,él‘ [Wm,eff + 50.}] - (Xm,eff [Wm,eff + 5w])*) (753)

Gee = _"{ext(Xc[Wr]Xc[Wb])(g(o))2a€au- (754)

where G simply is a conversion factor between the displacement and the outgoing field.
Finally, the photocurrent cross-correlator is

S50 = GXap10)*Cee (@mett + W] — (Xomeft [Wm et + 0w])*)

m + 1)7meff ’Ymeff/2 — 10w
_ G2 * 2G (n ) _ ,
(CZOLO) cc ('ern,eff/4 + Sw? 7r2n,eﬁ/4 + Sw?

(Pm + 1/2)Ym et — 10w
’71211’63/4 + dw?

= G*(adro)*Gee (7.55)

Real (phonons)

Imag (phonons)

Relative detuning

Figure 7.2: Hlustration of the PSD of the Stokes sideband SZ(; v [0w] (red), the PSD of the anti-Stokes sideband

Sg’ b) [dw] (blue), and the sideband cross-correlator SZ(: b) [dw] (green). The horizontal axis is normalized in
units of the mechanical linewidth, and all three quantities have been shifted horizontally to share the same
origin. The vertical axis is normalized in phonons, and the two PSDs have their shot noise background
subtracted (Sl(lr b) [w] has no background). Imaginary parts of the PSDs (Sz(zr ") and (Si(gD b)) are not plotted,
since they are identically zero.

This expression is different from and in several important ways. First, there is no shot noise
background present, as this noise is uncorrelated between the two sidebands (it is important to note that the
measurement SNR is still affected by the shot noise; it just averages to zero instead of to some finite value).
Second, the cross-correlator is complex, with an imaginary part that is antisymmetric in dw and has a magnitude

of 1/2 of a phonon. Finally, the real Lorentzian part of the cross-correlator is proportional not to ny, (like in
SZ-(;D b)) or ny, + 1 (as in Sz(zr r)), but to ny, + 1/2. As was shown above in the equation ((7.53)), this additional half
of a phonon in the real part together with the anti-Lorentzian imaginary part can be combined to produce a
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complex mechanical susceptibility. This susceptibility shows up because of the correlation between the random
radiation pressure force noise and the mechanical displacement driven by this force, and thus is an unambiguous
signature of the RPSN acting on the mechanical oscillator.

Figure illustrates expressions (7.47), (7.48)) and (7.55)). The vertical axis has been normalized in units of
phonons, so that the Lorentzian height corresponds to the phonon number factor. The data shown in the figure
corresponds to the average phonon occupation n,, = 2, which is the height of the anti-Stokes sideband SZ»(Z.b b),
One can clearly see the difference in one phonon between the red and the blue sidebands, the difference in 1/2
of a phonon between the cross-correlator and either of the sidebands, and the magnitude of 1/2 of a phonon in

the imaginary part of the cross-correlator.

7.3 Photothermal coupling

Since the current device demonstrates some degree of photothermal coupling, we need to check how its presence
affects the results of the previous section.

7.3.1 Quantum treatment of the photothermal coupling

The quantum treatment of the photothermal coupling is a generalization of classical treatment from subsection
and is similar to Ref. [164]. In order to capture its non-unitary character, we model it as an additional
optical loss and an extra mechanical force whose magnitude is proportional to the optical power lost to that
channel. To describe this quantitatively, we first introduce an optical loss channel with a rate xp; and a
corresponding vacuum noise épt. This modifies the original equation of motion for the optical mode ([7.1)) to

R K ' . . . . . A
a = —§CL — zg(o) (CT + C)(I + +/ Kint&int + M&pt + +/ /{ext(aine-i_zwcot + fext)- (756)

The total damping is now a combination of all three loss rates: K = King + Kpt + Kext- The vacuum noise
épt is uncorrelated with any other noise and is described by the same correlation relations 2.11—. The
amplitude of the field lost to that channel can be found from the input-output relations, just like for the
external coupling:

&out,pt = épt - ’ipt&- (757)

The corresponding power is simply

N

_ At -
Iout,pt = Qoyt,pt Gout,pt- (758)

The photothermal force is proportional to this intensity. As discussed in subsection it can experience
low-pass filtering, which we can model by writing a relaxation equation

Tptﬁpt = _Fpt + %fout,pta (759)
'V”'pt
where G is the DC proportionality coefficient between the intracavity photon number 7. and the photothermal
force (the extra factor of 1/kp; compared to subsection comes from the fact that it multiplies the outgoing
photon flux, not the stored photon energy), and 7p¢ is the time constant of the low-pass filter. The solution of
this equation (in the Fourier domain) is

. Goil wl|/k
Byl = Sottona el
p

(7.60)

Like before, we assume that w ~ wp, e, since we are only interested in the forces in a small frequency band
around wp, . After this substitution and going back into the time domain, we obtain

~ G t/ﬁ 2 9pt 3
Fo(t)=—2 "™ | t) =227 t 7.61
pt( ) 1 — W eff Tot outvpt( ) Fipt outvpt( ), ( )
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where we defined the single-photon photothermal optomechanical coupling gl()(t]) = Gpt/(1 — twm efTpt). It

is analogous to ¢(©), but it is in general complex (owing to the low-pass filtering) and appears only in the
mechanical equation of motion, since its origin is non-unitary.

Next, we once again perform the first order expansion of the optical mode & = a + d. This leads to the
photothermal force

(0)

A g R R
Fpt(t) = %aiut,ptaout,pt
p
g% SN (2 :
= (& - A+ d)) (G- vRn(a+d)
p
0) O s O s
~ g lal? + gy (@7 + dTa) — 2 (@ e + Ee). (7.62)
p

In the following we ignore the static force term glg(t))]d|2 (this term is incorrect anyway, since we have used the
low-passed proportionality coefficient Ay o instead of the static Ap), just as for the radiation pressure.
After adding the photothermal force, the mechanical equation of motion becomes

P - _ (%m i iwm) ¢ —ig©ata — iFy + Amh
_ (%m i wm) é—i(g® + gV (@*d + d'a)
)

4i vt
A /Iipt

(@ Eps + £5,a) + /. (7.63)

(0)
pt

footing, barring the vacuum noise term involving épt. At the same time, only ¢(®) appears in the optical

equation ([7.56)), owing to the non-unitarity of 9;()2)-

Indeed, we see that the two optomechanical couplings ¢(® and g',” enter the mechanical equation on equal

7.3.2 Effects of the photothermal coupling

The rest follows fairly closely the derivation for case of pure radiation pressure. After transitioning into the
Fourier domain and solving for ¢[w], we find, similarly to ([7.15))

cw] = Xmeff[W] (-iFOFSN[UJ] + ﬁﬁM) ) (7.64)

Compared to ([7.15)), there are two modifications here. First, the expression for the mechanical susceptibility
is still the same Ymeff[w] = (Ym/2 — i(w — wm) + iX[w]) 7!, but the self-energy is slightly different (similar to
(6.15])):
] = ig® (g + g x
x (Jae® (xelw = Ad = xelw + Add) + |aul* (xclw = Au] = xelw + Au])) (7.65)

(this expression is proportional to g(® (g(®) + ggt))), in contrast with (g(o))2 in the radiation pressure case ((7.19)).

Second, the RPSN force Frpsy is replaced by a more general optical force shot noise (OFSN) force

Forsn[w] = g (‘_‘27655 [w + Ad + @gdlw — A + ajdelw + Ay] + audlfw — Au])

A

+gl (a;:czpt [w+ Ag] + aedlw — Ad] + @hdplw + Au] + Gudlyw — Au]) , (7.66)
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where the RPSN is associated with the same vacuum noise as before cig[w] = Yelw]\/FE[w], while for the
photothermal noise it is modified:

G ] = xelw] VAElw] - jﬂf (7.67)
0)

Since g’ 1s in general complex, the optical force is no longer Hermitian: F(T)FSN #+ Fopsn. Therefore, we need
to calculate two different force noise spectra:

SgFFSTN[W] = <FOFSN[W]F(T)FSN[_W]>
= 199 + g5 s (laePIxelw + Ad? + [aulxelw + Au]?)

—2Re [(9”) + 9018 (acPxe[—w = Ad) + auxel-w = Au]) |
|gpt |2 — 12
o (ad® + )

= (9(0))2’* (|d€| ‘XC[W + AZ”Q + |(zu\2|xc[w + Au]|2)
+2Re { (O)gl()(z) (|ae|*xelw + Ag] + |Gu|*xelw + Au])}

|gpt |2 — 2 — 2
(lael* +lau/?) (7.68)
pt
SOFSN — FT F i
Jaila [w] = OFSN[W] OFSN[ W}

= (0O (laelixel + A+ laullxelw + Ad?)
+2Re [g 09 (Jarxel—w — Ad + |au*xel—w — Au))]

‘gpt

pt

(lael* + laul?) (7.69)

(0)

(the PSDs differ only in the sign of the cavity susceptibility arguments in the second line; if gpt 1s real, it is
possible to use the relation (yc[w])* = xc[—w] to show that both lines are the same). Nevertheless, the general
property ([7.42)) of the antisymmetric component of the noise spectrum still holds:

SN W] = SAR—w] = (99 (@l (xelw + AdP = Ixe[-w + Ad?)
+|aur2<|xc[w+A 112 = Ixe[—w + Aul®)
+2Re [ g g (1@l (Xelwm + Ad] = Xelwm — Ad)
Hau|* (elwm + Au] = Xelwm — Ad)))]

= 2Re (g + o2)) (Jael2(xelwm + Ad = Xelwm — Ad))

‘Hau‘ (Xe[wm + Au] = Xe[wm — Au]))]
= —2ImY[wm] = 0Ym eff- (7.70)

This result relies crucially on the presence of the épt //Fpt term in the photothermal force noise, and on the
fact that this noise is partially correlated with the intracavity field. Ignoring it and simply replacing the ¢(©) by
(0)

g0 + gyt in the equation of motion for ¢ (which is sufficient for a classical treatment) would violate the above
property and ultimately result in [¢, &) # 1.
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Relation ([7.70) allows us to follow the same route as for a purely radiation pressure coupled system. We
can still define the effective occupation of the bath associated with the optical force

SFQE%N [_wm,eff]

7.71
67m,eff ( )

NOFSN =

and obtain the equilibrium occupation of the mechanical mode in the same way as in the expression (|7.45)
before:

NOFSNOVm,eff + MthYm

m — 7.72
“Ym,eff ( )

With that, the expressions for the mechanical spectrum look the same as (7.44) and (7.45)):
Set olw] = Pon Vou,off (7.73)

Vinett/ 4+ (@ + wmeir)?

(nm + 1)71’[1 eff
S - = . . 7.74
é,et [OJ] Vi,eﬂ/él + (w . Wm,eff)2 ( )

The difference is concealed in the definitions of the optomechanical self-energy ¥ = dwm ot — i0Ym /2 and the
equilibrium mechanical occupation ny,.

Since equation for the optical mode does not change (except for an additional loss channel), the
general expression for the PSD of the outgoing light still holds. Following that, the results for the PSDs
of the red and blue sidebands are also the same as before (equations (7.47) and (7.48))).

To find SZ(Zr b) we can still apply expression (7.49). In order to do so, we once again need to calculate the
correlations between the vacuum noise and the mechanical motion, which follow from the generalized optical
force noise:

<é[wb + 6] E i [~ wmeefr — 6w]> = (¢ + gl()(z))*c‘zg<é[wb + ]t [~wp — 5w]>

(=€l + 0l — 8

0)\ ~ 0)\x e
= (09 + gaoed—enlVE - (00 (7.75)
(Euxaloon + 0w Fl o[~ wmet = 0]) = (9 + g'0) e[ -w] Vo (7.76)

These lead to

<(£ext [Wb + &U] - Next“Xc[Wb]é[wb + 5‘*}]) F(T)FSN[_Wm,eff - 5W]>

= Hext(l — KXc [Wb])(g(()) + gl()(t)))*aEXc[_wb] — V KRext [wb] (gég))*@e

= —VFoag Darxe[ws), (7.77)

which is not dependent on the photothermal coupling. This means that the rest of the derivation follows the
pure radiation pressure case, and we arrive at the same expression ((7.55)) as before.

7.4 Summary

To sum up, we have introduced the double control beam measurement scheme and described three main quan-
tities that it provides: the two individual sidebands’ PSDs, and their cross-correlator. We explored how these
quantities show up in the photocurrent record, which produced final expression and for the sideband
PSDs and equation for the cross-correlator.
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We have also identified quantum optomechanics signatures in the measurement results: a one-phonon dif-
ference between the two sideband magnitudes (sideband asymmetry), and a half-phonon difference between the
cross-correlator and the sideband PSDs. We attribute the sideband asymmetry to the fundamental difference
between the rates of absorption (Stokes) and emission (anti-Stokes) processes in the mechanical oscillatodﬂ7 and
the cross-correlator features to the correlations between the optical vacuum noise and the mechanical motion,
which arise from the action of RPSN on the mechanical mode.

Finally, we have included photothermal coupling into the model. We demonstrated that while it changes
the mechanical mode parameters (equation ) and the effective optical bath occupation (equations ,
and ), it does not affect expression (7.47)), (7.48)) and (7.55) for the measured quantities. Therefore,

we have shown that the photothermal coupling does not distort the quantum optomechanics signatures.

2) A different interpretation is mentioned in section
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Chapter 8

Second generation device

In this Chapter I will cover the results obtained in our second generation device. I start by listing its changes
and improvements compared to the first generation device (section . Then I show the results of the OMIT/A
characterization and the observation of the dynamical backaction effects (section . After that, I describe
our approach to measuring and calibrating the undriven mechanical motion (section , we use to determine
the mechanical bath temperature (section . Finally, I discuss the observed quantum optomechanical effects,
specifically, the sideband asymmetry and the RPSN signatures (section .

8.1 Design improvements and device parameters

g VCR connector
€ fill port
brass cell (top part)
helium glass ferrules In seal
— E— e =
fiber / glass inde‘ - \fiber

feedthrough brass cell (bot_tom ETo) feedthrough

“————glass ferrules——

optical fibers

— —

Figure 8.1: Top: Schematic of the second generation device cell. The black arrow on top shows the direction of
gravity.
Bottom: Zoom-in of the cavity region denoted by the magenta rectangle in the top figure. Blue color
variations denote the standing acoustic wave, with darker regions corresponding to higher helium density;
red line shows the intensity profile of the standing optical wave inside the cavity.

In the previous chapter we demonstrated that the device performance was severely limited by heating caused
by the light absorbed by the cavity mirrors. We have also shown that this heating is mostly due to the very poor
thermal contact between the cavity volume and the rest of the helium. To improve the thermal conductivity,
we altered the design as shown in Figure [8.1] The main difference compared to the first generation device
(described in section specifically Figure is that instead of a single alignment ferrule we use two ferrules,
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and the cavity is formed in the space between them. This way the cavity is in immediate contact with a larger
helium bath, so we expect a much higher thermal conductivity and, as a result, much weaker heating effects.

In order to align the two ferrules, a single piece of fiber is threaded through both ferrules simultaneously,
and then they are epoxied to a single glass slide. After the epoxy cures, the alignment fiber is removed, and
the two ferrules effectively form a “super-ferrule”, whose alignment and robustness to thermal contraction is on
par with a single ferrule. The rest of the device assembly proceeds as described in section [5.1

The are also several less significant but still important improvements. First, the fibers’ OD (and, conse-
quently, the ferrule ID) was changed from 125 pgm to 200 gm. This made the fibers more mechanically robust,
which allows for a better alignment of the two ferrules (a thinner alignment fiber might not be stiff enough to
align the ferrules). Second, improvements in the fiber mirror manufacturing and optical coating quality let us
produce better optical cavities. As a result, the optical linewidth decreased from 46 MHz (the best observed
value for the first generation device) to 22.1 MHz. Finally, in an attempt to improve the acoustic quality factor,
we implemented acoustic DBR structures below the optical ones using the same dielectric coating technique
(they were, in fact, deposited in the same coating run). This resulted in a slight increase of the acoustic reflec-
tivity, boosting the quality factor by about 50%. For more details on the acoustic DBR performance, see Ref.
[141].

B0 e
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= 25 O SO g
s :
° : :
g 20 e 1st generation []
C § . ‘ .
=15 . | ®*+ 2nd geenration |,
) ° : . .
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B 10} ege R N ]
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0 1 1 1 1 I
0 2500 5000 7500 10000 12500

Circulating photons number

Figure 8.2: Comparison of the mechanical linewidths of the first generation device (red) and of the second
generation device (green). All data has been taken for low mixing chamber temperature Tyic < 70 mK.

As demonstrated in Figure the design changes result in a great improvement of the mechanical quality
factor. First, the temperature dependence of the mechanical loss is much weaker in the second generation
device: compared to the first generation, the mechanical linewidth barely changes with power. Second, the zero-
temperature limit is also better: the first generation device has the radiation quality factor of Qm int = 70,000,
while in the second generation it is raised to Qm raa ~ 100, 000.

The rest of the new device parameters are fairly similar to the first generation. The mirrors’ ROC are
slightly bigger: r; = 496 pym and ry = 325 um, compared to r; = 409 pm and 7o = 282 pm for the old device.
The cavity length was measured in the same way as for the first generation device (section , and the results

are shown in Figure The obtained effective lengths are Lg?fpt) = 66.54 + 0.07 pm for the optical mode and

Lg?fc) = 65.38 + 0.10 pum for the acoustic modes, yielding a similar penetration depth of L = 0.58 4+ 0.06 pm.
The estimates of the penetration depth from the difference between the filled and the empty cavity length are
also fairly close: L = 0.44 + 0.02 pm.

As in the first generation device, all of the optomechanical measurements shown below were performed
during a separate cooldown, with the system parameters being slightly different from the data depicted in

Figure The cavity length was L((;fc) = 68.0 & 0.10 pm and the optical mode number was nf\o/%t) = 91,

which corresponds to the optical wavelength (in vacuum) of A\gp¢ = 1529.6 nm and the mechanical frequency
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Figure 8.3: a) Frequency difference between the consecutive resonances Aw, for different resonance indices
n measured for an empty cavity (red) and for the same cavity filled with superfluid helium (blue). The
longitudinal index n corresponds to the number of nodes of the standing optical wave inside the cavity,
and is formally defined in equation .

b) Mechanical (blue) and optical (green) resonance frequencies as a function of optical longitudinal mode
index. Note that the plots have different vertical axes scale. The vertical axes are rescaled for the data to
have the same slope, and shifted for clarity.

Parameter ‘ First generation | Second generation
L, pm 84.1 68.0

(P 112 91

Aopt, m 1538.3 1529.6
k/(2m), MHz 69 22.1
Kext/(2m), MHz 15 9.7
wm/(27), MHz 317.44 319.24
Qm,rad 60,000 100,000

g /(27), kHz 3.18 3.60

g% /(27), kHz i-0.97 i-0.83

Table 8.1: Parameter comparison between the first and the second generation devices.

of wy = 27 - 319.24 MHz. The optical cavity linewidth is still the same x = 27 - 22.1 MHz, and the external
coupling is Kext = 0.44%x = 27 - 9.7 MHaz.
A list of most important parameters for the first and for the second generation devices is given in Table

8.2 OMIT measurements and the dynamical backaction

Just as for the previous device, we start the characterization by performing OMIT /A measurements. This time,
however, we can reach large enough intracavity power to observe the dynamical backaction effects (section ,
i.e., we can control the linewidth and frequency of the acoustic mode using the optomechanical interaction.
The results are summarized in Figure All of the data were fit simultaneously to the expectations of the
optomechanical theory with the photothermal coupling, described in subsection [6.2.4] Specifically, we used
equations and for the data in the left part of Figure (OMIT/A response), and equation (6.17)
(together with expressions , for the optomechanical frequency and linewidth change) for the data in

the right part. The only two free parameters are, as before, the radiation pressure single-photon optomechanical
(0),

coupling ¢(» and the photothermal single-photon coupling Ipt

as before, we assume the photothermal coupling
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Figure 8.4: Left: relative amplitude (top) and phase (bottom) of the OMIT/A feature as a function of the

control beam detuning for several control beam powers. The data is conceptually the same as in Figure
but shows much larger amplitude of the OMIT/A response. Solid lines are fits to the OMIT theory
with photothermal coupling (subsection .
Right: change in the mechanical frequency (top) and damping (bottom) due to the dynamical backaction.
This data is obtained in the same experiments as the data shown in the left part, but with the two lowest
power datasets excluded due to poor SNR. The solid lines are the fits to the dynamical backaction theory
with photothermal coupling (subsection .

to be purely imaginary. The results are ¢(©) = 27 (3.60+0.1) kHz and ggg) =17-27-(0.83+£0.1) kHz. Essentially
the same results (within the statistical error) are obtained from an individual fit of the OMIT /A data (left half
of Figure or an individual fit of the dynamical backaction data (right half of Figure . Theoretical
calculations like the ones in subsection yield ¢(@ lying between 27 - 3.55 kHz and 27 - 4.1 kHz, with the
best estimate of the reflection angle ¢ = —0.27 resulting in ¢(?) = 27 -3.88 kHz. While the agreement is slightly
worse than for the first generation device, the experimental results are still within 10% from the theoretical
expectations. The difference can be attributed to the uncertainties in the calibration of the optical power, of
the external cavity coupling, or of the cavity geometric parameters (most likely, mirror ROCs).

8.3 Undriven motion measurement

Another experiment made possible by the improved cavity design is the measurement of the undriven mechanical
motion, whose concept is described in sections 2.6] and [7.I} This motion arises due to the thermal noise coming
from the mechanical bath, and thus represents thermal fluctuations of superfluid helium density inside the
cavity. As the device temperature is very low, the magnitude of this motion is fairly small (the typical variation
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Figure 8.5: PSD of the voltage at the input of ZILI, which is proportional to the PSD of the photocurrent. The
horizontal axis is shifted to have zero at the mechanical resonance frequency. Solid line shows the fit to a
Lorentzian with a frequency-independent background (equation (8.1)).

in the relative helium density is about 5 - 107, resulting in a cavity detuning of only 30 kHz), which requires
long integration times to resolve in our system.

8.3.1 Measurement scheme

The optical tones that we use for the observation of the undriven motion are described in the previous chapter
and are shown in Figure [7.1p,b. They are similar to the scheme used for the OMIT/A measurements (section
, but this time the probe beam (which was used to produce an intensity beatnote that drives the mechanical
mode) is absent, and instead of detecting the coherent response of the probe drive, the PSD of the photocurrent
is calculated. Since most of the undriven motion measurement was performed in the double-beam configuration
(Figure[7.1p), this is the measurement we will focus on. To describe a single-beam measurement scheme (Figure
7.1p), we only need to set one of the control beam powers to be zero.
Below is the outline of the PSD measurement procedure:

(a) Lock the laser and the experimental cavity; as before, the cavity resonance is detuned by v, ~ 27-2100 MHz
from the OLO.

(b) Set up the control beams by applying two microwave tones to the phase modulator. Usually, one of these
tones is created by a dedicated microwave generator MWG 2, and the other by mixing up one of the ZILI
outputs. We can denote the frequencies of these two microwave tones as von ¢ for the lower frequency
one (usually, the one output by MWG 2) and veony for the upper frequency one (created with the ZILI).
Their corresponding detunings from the cavity resonance are Ay = veon ¢ — Ve and Ay = Veonu — Ve-

For the best sensitivity, the detunings of the control beams should be close to +wyy, e, so that one of their
mechanical sidebands is resonant with the optical cavity. This implies that the corresponding microwave
frequencies are Veon ¢ R Ve — Wiet & 27 - 1780 MHz and veonu = Ve + W e = 27 - 2420 MHz.

(c) Using the ZILI as a spectrum analyzer, measure the PSD of the photocurrent around veon ¢ + Wm,ef and
Veon,u — W eff, Which are the frequencies (in the microwave domain) of the mechanical sidebands closest
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to the cavity resonance. We will denote the former photocurrent PSD (around veon ¢ + Wmeft) as Si(f 2 [w]
and the latter PSD as SZ.(Z.M) [w].

To obtain the photocurrent PSD, the ZILI demodulates the input signal at a given frequency (the center
frequency of the PSD region of interest) and records the resulting demodulated quadratures at a reduced
sampling rate (typically, about 200 kSa/s). This operation can be effectively thought of as recording the
time-dependent photocurrent i(¢), but only corresponding to a narrow (half of the sampling frequency,
i.e., ~ 100 kHz) frequency region of interest. After that, we apply the Fast Fourier Transform (FFT)
algorithm in the post-processing and get the photocurrent Fourier transform i[w], which is then used to
produce the photocurrent PSD Sj;[w] = ([i[w]|?). In practice, the ensemble averaging (- - -) is replaced by
either time-averaging or data binning (averaging together neighboring data points).

This method of PSD calculation yields the same results as other approaches, for example, narrow-band
filtering of the signal followed by a power detector (which is the method frequently used to calculate optical
spectrum, and which we effectively implement with the TFPC in appendix and . However, the
fact that we obtain time record of the photocurrent i(¢) becomes important for calculating the sideband
cross-correlator, as described in section and appendix

As described in appendix the obtained photocurrent PSDs correspond to the optical PSD around
(WOLO + Veon,r) + wmef for the lower control beam sideband, and around (Woro + Veon,u) — Wmeff for the upper
control beam (where woro is the frequency of the OLO). In the cavity frame woro is the OLO detuning,
which is fixed to be wor,o = —v, due to the cavity locking. This means that the measured photocurrent PSDs
are centered around (Veons — Ve) + Wmef = Ar + Wmef = Wp a0d (Veonu — V) — Wmeff = Dy + Wmeff = Wr
respectively for the lower and the upper control beams, where w, ;, are defined in equation in section
As shown in subsection and equations (7.47)) and (7.48)), we expect these parts of the spectrum to contain
the mechanical motional sidebands. These sidebands are manifest as Lorentzian peaks with width equal to
the mechanical linewidth, and height proportional to the average mechanical phonon occupation ny, (for the
anti-Stokes sideband) or ny, +1 (for the Stokes sideband). Figure [8.5[shows an example of one of the mechanical
Lorentzians.

Both of the sidebands are fit to the general form of a Lorentzian with a frequency-independent background:

2)2
s = 4@ <1+L<”) Cm.ett/ ) 8.1
i W] by et /2) + (@ — (Veont + Wnett))? 0
2)2
S(uu) _ A(uu) (1 i L(uu) (7m7eff/ ) , 8.2
i W=y e et /22 + (0 — (Veom,n — Wimef))? -

from which we obtain the mechanical frequency wy, ¢, mechanical linewidth ~y, g, and the Lorentzian heights
relative to the background Liﬁf) and nglu ). These relative heights are used to extract the mean phonon occu-
pation ny, of the mechanical oscillator, as described in the next subsection.

8.3.2 Normalization scheme

For simplicity, we start by considering the lower control beam sideband PSD SZ-(f Z), which corresponds to the

anti-Stokes mechanical sideband described by equation (7.48)). We can rewrite that expression as

(bb) _ 2 2 2/ (0N\2(= 12  NmVYmeff
Sii [5"‘)] = G ‘aOLO| (“cxt|XC[Wb]| (9( )) |a€‘ W—l—l)
4(g)?|a,? 1 1
= GQ 2 4Hext m 1
laorol ( K KYmeff 1+ (25W/"Ym’eff>2n 14+ (2wp/kK)? +

| - 1 1
= G%laoLol? (4 meas, N + 1> ) 8.3
laorol Tl Ymeft 1+ 2wp/K)2 1+ (20w/Ym eff)? (8:3)
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Here I'eas e = 4(9(@% is the measurement rate of the lower control beam, and 7, = “=* is the contribution
to the measurement quantum efficiency due to the imperfect external coupling to the cavity.

If we compare equation to the fit function , we see that their functional forms agree, and that the
mechanical linewidths are consistent between the two expressions. To show that the mechanical frequencies agree
as well, recall that SZ-(;) ®) was defined as (equation (7.30)) Si(lb b) [dw] = Sii[dw + wp — woro]. Using the definition
wh = Ay +wm et = (Veont — Ve) +wm et and wor,o = —Vc We can rewrite it as Si(ibb) [dw] = Sii[0w + Veon,e + Wi eft],
which agrees with the expression . Finally, the last fit parameter, the relative mechanical Lorentzian height,
is expected to be

ee)y I‘meas,ﬁ 1
rel — s
Ym,eff 1+ (ZWb/ILi

L )Qnm, (8.4)

This expression is derived under the assumption of no additional loss or noise sources between the cavity
output and the detector. Now, assume that there is a finite transmission from the cavity output to the photode-
tector ny. It will affect the signal part of the PSD, but not the background, which will stay 1 in photon units.
This is especially apparent in the normal-ordering description of the photodetection, where the background
comes from the optical local oscillator, which is unaffected by the additional loss (at least, in the standard
heterodyne measurement scheme, where the OLO is combined with the signal right at the PD input). Thus,
the relative height is multiplied by 7y

r ) 1
LI = dp, e M. 8.5
rel 77#6775 ’)/m7eff 1 + (2Wb//€)2 m ( )
Next, let us consider the effect of additional sources of noise on the way from the cavity to the photodetector.
We denote their strength relative to the vacuum noise as n,qq = 17%. — 1, were 1, < 1 represents the drop in the
quantum efficiency due to this additional noise. With that, the noise background becomes 1 + n,9q4 = 77%,’ and
the relative lorentzian height is further reduced to
7,10

FmeaLs l 1
=4 : . 8.6
rel Tk Vot 1+ (wa/li)Z Nm ( )

Finally, there may be additional mechanisms reducing the signal-to-noise ratio which can not be readily
attributed to loss or additional noise. For example, one such source of noise is the heterodyne non-ideality
coming from the fact that OLO power is not infinitely larger than every other optical tone in the system (this
mechanism is described quantitatively below). We can denote the quantum efficiency reduction of these residual
mechanisms as 7, and get the final expression

L(M) — 4 Fmeas,é 1 n
rel 1T Ym,eff 1+ (2wb/’{)2 "
Fmeas y4 1
= 4 : N, 8.7
e Ymet 1+ (2wp/K)2 " (8.7)

where 1y = N1y is the combined quantum efficiency of the measurement process. For a sideband close to
the optical resonance |wy,| < k the expression above simplifies to

L'
L = 477t%azenm. (8.8)
m,e

To calibrate the measurement rate I'yease we use the OMIT/A data. The expression for the normalized
amplitude of the OMIT /A feature is derived in subsection [6.2.4] equation (6.16)):

2al” g© (9(0) + gfff))
Qrel,+ = — Xc[wb]
Ym,eff

. _g(O) + 91(32) I‘meas,ﬁ 1 (8 9)
- 9O e 1— 2iwy/w’ '
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The minus sign denotes that for a blue sideband (i.e., red-detuned control beam) the OMIT/A feature is a dip,
so the Lorentzian is subtracted from the background. Similar to the motional sideband PSD, the expression
can be further simplified for an on-resonance sideband:

0
g(O) + gr(>t) 11meas,€

a = — . 8.10
rel,+ g(o) Von.cff ( )

If the photothermal coupling gl()(t)) is known, then the measurement of a,e + can be used to extract the ratio

I'eas,t/Ym,eff- Knowing this ratio and 7, one can then use formula (8.8) to relate the measured relative height

of the Brownian motion peak Lﬁf}f) to the mechanical oscillator occupation n,,, and consequently rescale the
vertical axis in the motional PSD data in units of phonons.
A similar calibration (using the same value of 7, but a different individually determined measurement rate

Iimeas,u) is performed for the anti-Stokes acoustic sideband gl

i - Finally, to normalize the cross-correlator data

Sl(lr b we apply a scaling coefficient which is the geometric mean of the coeflicients for the red and the blue
sidebands.

The relevant contributions to the quantum efficiency in our setup are measured to be:

e Imperfect input cavity coupling 7, = Kext/x = 0.44 4+ 0.03.

Optical loss between the cavity output and the optical amplifier 1, = 0.44. Its calibration procedure is
described in appendix

EDFA input noise 1, = 0.35 + 0.40 (~ 4 dB noise figure), depending on the total power incident on the
amplifier. Its measurement procedure is described in appendix

Imperfection of the heterodyne detection. The idealized description of the heterodyne detection usually
assumes that the power in the OLO is much larger than in the rest of the optical field. If this assumption
is relaxed, then the background of the motional sideband, which is proportional to the total laser power,
becomes larger in comparison with the signal component, which comes only from the mixing with the
OLO. As a result, the SNR degrades by the additional factor of n, = Poro/Piot, where Por,o is the power
in the OLO and P, is total power incident on the photodiode. In our measurements 7, varies between
0.7 and 0.95, depending on the strength of the microwave drives used to create the control beams.

Image noise of the mixdown circuit. As mentioned in appendix the mixer circuit is not ideal, and it
allows the noise from other parts of the spectrum (“image noise”) to be folded on top of the signal, which
reduces the signal-to-noise ratio (SNR); thus the SNR of the “down-mixed” intermediate frequency (IF)
signal on the output of the mixer can be higher than the SNR of the radio-frequency (RF) signal on the
output of the photodetector.

The most common example of such a process is a standard (i.e., not image rejection) mixer, whose action
can be thought of as multiplying the RF input by the microwave local oscillator (MWLO) signal at a
frequency vmwrLo to produce the IF output. Since positive and negative frequencies at the IF output
“fold” on top of each other, the signal at some frequency v will be a sum of RF signals at vayrwro + Ui
and vpwro — viF; if only one of these contains actual signal (e.g., the brownian motion peak, in our case)
but both have the same amount of noise, this “folding” reduces SNR by a factor of 2.

We performed calibrations of our image rejection mixer, as described in appendix section It turns
out that at the relevant frequencies the added noise is suppressed by at least 22 dB, meaning that the
associated quantum efficiency is n > 1 — 10722 x 0.993. Therefore, we ignore this noise factor entirely.

e Electronic noise, mostly coming from the first microwave amplifier and the ZILI input preamplifier. This
kind of noise is different from the other noise sources as it is additive rather than multiplicative, that is,
its magnitude does not depend on the light incident on the photodiode. In particular, it is present when
there is no incident power which makes is relatively easy to account for in the calibration: we measure it
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beforehand with the laser and EDFA turned off, and then subtract it from the ZILI voltage PSD as the
first step before applying other calibrations.

Combining these contributions, the total quantum efficiency 7 of the setup was between 0.05 and 0.08
depending on the measurement configuration. These estimates do not include electronics noise, because it is
additive, so that its effect varies a lot depending on the optical power, measurement scheme, etc. Nevertheless,
it is typically only about 1% of the total noise background (most of which is due to the EDFA noise). Hence it
does not noticeably affect the numbers presented above, although we do take it into account in the calibration
procedure. The relative error in the determination of the quantum efficiency is 7%, which almost entirely comes
from the uncertainty in the relative input cavity coupling 7.

8.4 Thermal motion

In order to estimate the device heating and validate the normalization procedure, we performed thermal motion
measurements for different MC temperatures and circulating powers. For each measurement we converted the
mechanical phonon occupation ny, into the mechanical thermal bath occupation n¢y, , by taking into account
optomechanical damping and radiation pressure shot noise (RPSN) heating, for which we use equation ,

where norsy is defined in equations ([7.71]) and ((7.69)):

OFSN

nmé'ym,eff = SFT,F [_wm,eff]
= 2Re {g(O) (g(O) + gé?) (’d5|2XC[Wm,eff - Ad + ’au|2XC[wm,eff - Au])}
gt I
= (@l + [aul?)
pt
0) 902
~ 2Re [g“’) (g<0> + 40 ) laul? velw + Auﬂ B (a4 faul?) (8.11)
pt

where we dropped the RPSN coming from the lower control beam as |xc[wm,eft —A¢)| & |Xc[2wWm eff]| < [Xe[Wm e+
Ay]|. We additionally assume almost resonant sidebands |wp e —Ay| < K, we can approximate Xc[wm eff —Ayu] &
Xc[0] = 2/k and simplify further:
950 1”
|au)* + = (|ag]® + |au]®) . (8.12)
Rpt

(0)\2
nmé"ym,eﬂf ~ 4M
K
The first term in this expression corresponds to the RPSN, and it only depends on independently measured
parameters. In our measurements we had |a¢|? ~ |a,|?> < 1200, so the RPSN added at most about one phonon
worth of mechanical energy, in the sense that its contribution to the term norsNOYm eff/Ym,cff in equation
was not more than one. The second term, however, involves the photothermal channel loss rate xp, which we
can not access experimentally. There are several ways of estimating this loss quantity.

One way is to assume that all of the internal cavity loss contributes to the photothermal force. This means
that sine = 0 and, consequently, kpt = Kk — Kext ~ 0.56x. With that assumption, the photothermal force noise
(second term in equation (8.12))) is about 5% of the RPSN (first term in equation (8.12))), or about 0.05 phonons.
This is much smaller than many statistical and systematic uncertainties in out measurement of ny,, so it can
safely be ignored.

The other way is to use the absorption of the DBR mirrors to estimate the amount of power dissipated in
the cavity. Room-temperature calorimetry measurements performed by the coating company yield an estimate
of the optical absorption a = 3 ppm (per single reflection) for laser wavelength A\opy = 1064 nm[165]. Given
the cavity finesse F =~ 100,000, we can calculate the fraction of optical losses associated with absorption to be
aF/(2m) ~ 0.05 per mirror, or 0.1 total. Therefore, we can assume kp¢ ~ 0.1k, so that the added phonon number
is ~ 25% of RPSN contribution, i.e., about 0.25 phonons. This is still small enough that we can ignore it while
interpreting thermal motion data (and it is even smaller for the majority of measurements, where 1. < 1000
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and this contribution is < 0.1 phonon), where the typical thermal bath occupation is ~ 10 phonons. Thus, in
the analysis we ignore the photothermal force contribution to the optical noise and assume norsy = NRPSN,
where nrpgn is calculated for the purely radiation pressure case and is defined in equation ([7.43)).
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Figure 8.6: Left: thermal phonon occupation of the mechanical bath n, , as a function of the mixing chamber
(MC) temperature Tyic. Marker color encodes the circulating photon number. The dashed lines shows the
expectations ngy m = n¢h(Tvc), where ng, (7)) is defined in . The grey area around this line shows
the systematic uncertainty in determining 7y, m; it mostly comes from the uncertainty in calibration of
Nk = /{ext/KI-

Right: Same data as in the left part, but with the horizontal axis rescaled to represent the effective bath
temperature extracted from the thermal model.

With this simplification, we can now calculate the mechanical thermal bath occupation n, m given the
mechanical mode occupation n,,. The result of this analysis is shown in the left part of Figure which plots
N¢h,m a8 & function of the MC temperature Tyic. For Tyic 2 150 mK the experimental results agree pretty well
with the expectation that the bath temperature is equal to Tyic (i-€., ngh m = neh(Tvc) = (exp(Awm et /kBTMC)—
1)~1). However, for lower temperatures the experimental values are higher than theoretical expectations, and
are generally larger for high circulating photon numbers. This implies that there is still some optical heating
present in our system, which causes the helium bath temperature to be higher than Tyc.

It turns out that the heating mechanism in the second generation device is very different from the first
generation device (section . The behavior of that device was explained fairly well by assuming that the
helium temperature distribution inside the cavity is homogeneous, and that the heating occurs because of the
low thermal conductivity of the helium sheaths connecting the cavity with a large helium bath. The current
device, however, fails to be described by a similar model, and seems to exhibit highly inhomogeneous temperature
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Figure 8.7: Change in the mechanical frequency (blue) and the mechanical linewidth (green) as a function of
the circulating photon number (left) or the MC temperature (right). The temperature in the left plot was
kept below 100 mK, and the circulating photon number in the right plot is below 300.

profile. This is especially apparent if we include behavior of the mechanical linewidth and frequency (as shown in
Figure, which is qualitatively different between the MC heating (which raises device temperature uniformly)
and optical heating. For example, increasing Tyic leads to increase in mechanical frequency, while increasing
n. decreases the mechanical frequency (meanwhile, both processes cause growth in ng, m, as can be seen from
Figure .

To explain this behavior, we developed a model which assumes that the optical absorption and heating
happens in a localized manner, and so creates hot-spots on the mirror surfaces. Immediately next to these hot-
spots (10500 nm) the heat flux density is very large, so the thermal transport is in the highly nonlinear Gorter-
Mellink regime[I166, [167], where the thermal conductivity becomes very low. Because of that, the temperature
at the hot-spots can be very high (1 + 2 K, compared to < 300 mK of the bulk helium), which results in
complicated behavior of the mechanical linewidth, frequency and bath occupation. The full model is fairly
complicated, so I do not present it here; for an extensive quantitative treatment see Ref. [I41]. Nevertheless,
we can use this model to calculate the effective thermal bath temperature T, and then rescale the horizontal
axis in Figure to reflect this temperature. The results of this rescaling are shown in the right part of Figure
It demonstrates a much better agreement between the experiment and the expectations over large range
of temperatures and circulating photon numbers.

8.5 Quantum signatures

Finally, let us consider signatures of the quantum optomechanics in the measured undriven motion. As was
described in Chapter [7] the effects that we are looking for are the sideband asymmetry and the correlations
between the mechanical motion and the vacuum noise background (which is a signature of RPSN). To observe
them, we need to measure PSDs of both sidebands and their cross-correlator. An example of one such measure-
ment is shown in Figure [8.8] which plots the normalized PSDs and the normalized sideband cross-correlator.
The observations seem to be in a good qualitative agreement with the theory expectations , and
: the difference between the Stokes and the anti-Stokes sideband is close to one phonon (the expected
value for the sideband asymmetry), the real part of the cross-correlator lies exactly between two sideband PSDs,
and its imaginary part has a span of 1/2 of a phonon.
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Figure 8.8: PSD of the Stokes sideband Si(irr) [0w] (red), PSD of the anti-Stokes sideband Sg)b) [0w] (blue), and

sideband cross-correlator Sgb)

[0w] (green). All three quantities have been shifted horizontally to share
the same origin, and the two PSDs have their background subtracted (SZ(: b) [w] has no background). The
vertical axis is normalized in phonons, as described in subsection Imaginary parts of the PSDs (SZ(Zr 7)

and Si(}) b)) are not plotted, since they are identically zero. The solid lines show fits to a Lorentzian lineshape
(top plot) or an anti-Lorentzian lineshape (bottom plot). The average mechanical phonon occupation for
this data is n, ~ 11.

To examine the results quantitatively, we first fit the PSDs to a Lorentzian lineshape

(7m,eﬁ/2)2
(7m,eff/2)2 + 5W2

S5 0w) = 8529 + n) (8.13)

(where the superscript (®®) can stand for (™) for the Stokes sideband or (°") for the anti-Stokes sideband), and
the cross-correlator to a combination of a real Lorentzian and an imaginary anti-Lorentzian part, as suggested

by (759):

(rb) el (ngb)’}'m,eff - 2Zfr(rfb) 5&)) '7m,eff/4
Sii 1ow] = et /2)2 1 002 . (8.14)

Here the factor of vy cf/4 in the numerator is added in order for nfflb) to correspond to the Lorentzian height,

and the angle ¢, is a fit parameters added to accommodate for potential errors in calibration of the angle of
the cross-correlator (described in appendix . In practice, fixing ¢, = 0 does not significantly affect the
results, as it is usually fairly small: ¢, < 20 mrad. Nevertheless, it provides a useful assessment for the quality
of the phase calibration.
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To extract the quantum effects, we calculate three independent signatures: the sideband asymmetry nl(flr) —

ngfb), which is expected to be one phonon; the difference between the real part of the cross-correlator and the

anti-Stokes sidebands magnitudes ngb) — ngfb)7 which should be 1/2 of a phonon; and the span of the imaginary

part of the cross-correlator fgb), which is also expected to be 1/2 of a phonon. We then repeatedly measure
these three quantities while varying different system parameters such as MC temperature, control beam powers,
and total incident power.
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Figure 8.9: Top: occupation of the thermal mechanical bath as a function of the effective bath temperature

extracted from the thermal model. This plot is the same as the right panel of Figure [8.6] and serves here
as a reference.
Bottom: Three quantum signatures: nl(ﬁr) — ngfb), nl(flb) — ngfb) and fgb), plotted as a function of the
effective bath temperature. The latter two quantities are multiplied by 2 to have their expected values
equal 1 (dashed line). The grey area around the dashed line show the statistical uncertainty due to the
imperfect motion measurement calibration. Circular markers denote the data taken with approximately
balanced control beams (less than 15% power difference); triangle markers correspond to the data taken
with purposefully imbalanced control beams (power ratio between 1.5 and 3.5). The data were averaged
with a 20 mK window, and the error bars show the statistical error of the averages.

The results are shown in Figure [8.9] where the data is plotted against the effective mechanical bath temper-
ature extracted from the thermal model described in section [8.41 The experiment shows good agreement with
expectations in a large range of effective mode temperatures (from 70 to 250 mK), which confirms the validity
of the calibration procedure and the quantum behavior of the optomechanical system. In addition, we have
performed a series of measurements with deliberately unbalanced control beam powers (by a factor of 2), which
still demonstrate the same values of all three signatures (shown with triangle markers in Figure .

The agreement between the experimental data and the theory also implicitly shows that our assumptions
about the ratio between the radiation pressure optomechanical coupling ¢(®) and the photothermal coupling

(0)

gpr Wwere correct. To see that, consider equation (8.10) which is used to extract the ratios I'meass/Ym e and
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I'neas,u/Ymer from the OMIT /A amplitudes arel 4+ and arel,—. In order for this to work, we need to know the

ratio of gr()[z) / g9, Previously we extracted this ratio by assuming that the photothermal force is very filtered,
4
determine it independently of g(?).

Indeed, all of the “classical” optomechanical signatures that we have considered, such as the OMIT/A
response amplitude (equation (6.16)) or the magnitude of the dynamical backaction (equation (7.19)) always
depend on the product g(o) (g(o) + gI()(t))). This is a consequence of those experiments having a “loop” design, where
an excitation starts and ends in the same element (either optical, or mechanical), and only temporarily passes
through the other one. For example, in the OMIT/A experiment the probe beam excitation starts in the optical
domain, then gets written on the mechanical motion through the optical force, and after that gets transferred
back into the optical domain as a control beam sideband. Similarly, in the dynamical backaction description
an excitation starts in the mechanical domain, then gets converted into a modulation of the intracavity field,
and later acts back on the mechanical oscillator. Thus, the effect of both of these processes is going to be

proportional to the product of the two conversion rates. Since the conversion rate from the mechanical to the

so g.; has to be purely imaginary; were it not the case, we would not have had enough experimental data to

optical domain is g(o) as in equation ([7.56))), and the rate of the opposite process is g(o) + g(o) as can be seen
pt

in equation (7.63)), their product is ¢(®(g(® + 91(3(3))’ and this is the only combination accessible through the

OMIT/A or the dynamical backaction measurements.

In a way, the measurements of the quantum signatures and, to a lesser extent, the measurements of the
thermal motion provide a way around this problem by giving us a “mechanical drive” with a well-defined
amplitude (either mechanical zero point fluctuations, or environment thermal noise). Thus, the measured effect
does not rely on the light acting on the mechanical motion, so it only depends on the radiation pressure coupling
¢, as can be seen in, e.g., equation (7.47). This lets us measure the radiation pressure coupling ¢© in an
independent experiment, confirming that there is no “stray” real-valued photothermal coupling in our system,
which would obscure quantum effects.

Hence, in the end, the agreement shown in Figure confirms our initial assumption about predominantly
unitary optomechanical interaction, meaning that it can in principle be used to initialize, manipulate and read
out the quantum state of the mechanical system with minimal information loss. Therefore, the acoustic modes
in superfluid helium could potentially serve as a quantum memory or a quantum bus in hybrid optomechanical
systems.
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Chapter 9

Conclusion and future directions

9.1 Device performance

As we showed in the previous Chapter, the second generation device has significantly better performance than
the first generation device (see, e.g., Figure and Table [8.1). This allowed us to perform qualitatively
different measurements, such as dynamical backaction (section and qunatum sideband asymmetry (section
. Now I want to discuss the improvements more quantitatively by calculating the cooperativity and the
thermal cooperativity for the new device.

0 20 40 60 80 100 120 140 160

Pinc (NW)

Figure 9.1: Experimental dependence of the MC temperature on the total optical power incident on the cavity
(blue dots) and its linear fit (black line).

Similar to the first generation device, the performance is ultimately limited by the optical heating, which
degrades the mechanical mode parameters. To calculate the dependence of the mechanical linewidth (used for
both cooperativities) and the effective mechanical bath temperature (needed for the thermal cooperativity) on
the circulating photon number, we used our thermal model outlined in section [8.4] and described in detail in Ref.
[141]. Unlike the first generation device (see section and equation ), this model does not explicitly
include the incident laser power, in the sense that given the same n. and Tyic the incident power does not
affect the results. However, as the dilution refrigerator has a limited cooling capability, the MC temperature
does depend on the incident power (and seems to be roughly independent of the circulating photon number,
given the same incident power). This dependence, along with a linear fit, is shown in Figure We use the
parameters of this linear fit to estimate the MC temperature for a given incident power, and then use this MC
temperature in the heating model.

The results of these calculations are demonstrated in Figure [9.2] where we plot the cooperativity and the
thermal cooperativity as a function of the circulating photon number. Each plot has three lines. The dotted
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line shows the results obtained when the MC heating is neglected, and its temperature is set to zero. Thus,
this data represents a perfect case of an infinite cooling power of the refrigerator. Next, the dashed line takes
this heating into account, and to calculate the incident power for a given intracavity photon number it assumes
that only control beams are incident on the cavity. Finally, the solid line represents the assumption of 10% of
the total incident power being in the control beams (i.e., the incident power for a given 7. is 10 times larger
than for the dashed line, while all other parameters are kept the same).
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Figure 9.2: Cooperativity (left) and thermal cooperativity (right) of the second generation device as a function
of the circulating photon number. Dotted lines show the results for a fixed zero MC temperature, dashed
lines dashed lines assume that all of the incident laser power is contained in the control beam, while solid
lines assume that 10% of the total incident power is in the control beam. The yellow markers in both plots
show the experimental results in our system for the highest observed cooperativity. All of the plots assume
Tve = 0.

The yellow markers show the maximum measured cooperativity of about 1.5, which corresponds to a thermal
cooperativity of about 0.14. Both of these values seem to be close to their maximum expected values according
to the model described by the solid blue lines. While these values are still smaller than the best observed in
the field (C > 10*[82, [156, [157] and Cy, ~ 250[157]), they nevertheless represent an improvement by a factor
of 30 compared to the first generation device, and they are large enough to allows us to observe quantum
optomechanical effects.

9.1.1 Comparison to other superfluid helium optomechanics experiments

Now let us compare these results to other superfluid optomechanics experiments, which are described in section
Since the Helmholtz resonator experiments[I31], [132] are not yet in the cavity optomechanics settings,
we will not consider them here, and we will focus on the other two experiments: density waves in a MW
resonator[126] and third sound waves on a microtoroid[I127]. One should keep in mind that those experiments
were not necessarily designed with a goal of maximizing the optomechanical cooperativity, so the comparison
could be unfair.

The MW resonator experiment[I26] demonstrated very high mechanical quality factor @, > 10¥[112], more
than 3 orders of magnitude larger than the highest Qu aqa = 10° in our device. The “optical” linewidth
k = 27 x 230 Hz was also smaller than in our device (k = 27 - 22.1 MHz), mostly due to the smaller overall
frequency scale: the MW quality factor in that work is about 5 times larger than the optical quality factor in
our device. On the other hand, because of this smaller frequency scale and larger mechanical mode volume, the
optomechanical coupling was much weaker ¢(9 ~ 27 -6.7-1079 Hz. This results in a fairly small cooperativity:
for the maximal reported cavity photon number 7. ~ 3-108 the cooperativity is about 4-1075. Another potential
issue for the quantum optomechanics applications is the classical MW noise. Even for the copperativity reported
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above the MW drive power was about 4 nW, which corresponds to a shot noise PSD of —145 dBc/Hz. Reducing
classical phase noise below this level at only wy, ~ 27 - 8 kHz detuning away from the MW pump tone might
be a challenging engineering problem, and it becomes proportionally harder if higher cooperativity is desired.

The third sound optomechanics devices[127] utilized an optical mode with wavelength A\opy = 1.555 um and
linewidth k = 27 x22 MHz, which is very close to our parameters. The mechanical mode had a significantly lower
frequency: ~ 500 kHz, meaning that the device was in the fairly unresolved sideband regime. In that work the
authors were able to optomechanically damp the mechanical mode by about a factor of 4, which corresponds to a
cooperativity of ~ 5. However, the optomechanical coupling was dominated by photothermal forces; if only the
radiation pressure force is taken into account, the cooperativity goes down to ~ 0.1[168], with a corresponding
thermal cooperativity ~ 107° for the 300 mK base temperature of a 3He cryostat. Additionally, as shown in
section[7.3] the photothermal coupling can add a lot of additional force noise acting on the mechanical resonator,
which makes it less suitable for quantum optomechanics applications.

9.2 Future directions

Now I want to describe possible ways to improve and expand our measurements of the superfluid helium
optomechanics.

9.2.1 Acoustic wave optomechanics
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Figure 9.3: Cooperativity (left) and thermal cooperativity (right) of the second generation device, including
potential improvements. The lines style (dotted, dashed or solid) is the same as described in the caption
of Figure The line color encodes possible improvements: blue lines correspond to the current version
of the device, black lines assume additional acoustic DBR. mirrors, green lines assume presence of addi-
tional membrane barriers inside the cavity, and red lines assume both improvements (acoustic DBRs and
membranes) together.

We have discussed in section that the second generation device performance is mainly limited by optical
heating. However, since the heating is mostly restricted to very tightly localized spots right at the mirrors’
surface, it is hard to significantly reduce its effect on the mechanical mode. Nevertheless, there are still some
improvements which could increase the cooperativity or the thermal cooperativity at least in some range of
optical powers:

a) One effect which is straightforward to address is the dilution refrigerator cooling efficiency. As can be
seen in Figure it strongly affects the performance of our device, reducing the maximum achievable
cooperativity by a factor of 2 to 10 (depending on the fraction of the control beam in the total incident
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power). Since we have not yet tried to optimize the refrigerator operation in the presented experiments,
there are still some potential gains in trying that.

Another limiting factor is the low-temperature acoustic quality factor, which is currently determined only
by the impedance mismatch between helium and glass (see subsection . It is possible to improve
this by implementing an acoustic DBR structure similar to the optical DBR, which we use in the fiber
mirrors forming the cavity. As mentioned in susbection this path is associated with complications
due to a large (factor of 20) sound wavelength mismatch between the sound in helium and in glass, which
means that the sound inside glass does not obey the paraxial approximations. Nevertheless, as discussed
in detail in Ref. [I41], it is possible to find some cavity parameters which would improve the acoustic
reflectivity of the fiber mirrors by about a factor of 20 with realistic DBR parameters (2 acoustic layer
pairs). The projected device performance with this improvement is shown with black lines in Figure

Related to the previous point, one can try to improve the system by transitioning from microscopic fiber
cavities to macroscopic (1 =+ 10 cm long) ones. Since most of the acoustic losses (the radiation into glass
mirrors and the thermal heating effects) occur immediately next to the mirror surfaces, their relative
contribution should become smaller, and the acoustic quality factor should go up proportionally to the
cavity length. Similarly, assuming that the optical finesse stays the same, the optical quality factor will
go up in the same manner. On the other hand, the optomechanical coupling ¢(® will be reduced, as
g anold/j (see section, and the mode volume V440 increases for larger cavities. We can estimate
it as Viode X Lw% where wg = \/2r\/T X \/ZR X VL is the mode waist (see section , which implies
that Vinode o< L? and, consequently, g(o) x L~!. Combining all of these dependencies, we arrive at the
conclusion that the cooperativity should stay constant given the same circulating photon number. At
the same time, since both thermal and radiation acoustic losses scale as L™!, the maximum reasonable
number of photons (i.e., the number at which thermal loss is approximately equal to the radiative loss)
stay the same, so the maximum achievable cooperativity is not affected.

On the other hand, some applications might gain from an increased acoustic quality factor. For example,
switching to a 5 cm-long cavity should decrease the mechanical linewidth by a factor of 102, down to
only several Hz, which means that it would be possible to measure the acoustic mode frequency with a
precision of ~ 1079, This opens a possibility for precise measurements of the helium properties and their
dependence on, e.g., temperature or pressure.

Finally, it still could be possible to better isolate the standing acoustic wave from the mirrors without
sacrificing the optomechanical coupling. To do that, we can incorporate inside the cavity additional
barriers with low optical absorption and high acoustic reflectivity. One candidate for such barrier are SigNy
membranes[34], which are known to have low optical absorption and scattering (Im {n,.} < 1.5-107%[36])
and high mechanical quality factors (> 107 for commercially available membranes[169]). The absorption
issues can be further alleviated by placing the membranes close to the nodes of the optical mode, where
the light intensity is small, so its absorption and scattering is minimized.

The acoustic reflection off such membranes is discussed in subsection To use the expressions
derived there, we need to make some assumptions about the membrane mechanical response function K.
In general, this can be expressed as

- 1 1
SR PR — (9.1)
n

n, 2
Wi —w

where o is the membrane surface density, and the sum goes over all membrane modes with frequencies wy,.
Prefactors ¢, denote the participation ratios (for a pressure distribution given by the transverse acoustic
mode profile) for the corresponding modes; they are assumed to be normalized as Y. c¢2 = 1. This
expression is fairly complicated and is dependent on the details of the membrane geometry. Hence, for
simplicity we will assume a low-frequency patterned trampoline membrane[43], for which the fundamental
frequency is wg ~ 40 kHz, almost 4 order of magnitude smaller than the acoustic frequency w. This
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means that we can approximate the membrane as a freely-suspended mass by assuming wg =~ 0 and
cn = 0pp (for realistic pad/tether ratio of such membrane it is possible to achieve ¢y 2, 0.9), so that

~

K ~ —ow?/ (3, cn) & —ow? (see also subsection . This results in the acoustic transmission

coefficient (equation (B.121]))
1 1

7(mb) _ 5 = 5. (9.2)
1+ (B/(wz))  1H(0w/(22)

Assuming the membrane thickness of 100 nm and SigNy density of 2.7-10% kg/m3, we get ow/(22) ~ 7.9
and the transmission of only T(™P) ~ 1.6%. Provided that the membranes are positioned correctly inside
the cavity, such barriers can increase the mechanical quality factor by about 1/ T(mb) ~ 60 (even more for
larger membrane thicknesses) without noticeably decreasing the optomechanical coupling. What is more
important, unlike the acoustic DBR structures, the membranes also isolate the mechanical mode from the
mirror surfaces, which proportionally reduces the optical heating effects leading to an improved optical
power handling. The effect of adding the membrane barriers are also shown in Figure The green lines
show the improvements for the barriers alone, and the red lines show the potential cooperativities if both
upgrades (acoustic DBRs and membrane barriers) are implemented.

To sum up, as can be seen in Figure by implementing all of these improvements we should be able to
increase the cooperativities by more than 3 orders of magnitude and approach C > 10% and Cy, > 102, well in
the high thermal cooperativity regime.

Another possible way to proceed with the current device is to perform different kinds of quantum experiments
allowed by the current parameters. One such experiment involves using short laser pulses and single-photon
detectors for heralded generation of non-classical mechanical states[64]. Provided that the heating effects
arise slowly compared to the pulse time, this scheme can yield large instantaneous measurement rates, while
maintaining high mechanical quality factor and low effective mechanical temperature.

9.2.2 Other superfluid helium excitations

Finally, we could pursue superfluid helium optomechanics with excitations which are not acoustic waves. We
have already described one such experiment[127], which studied the third sound in superfluid helium. There
are two other possibilities which we are currently exploring:

a) We can use a half-filled optical cavity to study surface waves on superfluid helium[I4I]. Compared to the
sound waves, these excitations have a much lower frequency (about 500 Hz for the fundamental mode),
but a comparable optomechanical coupling (g(o) ~ 500 Hz). In addition, unlike the acoustic Gaussian
modes, there will be multiple surface modes with approximately equal couplings to the optical mode.
This results in a qualitatively different optomechanics regime: ¢© ~ wy, < & (unlike 90 <« Kk < wpy
for the current device), and a large number of tightly-spaced mechanical modes, which can lead to rich
multi-mode physics (e.g., creation of multipartite optomechanical mixing[I70] or entanglement[I7T] [172],
or achieving a boost in the optomechanical coupling[I73]). Some possible issues with this device are still
unclear mechanical loss mechanism, and possibly increased sensitivity to external acoustic noise.

b) The other approach is to build a device consisting only of superfluid helium[I74]. The device itself is
a magnetically levitated droplet of superfluid helium with ~ 1 mm diameter, where the optical mode
is a WGM mode of this spherical resonator, and the mechanical mode is one of the droplet vibrational
modes. Since helium itself has very low optical absorption and low mechanical loss, and there are no other
materials present, this system has a potential of having very high optical and mechanical quality factors,
possibly even achieving strong single-photon coupling regime ¢(© > .

Another interesting feature of this system is the presence of mechanical degrees of freedom which are not
harmonic oscillators. Specifically, the optical mode frequency depends on the droplet circumference, so it
is sensitive to the rotational motion (which changes this circumference due to centrifugal forces). This is a
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qualitatively different and so far unexplored regime in optomechanics, and it may yield many interesting
experimental and theoretical results.

9.3 Summary and conclusions

In this work we have demonstrated an optomechanical device where the mechanical mode is a standing acoustic
wave in superfluid helium. The first generation of this device demonstrated moderate cooperativity, but it still
allowed us to drive the mechanical oscillator and measure its displacement using only light. We used these
measurements to systematically explore how the the mechanical properties depend on the MC temperature and
the laser power, and clearly identified the poor thermal contact between the cavity and the large helium bath
as a limiting factor for the device performance. We have also demonstrated that the optomechanical coupling
is predominantly electrostrictive in origin, although we a have detected the presence of photothermal coupling
as well.

The second generation device, whose design addressed the thermalization issues, showed an improvement
by a factor of 30 in the optomechanical cooperativity. This let us perform experiments in which we modified
the mechanical mode parameters (linewidth and frequency) using light via the dynamical backaction. It also
allowed us to measure the undriven motion of the mechanical oscillator, which was used (in combination with the
mechanical linewidth and frequency data) to develop a model describing optical heating in this new device. The
undriven motion measurements also exhibited quantum optomechanics effects: the difference in the magnitudes
of the two motional sidebands (sideband asymmetry) demonstrated the fundamental difference in rates between
the Stokes and anti-Stokes scattering processes, while the cross-correlator between the two mechanical sidebands
revealed the correlations between the mechanical motion and the optical vacuum noise, which are created by
the RPSN. This constitutes the first observation of quantum optomechanics effects in a fluid.

Looking into the future, there are several avenues for improvement. So far, it seems like all of the short-
comings of our system (acoustic loss, optical loss, heating problems) stem from the properties of the container
(i.e., the Fabry-Perot cavity), not from the properties of helium itself. As outlined in subsection we can
improve the performance by either making the container better, or getting rid of it entirely and building a
purely superfluid device. Both approaches have their advantages. Improving the container is more incremental
and easier to implement, and it could provide better control over system parameters, since many of them (such
as optical and mechanical linewidth, and optomechanical coupling) are defined by controllable system geometry
(cavity length, mirrors ROC and reflectivity, etc.). On the other hand, a 100% superfluid device can ultimately
provide better performance, since helium itself is pretty ideal.

In terms of making more “interesting” kinds of systems (i.e., systems containing more than the standard
optomechanics Hamiltonian with a single optical and mechanical modes), there are also several approaches.
One of them is to rely on helium. Unfortunately, the flip side of helium being close to “ideal” is that its density
waves are somewhat “boring”, especially at very low (< 100 mK) temperatures: helium is a fluid (which means
that it has no shear modulus, and that its modes have to be defined by the external geometry); it has zero
viscosity; one cannot vary its chemical composition (the only variable is the isotopic *He/*He ratio, which
generally should be kept as low as possible to achieve the highest mechanical quality factor[I112, [175]); and it is
fairly linear, at least at the typical acoustic mode ZPF levels (the typical relative density variations due to ZPF
in our device are ~ 107?). However, superfluid helium does have unusual macroscopic quantum properties,
which can be exploited to create more interesting situations. First, due to its zero viscosity it can maintain
a rotational flow indefinitely, which leads to new kinds of behavior, such as creation of quantized vortices[95].
Second, excited helium atoms can form long-lived (~ 10 s) excimers[105] with more accessible (compared to He
atoms) optical transitions. Third, superfluid helium does have a quantum order parameter, which is somewhat
similar to the order parameter in superconductors. This means that it is in princple possible to create a
superfluid analogue of the superconducting Josephson junction[I76, 177, 178], thus introducing a very strong
non-linearity to the helium flow, potentially even on a single ZPF level. Such non-linearities could allow for the
creation of a quantum anharmonic oscillator, resulting in a mechanical two-level system and paving a way to
the quantum non-linear optomechanics. Finally, the levitated superfluid droplet system can provide access to
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rotational degrees of freedom, which so far have not been investigated in optomechanical systems.

Another way to expand the system is to embed other elements in helium, thus creating hybrid optomechanical
systems. I have already mentioned intrinsic helium excitation such as excimers and vortices. In addition, as
described in section helium can serve as a host to many other different systems, such as electrons (both in
bulk and on the surface), atoms, molecules, or nanoparticles. Most of these systems should have some degree
of coupling to the helium pressure (i.e., acoustic waves), or to the position on the surface (i.e., surface waves).
This could create a “hosted system” <> “helium waves” « “light” interaction, where acoustic/surface waves
serve as a mediator if the hosted system does not interface with light directly. As we have demonstrated with
our work, the helium«light interaction is dominated by the radiation pressure, which means that this part of
the interface should not introduce extra noise or information loss.

One fairly successful example of such a hybrid system in the solid-state optomechanics is the MW <«
optical transducer[85], where a mechanical membrane mediates interaction between these two electromagnetic
domains. As strange as it might seem, currently this is the most promising candidate for this quantum kind of
information transfer. One could imagine a similar system implemented using helium surface waves and electrons
on its surface[I01], where the electrons couple to a MW resonator, while helium waves interact with an optical
cavity.

In the end, I do believe that superfluid helium still has a lot to offer to the field of optomechanics, whether
it is in creating canonical devices with outstanding performance, serving as a mediator in hybrid systems,
or forming qualitatively new kinds of optomechanical interactions. It is safe to assume that the potential of
superfluid helium optomechanics is far from being exhausted.
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Appendix A

Mathematical definitions

This Appendix chapter introduces several mathematical definitions and relations used throughout the thesis.

A.1 Correlator and power spectral density

A.1.1 Correlator

We define the time-dependent correlator of two operators as

Ca(t) = (alt = m/2)b(t +7/2)), (A1)

where (- --) represents an ensemble average. The same definition applies if a and b are classical variables instead
of operators (in which case their order inside the correlator does not matter).

In many cases the correlator does not depend on the common time ¢; for stochastic variables or operators,
this would correspond to a stationary random process. In this case we will omit the first argument:

C,3(7) = Cy3(0,7) = (a(=1/2)b(7/2) ) = (a(0)b()). (A2)

The last equality directly follows from the ¢-independence of the correlator, so that C, ;(0,7) = C, ;(7/2,7).

A.1.2 Power spectral density

We broadly define a double-sided time-dependent power spectral density (PSD) as a Fourier transform of the
corresponding correlator
400 )
Sptw) = C, 4t et dr. (A.3)

—00
The usual narrow definition corresponds to the case of a stationary process and a single variable:

+oo )
Sizlw] = Ciz(m)et™dr. (A.4)

)
—00

This definition specifies the PSD in unit?/Hz not in unit?/(s~!) in the sense that the RMS magnitude of &
is obtained by integration over an ordinary frequency f = w/(27) and not an angular frequency w:

+00 00 W
(#%) = C;,(0) :/ Siz(2m fldf = /_+ S:i:,fc[w]d (A.5)

—o o’
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A.1.3 Properties

There are two important properties of correlators and power spectral densities which are applicable in many
cases:

(1) If b = a' (which for a single-operator PSD would correspond to a Hermitian operator &), then the correlator
obeys the relation

(Caaitt:7)" = (at—7/2al(t+7/2)) = (@)t +7/2)al(t - 7/2))

_ <&(t +r/2)al(t - T/z)> = Cyat(t,—7), w6
so the corresponding PSD is real:
% +oo 4
(Sd,df (t, w)) = ; at (t, T)e—i-zw'rd,,_
_+oo '
= [ CamltmmeTar = Syt (A7)

(2) If the operator Z commutes at different times (for example, if it is simply a classical variable), the
autocorrelator is symmetric in time Cy 3(t, —7) = C; (¢, 7), and the PSD becomes symmetric as well

+o0 .
S@@(t, —w) = C@@«(t, T)efszdT
,Jroo |
= C:g’;)}(t, —T)eilWTdT = S@’f(t, w). (A8)

Thus, an asymmetric power spectrum inherently corresponds to a non-classical variable.

A.2 Fourier transform

In this work I am using two different variations of Fourier transform defined for two different scenarios. Both
of these use “physicist’s notation” where a positive frequency exponent is expressed as e ~"“!.

A.2.1 “Coherent” Fourier transform

For dealing with coherent signals, it is convenient to use the following Fourier transform definition:

c 1 e W
FAfOtel = fOll=o- [ fH)e™at. (A.9)
From the orthogonality relations

oo . .y
/ eTWle™ it = 276(w — W) (A.10)

doo
/ etWe™Whdw = 2m6(t —t') (A.11)

the corresponding inverse Fourier transform is simply

+o0 )

F{roub o = [ O = fo). (A12)

For a coherent signal f(t) = Ae ™0t this kind Fourier transform yields f(®[w] = Ad(w — ')
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A.2.2 “Noise” Fourier transform

For stochastic variables it is more appropriate to use a “windowed” Fourier transform (for the motivation of
this definition, see, e.g., Ref. [10]):

1 +T/2 .
FASO} ] = 0= Jim 2 / , Joera (A.13)

This normalization allows one to easily calculate time-independent power spectral densities using the Wiener-
Khinchin theorem:

S, plw] = <a<n> [w]z;<n>[—w]>. (A.14)
This theorem holds if the two processes have a finite correlation time, i.e., if C, ;(7) goes to zero for large 7.

A.2.3 Properties and conventions

Below are some common useful properties of Fourier transforms which apply to both definitions above:

F{GI0}bel = iwr iy (A15)

FUWe ™ ] = FUO} o) (A.16)
FUft—m)l] = FLO) e (A17)
FUFONel = (FUO ) (A18)

The last property means that the notation like f*[w] is ambiguous, as it can mean either F {f*}[w] or
(F{f}w])" = F{f*} [~w]. In this work we adopt the first meaning, and the second one will be always denoted
explicitly by parentheses:

[l = F{F}HW (A.19)
(F)’ = (FU) (A.20)

Furthermore, we will omit the superscript () or (™ denoting which kind of Fourier transform is used if it is
obvious from the context, or if it is not important for the discussion.
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Appendix B

Mode-related derivations

B.1 Cavity frequency perturbation

In this section we derive the expression for the change in the cavity resonant frequency due to a perturbation
of the medium inside it.
We start with the Maxwell equations and the assumption of no net charges p, = 0 or currents j, = 0:

V-B=0 (B.1)
V-D=0
oD
H= """ B.
V x 5 (B.3)
0B
E=-"". B.4
V x T (B.4)

Here E is the electric field, B is the magnetic field, D is the electric displacement field and H is the magnetic
H-field. In addition to the equations above, we assume the standard linear isotropic media relations:

D = ¢E (B.5)
B = uH, (B.6)

where € is the electric permittivity and wp is the magnetic permeability. Because we are focusing on dielectric
effects, we will assume that the material has no special magnetic properties: u = pg, where g is the vacuum
permeability. Also, for notational simplicity we denote € = epe™), where ¢ is the vacuum permittivity and e®*)
is the relative permittivity of the material, which may be position dependent.
From the equations above we can obtain the wave equation for the D-field:
D 1 OB 1 1 1
g =—VX—o-=-——Vx(VxE)=-—V(V-E)+ —V’E. (B.7)
ot Lo ot Ho Ho Ho
Note that € can in principle vary in space, so that V - E does not have to be zero.
Next, we assume that the electric field corresponds to some mode at frequency w, so that E(t) = Ee~™!
and that the permittivity is constant in time. Then using the relation between E and D we get
0? (e(r)E) w?
E) - V2E = — - 7 )
V(V E) V°E = HO€ED 8t2 = 02 € E7 (BS)
where ¢ = 1/,/€opo is the speed of light.
This equation along with the boundary conditions determines the frequency and the spatial profile of the opti-
cal mode. For the boundary condition we assume perfectly reflecting (i.e., ideally conducting) walls E® ‘ o =0,
where E® is the transverse (i.e., parallel to the boundary) electric field. If the mode confinement is more “loose”
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(e.g., DBR mirrors for Fabry-Perot cavities, or evanescently decaying field for WGM resonators), we can imagine
such walls being very far away where they do not significantly perturb the modes.

Now we can employ first-order perturbation theory to determine the change in the resonance frequency due
to a perturbation in the electrical permittivity. First, imagine we have an initial permittivity profile eér) (r) and,
correspondingly, some mode with field magnitude Eg(r) and frequency wp. The field satisfies the equation

2 Wo ()
V(V-Eg) — V'Eg = —¢; Eo. (B.9)
c
Now let us introduce a small perturbation to the permittivity 8¢, This perturbation will cause changes in
the field profile dE and the resonant frequency dw. The resulting equation is

dw)?
V(V - (Eo + 0E)) — V2(Ey + 0E) = (w0+62w)(eg> + 6¢0)) (B + OE). (B.10)
Next, we can use the unperturbed equation to get rid of the zeroth-order terms, and then discard terms

which are higher than first order in dw, de() and JE

2 . 2 2 .
V(V -6E) — V2E = wco25w e((] )Eo + %56“@0 + %eg JSE. (B.11)

All we need from this equation is an expression for dw in terms of the known unperturbed mode parameters
Eg, e(()r), wo, and the perturbation d¢(). This means that we do not need to completely solve this equation and
find JE, if we can get rid of it in the final expression.

In order to do that, we multiply the left and the right parts of equation by Eg and integrate the
resulting product over the whole space:

/EO.V(V.aE)dV—/ Eo - V20E
4 14

2w 2 2
:/ “’g%gﬂmoﬁdm/ “’gae<f>|E0\2dV+/ D eISE - BodV. (B.12)
v ¢ v e v e
Using integration by parts and the boundary conditions Egt)‘av = 5E(t)‘8v = 0, we can show that in the

left-hand side
/ E¢-V(V-6E)dV —/ Eo - V2E
1% 1%
= / SE-V(V - Eg)dV. —/ SE - V2E, (B.13)
1% 1%
With that we can rearrange the terms to get

20w (1 2
/ 0 “eg)yEOPdVJr/ 0 5e) B2V
1% v e

2
2 Wi )

= [ dE-V(V-Eg)dV — | 0E-V°Eq— | — ¢, 0E-EqdV

1% 1% v e
2 w3 (r)

= / 0E - (V(V -Eg) — V°Eq — 2 E0> =0. (B.14)

v
The last line is zero, since Eg obeys the unperturbed equation .

Finally, from this equation we obtain the change in the resonance frequency

dw _ 1 [y eV|Eo?dV (B.15)
“w 2 [ [Bofay |

108




(r) (r) — (r)

If the initial permittivity is uniform e €y » we can modify the expression above to get a more intuitive

expression
dw _ Jy e j2e) ) BolPav i Bol*dV (B.16)
wo fV ’Eo‘QdV fV ‘E0’2dv ’ '
where ng = (()r) is the unperturbed refractive index of the medium and dn is its perturbation.

If we assume that dn is also constant everywhere, we get just 2 ‘5‘*’ = g" the perturbation in the refractive

index changes the cavity’s effective size and, therefore, its resonant frequency If, however, dn varies in space,
the regions with higher intensity should contribute more to the overall perceived change in n; in this case we
can see the numerator as a weighed average of én, while the denominator is just a normalization coefficient.

B.2 Cavity modes

In this section we consider Gaussian modes inside a Fabry-Perot cavity, and derive expressions for their spatial
profiles and frequencies.

B.2.1 GGaussian beam

We start with a Gaussian beam[I52], which is a solution for the wave equation in the paraxial approximation.
A beam with a waist at z = 0 and propagating in +z direction can be expressed in terms of the complex radius
of curvature ¢(z) = go + z as

_ ks o 2® +y?
) =gt (W) (B0

where k = w/c is the beam’s wave-vector, w is its frequency and ¢y can be expressed in terms of the beam waist
wo as go = —iw%k/ 2. Equation (B.17) can be rewritten in terms of a position-dependent beam width w(z),
radius of curvature (ROC) R(z), and Gouy phase shift g (z) as

ik —iva(z) WO 2?4+ 2?4y
u(x’y, Z) — oikze—i ( )w exp (— (w(z))2 + ik QR(Z) > <B18>
w(z) = wov/1+ (2/2r)? (B.19)
R(z) = z(1+ (23/2)2) (B.20)
tanyg(z) = =z/zr, (B.21)

where 2 = iGy = w%k: /2 is the Rayleigh range, which characterizes divergence of the beam (it can be thought
of as the longitudinal extent of the beam waist). The interpretation of R(z) as the ROC of the beam can be
made more apparent by approximating the phase around some point z = 2y as

24,2

B(@,y.2) ~ 6(0,0,0) + ik (f”zRoy +<z—zo>), (B.22)

where Ry = R(zp) and we have neglected the spatial dependence of the slowly changing Gouy phase ¥ and
the ROC R. From this, a surface of constant phase obeys the equation x2 4 42 + 2Ro(z — z9) = 0, which up to
terms quadratic in z — zy describes a spherical surface of radius Ro: 22 + 9% + (2 — 20 + Ro)? = Rg.

B.2.2 Gaussian modes

A Gaussian beam can be confined to a standing mode with two spherical mirrors, which form a Fabry-Perot
cavity. In order to satisfy the boundary condition imposed by the mirrors, the mode needs to obey two
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conditions. First, its radius of curvature R(z) should be equal to the corresponding ROCs of the mirrors at
their surface (with appropriate signs): R(z1) = —R1, R(22) = R, where z; 2 are the positions of the mirrors
and R are their ROCs, with positive R corresponding to a concave mirror. This fixes the Rayleigh range to

Voer(1-g190) (B.23)

g1+ 92 — 29192

where L is a length of the resonator and g1 2 =1 — L/R; 2 are so-called g-parameters. The resonator is stable
only when the argument of the square root is positive, that is for 0 < g1g2 < 1.

The second requirement comes from the wave nature of light, and it restricts the round-trip phase of the
beam to be a multiple of 2. We express it as

2knL = 28%¢ + (¢1 + ¢2) = 27n, (B.24)

where an integer n is a longitudinal number of the mode, k,, = w,/c is the corresponding wave-vector, Apg =
Ya(22) — a(z1) is the Gouy phase shift acquired by the beam between the two mirrors, and ¢; o are the
reflection phases of the mirrors. For mirrors made of ideal conductors (corresponding to zero electric field on
the surface) these phases are simply m; however, for distributed Bragg reflector (DBR) mirrors these can be
arbitrary and, in principle, wavelength-dependent (see section [B.4]).

The corresponding mode profile is

2, .2 2., .2
_ido iknz —ith(z) _WO LAY T Y B.25
Un(x,y,2) = e'e'%e w2 exp< (w(2) 2 + ikn, R() + c.c., (B.25)

which is the real part of the Gaussian beam expression (B.18) with an overall mode phase ¢g. The zero of the
z-axis is defined to be at the mode waist, and the corresponding mirror positions are

1—
o = ——20zg9) (B.26)
91+ 92 — 20192
1i
o= =) (B.27)

g1+ 92 — 29192

One can check that given the Rayleigh range (B.23)) the mode ROC obeys the boundary conditions R(z1) = —R;
and R(z2) = Ry. Finally, in order to produce the correct reflection phases ¢q 2, the overall phase of the mode
¢o has to satisfy

Po + knz2 — Y (22) = —¢2/2 mod 27. (B.28)

Since k,, obeys the resonant frequency condition (equation (B.23))), the phase requirement on the other mirror
surface

$o + knz1 — Ya(z1) = ¢1/2 mod 27 (B.29)

is satisfied automatically.

B.2.3 Resonance frequencies and free spectral range

It tuns out[I52] that the full Gouy phase shift is independent of the wavelength and is equal to

Atpg = arccos(£,/9162), (B.30)

where the positive sign corresponds to ¢1,92 > 0, and the negative sign to g1,92 < 0. This results in the
following expression for resonant frequencies of a Fabry-Perot cavity formed by perfect conductor mirrors:

wy = cky = 21F <n + M’G) : (B.31)

s
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where F' = ¢/(2L) is the free spectral range (FSR) of the cavity. The frequency difference between the consec-
utive modes is simply equal to the FSR: Aw, = wp11 — wyp, = 20 F. For mirrors with arbitrary reflection phase
¢1,2(w) the resonance condition becomes

A
s 2m
and the distance between the consecutive modes can be expressed as
Aw, = 2nFog. (B.33)

Here Fog = ¢/(2Lcgt) is the FSR corresponding to the effective cavity length Leg = L + dL1(wy) + 0 La(wy),
where 0L;(w) is the penetration depth of i*" mirror defined as

SLi(w) = gaé‘fj).

(B.34)

Note that equation does not imply ¢; = 2wdL;/c, that is, the penetration depth is defined in terms of the
differential response of the mirror’s reflection phase (the difference is similar to, e.g., group velocity vs. phase
velocity). Thus, while knowing the penetration depth is enough to find the frequency difference between the
nearby modes, it is not enough to predict their absolute frequencies.

Finally, we need to consider what happens if the cavity is filled with a uniform dielectric with refractive
index ng. The only difference this introduces in the equations above is the factor of ng in the relationship
between the mode’s frequency w, and its wave-vector k,. We can account for this by replacing L with Lng
in the definitions for F and F.g in and (B.33). In addition, the dielectric could change the mirrors’
reflection phase ¢; and the corresponding penetration depth 6 L; (an example of this effect is given in subsection
, so those need to be adjusted accordingly.

B.3 Transfer matrix formalism

In this section we introduce the transfer matrix formalism for solving 1D propagation of EM waves. We then
use it to derive expressions for the resonant frequency and the linewidth of a simple Fabry-Perot cavity, and
later employ it in considering optical DBR (section [B.4)).

EW £ EW £
EW £l EW £
D B B S B S

Figure B.1: a) Schematic of the transfer matrix description of wave propagation. b) Schematic of the transfer
matrix description of a material boundary.
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B.3.1 Definition

A transfer matrix describes a linear relation between the incoming and the outgoing electrical fields on one side

and on the other:
(r) 0
EY AR

where F is the electric field, arrows show the direction of propagation, and ) and ) denote two sides of
an optical element (schematic illustrations are shown in Figure [B.1)). The most important property of these
matrices is that they are easily “stackable”, in the sense that the transfer matrix of a sequence of two elements
is a product of the two transfer matrices. For the definition given in equation the product is reversed,
i.e., the rightmost matrix corresponds to the first (leftmost) element.

B.3.2 Common cases
Below we derive transfer matrices for the most common situations.

1. Propagation (shown in Figure [B.1h).
Propagation simply adds a phase shift to the forward and the backward waves without mixing them:

ikd
M® (k,d) = ( 0 ) (B.36)

Here d is the propagation distance and k is the wave-vector. For a wave of a frequency w propagating
through a media with a dielectric constant ¢ and a magnetic permeability p the wave-vector is

ko= n (B.37)
C

no= )= (B.38)
€01b0

where n is the refractive index of the media.

2. Boundary between two different media (shown in Figure )
To derive the relation at the boundary, we have to consider the boundary conditions. Assuming that the
boundary is non-singular (i.e., it has zero surface conductivity or polarizability), the continuity conditions
are
EYO = EO (B.39)
HY = g, (B.40)

where H = B/u is the magnetic H-field. From the Maxwell’s equations the electric and the magnetic
fields can be expressed as

EWD = g 4 gl (B.41)
(4r) (4,r)
FE - F
(ery _— =2 — =
HE) = o (B.42)

with Z2(60) =/ ‘EL;;:)) is the wave impedance of the media. These relations result in the transfer matrix

1< 1+ Z(rel) 1— Z(rel) >

M(b) (Z(rel)) = o\ 1 - zhe) + zZ(rel)

(B.43)
where Z(teD) = z() /Z(®) is the relative wave impedance of the two media. If the media have the same
magnetic permeability (for example, both are non-magnetic, i.e., ul9 = u() = pg), then Z2e) = 1 /p(reh)
where n(") = n() /n(® is the relative refractive index of the two media.
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3. Dielectric slab in vacuum.

Let us now consider a dielectric slab of width d and refractive index n(¥ = /e /ey, where €@ is its
dielectric constant. The transfer matrix in this situation can be obtained by combining the two previous
cases:

M) (g, n(D)
= M® (1 /n NP (k, d) M P) (D)

10 sin(kd) [ 14 (n@)2 1 — (n(d)2
:cos(kd)< 0 1 ) + ( )< 1tgn(d);2 1 _((n(dg)z ) (B.44)

on@
Note that here k = wn(d /¢ is the wave-vector inside the dielectric.

4. Thin dielectric layer.

A thin dielectric layer describes the situation where the slab thickness is negligible compared to the optical
wavelength (both in vacuum and in the dielectric). Formally, we obtain this case by considering M () in
the limit €@ — 00, kod — 0 and koe(d)d — const:

M(dl)(g) _ < 1:25 . Z_f,bg )7 (B.45)

where & = kode® /(2¢). Note that although the layer is assumed to be thin enough that it does not affect
phase of the passing waves (since kd = kgdn(d = 2¢/n(d) — 0), € can take any value, including & > 1.

A useful property of this transfer matrix is the ease of combining two consecutive layers: M (4D (&)M (d1) (&) =
MW (& +&).

B.3.3 Scattering matrix

Another important class of objects is scattering matrices. They connect the same four quantities (incoming and
outgoing fields) as the transfer matrices, but in a different way:

Y ©
that is, it expresses scattered waves E(ﬁ) and Eg) in terms of the incident ones E(f) and Eg). In the ordering
given above the diagonal elements correspond to reflection, and off-diagonal elements describe transmission.
These matrices describe optical objects in a more intuitive sense (the matrix elements have clear meaning of
reflection and transmission), and they can be readily generalized for an arbitrary number of ports (not just two
for a simple 1D object). However, they do not combine as easily as the transfer matrices: scattering matrix of
the combination of two elements is not simply a product of their scattering matrices.

Barring some degenerate cases (e.g., perfect reflector or perfect absorber), there is a one-to-one correspon-
dence between scattering matrices and transfer matrices:

1 — Moy 1 )
S(M) =— B.47
(M) My < My Moy — MyoMay Mo (B.47)
_ 1 [ 512891 — 511822 S22
M@_&A s 1) (B.48)

Using these, we can write a scattering matrix of a thin dielectric layer as

yw@zlj%<f ;>, (B.49)
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so its transmission and reflection coefficients are

)

= - (B.50)

1

7@ = g = L (B.51)
3

e (B.52)

(dl) (dl) |2 £ (dl)
RO = b = gy =1 -7, (B.53)

Here ¢t and ) are amplitude reflection and transmission coefficients, while 7@ and R are the cor-
responding power coefficients. These expressions suggest that a lossless mirror with transmittivity 7" can be

modeled as a dielectric layer of strength &™) (T) = % Note that limy_,o (™) (T) = oo, that is, for a perfect
reflector one needs an infinite strength mirror.

B.3.4 Cavities

Now we describe of a Fabry-Perot cavity using the transfer matrix formalism. To keep the discussion general,
let us denote the transfer matrix of the cavity content as M) (w), where w is the frequency of the circulating
light. This matrix does not include the input and output mirrors, but it includes everything else in the cavity,
i.e., it connect the fields at the leftmost side of the cavity (on the right side of the input mirror) to the fields
of the rightmost side (on the left side of the output mirror). For example, for an empty cavity of length L this
matrix is simply a propagation matrix M) (w) = M®)(w/c, L).

If we include the input mirror of transmittivity 73, and the output mirror of transmittivity T,u, the total
transfer matrix describing the cavity becomes

M (w) = MWD () - M) (w) - M (), (B.54)

where £ (in,out) — & (m) (Tin,out) are the dielectric mirror strengths required to achieve the necessary transmission
coefficients. Now we can use this transfer matrix to obtain the corresponding scattering matrix and get the
cavity transmission and reflection coefficients:

The resonance of a cavity corresponds to a pole of its transmission or reflection coefficient. From the
equations above it is clear that the poles of r and ¢ correspond to zeros of Moo, which yields the equation for
the resonant frequencies of the cavity:

M22(Wres) =0. (B57)

The root will in general be complex, with real and imaginary parts corresponding to the frequency and linewidth
of the resonance.

As an instructive and useful example, let us consider an empty cavity made of length L formed by two mirrors
with transmission coefficients T;, and T,. The cavity transfer matrix is a propagation matrix M (p)(k:, L) with
k = w/c for the empty cavity, so the total transfer matrix is

M(w) = MO (EM)MP w/e, L) - M (W), (B.58)

where & (inout) — | / Rin out / Tin,out With Rin out = 1 — Tinout being the corresponding power reflection coefficients.
For simplicity, we will assume high-reflectivity mirrors Ti, out < 1
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The important transfer matrix element is
Mgg(w) _ e—iwL/c(l o if(in))(l o if(out)) + eiwL/cE(in)g(out), (B.59)

which leads to the equation for the resonant frequency

; [ T; [T, [ TinT,
2iwresL/c __ . in out ind out
e =141 + — . B.60
( Rin Rout > Rin Rout ( )

The solution for this equation is (up to terms of the order Tli/ gut)

Ti T t . Tin Tout
2wresL/c =2+ | () 5 + 4/ o —z( + ) B.61
res / < Rin Rout Rout Rout ( )

where n is the mode index, similar to the one defined in subsection We can identify the real part of wyeg
as the resonant frequency

ﬂn TOll
wn = Re {wres} = 2mnF + | [ o + 1/ 228 | F = 2mnF (B.62)
Rin Rout

(where F' = ¢/(2L) is the FSR defined in subsection B.2.3), and the imaginary part as the corresponding
linewidth

Tin + Tout
Rout Rout

k= —2Im{wes} = F ( > ~ I (Tin + Tout) - (B.63)

The cavity finesse, which is defined as the ratio of the FSR to the linewidth
2 F

F=— B.64
. (5.64)
is equal to
2
R B.
d Tin + Tout ( 65)

This quantity is convenient to characterize Fabry-Perot cavities, since unlike the quality factor Q = w,/k = nF
it only depends on the mirror parameters and not on the total cavity length (at least, in the perfect 1D case
where we neglect clipping and diffraction losses).

B.3.5 Perfect mirrors approximation

Equation (B.57)) can be simplified if we take the limit of perfectly reflecting input and output mirrors. As we
have shown in the previous section, this corresponds to the infinite mirror dielectric strength &y out — 00. In
this limit the mirror transfer matrix (B.45]) becomes

(mir) . 1 1
M zf( o ) (B.66)
After substituting this matrix for the mirrors in equation (B.54)), resonant condition (B.57)) turns into
(cav) (cav) (cav) (cav) .
My 4+ Myy ' — My — My, (wres) = 0. (B.67)

In the simple case of the empty cavity mentioned above this immediately leads to e2@resl/c = 1 which corre-

sponds to the familiar condition of the roundtrip length being a multiple of the optical wavelength.
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Relation (B.67)) can be derived in a different way, starting from the perfect reflector boundary condition of
0 _

having a zero electric field on the surface. On the left side of the cavity it leads to B’ = —E~/| while similarly
on the right Eg) = —Eg). However, these four fields are also related through the cavity transfer matrix M (V)

which leads to the condition
0 = BQ+ED = (M{ED + MEVED) + (M EQ + Mg EY)

= (M = ME™ + g™+ M) BY). (B.68)
If the circulating field E(_@ is non-zero, the equation above is equivalent to (B.67).

B.4 Distributed Bragg reflectors
B.4.1 Finite DBR

Einc

Erefl

1 pair

Figure B.2: Schematic of a distributed Bragg reflector (DBR). The DBR shown here corresponds to N = 3
layer pairs.

In this section I want to briefly consider distributed Bragg reflector (DBR) mirrors. A DBR is a stack of
dielectric layers, which is comprised of N identical layer pairs, as shown in Figure Each pair consists of
two dielectric layers made out of materials with dissimilar refraction coefficients. Let us denote the refraction
coefficients of the two dielectrics as ny and no, the corresponding layer thicknesses as d; and do, and the wave-
vector of light (in vacuum) as kyg. With these definitions, the transfer matrix of a single pair is expressed
as

M@ — A®) (ng /ng) - M®) (ngkg, do) - M®) (ny /ng) - M®) (n1kqg, dy). (B.69)

This matrix describes (reading right to left) light propagating through the first dielectric layer, then entering
the second layer, propagating through that, and finally entering back into the first dielectric at the start of the
next pair (remember that the transfer matrix describing a wave going from a material with refractive index n
into a material with refractive index ny is M® (2@ /21y = pM®)(n; /ny)). The total transfer matrix of N
layers, including the light entering from some outside material with the refractive index nyg, is

. N
M(DBR) _ (M(palr)> - M®) (ng/ny). (B.70)

In an ideal DBR the layers are assumed to be A/4 thick, i.e., kgnidy = konads = 7/2. In this case both
propagation matrices are equal to

M® (nyko, di) = M) (noko, dp) = < (Z) _OZ )a (B.71)
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so the transfer matrix of a single pair is

: 1 (1+4n2 1-n2
(pair) - _ T T
M 2n, < 1-n2 1+4+n2 ) (B.72)

and the transfer matrix of IV pairs is

NN (DN 1 p2N 2N
i) ( : r
(m T ( Ly gy ) (B.73)

where n, = ny/ny. The total DBR transfer matrix is

—1)N ni1/ng)n2V — (n1/ng)n?N
e = G (L e 25 Gt ) o

The amplitude transmission coefficient of the whole DBR mirror can be obtained using equation (B.55)):

2(n1/no)(=1)N
t= n;N1+ (fll/no)ny. (B.75)

If we assume N > 1, then the power transmission coefficient can be approximated as

2, 2N
T = ‘t‘Q ~ { 4(711/77,0) n., 0<n <1 <B76>

4n 2N, ny > 1.

Thus, unless n, = 1 (i.e., both materials are the same), the transmission coefficient decreases exponentially with
N, so it can be made arbitrarily small by adding more layers. In practice, high-quality mirror DBR coatings
routinely achieve 7' ~ 1076.

B.4.2 Infinite DBR approximation and penetration depth

It is also useful to consider the case of an infinite DBR, but with a potentially mismatched incident light
wavelength (i.e., with layer thicknesses not being exactly A\/4). This will allow us estimate the penetration
depth (defined in equation in subsection of a DBR in the perfect reflectivity limit.

Let us start again by considering just IV layer pairs without the outside material. If we assume that the
light is only incident from the left, and if we normalize this incident amplitude to be 1, we can write the transfer

relations as
t —( [(pair) N . 1 B
( 0 ) ( > r ) ( '77)

Here r and t are the amplitudes of the reflected and the transmitted wave respectively, and with our normal-
ization they are simply equal to the the reflection and the transmission coefficients. Next, let us assume that
the single pair transfer matrix M (pair) hag g complete set of eigenvectors vy 2 and eigenvalues )‘1,2@ and let us
decompose the transmission vector in terms of these eigenvectors as

< (’; > — ¢ (a101 + azvs) (B.78)

where a; o are the decomposition coefficients. Using that decomposition, we can invert the relation (B.77)) to
obtain

< i > =t (alx\l_Nm + a2>\2—Nv2) . (B.79)

2)The only way the Jordan normal form of M®*") could be non-diagonal is if A\; = A2, and, as we show later, this implies that
the DBR does not actually serve as a reflector.
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First, let us imagine that |A;| = |\z|; since A Ao = det(M®P21)) = 1, this would imply that || = [Xo| = 1.
However, this means that the RHS magnitude stays approximately the same (on the order of ¢) regardless of
the number of layers N, which means that the DBR transmission does not depend on N

Since we only want to consider DBRs which get progressively more reflective as N grows, we have to assume
that |[A1] # |A2]. Let us then WLOG denote the smaller eigenvalue as A\; and the bigger one as \a; since
A2 = 1, its means that [A;| < 1 and |Az| > 1. Then for very large N such that |A;|™Y > |Ao|™" we can

approximate (B.79)) as
1 -N
, ~taiA] v o v (B.81)
Thus, to find the reflection phase, we simply need to examine the eigenvector corresponding to the smaller
eigenvalue.
Finally, we can consider what would happen if the DBR is preceded by some other objects, e.g., if the wave

enters from a different material as we assumed in the previous subsection. If we denote the transfer matrix
leading to the DBR pairs stack as M (), the new transfer relations can be expressed as

()= (o)™ a0 (1), (B.52)

Following the same route, we can arrive at an analogue of equation (B.81]):
M. ( i ) ~ tal)\val x V1, (B.83)

so in the end

< : ) & (M(S))_l 1. (B.84)

This means that the reflection amplitude is

r= 2 (B.85)

(where a subscript outside parentheses is a vector index).

Now let us consider a mismatched DBR. Specifically, let us assume that the DBR is perfectly matched for
some wave-vector kg ,,, but the incident light has a different wave-vector kg # ko,,. We can account for the
mismatch by replacing the ideal propagation matrix with

;10
M®) (niko,di) = MW (niko,dy) = ( “i) _igﬂ.é > (B.86)

where § = konidy — /2 = konads — 7/2 = (kom/ko — 1)m/2 is the extra phase acquired due to the mismatch.
With this, a single pair transfer matrix becomes

pairy _ _ 1 [ (np—1)*+ 62’6(7% +1)? (1+e7??)(n7 — 1)
et = _4nr< QL)1) (ny—1)2+ e 0(n, + 1)? ) (B.87)

®)More rigorously, since |A1| = 1, we can represent it as A\; = e'?. For an arbitrary small precision ¢ we can choose N such that
|IN#| < € mod 2r (which is always possible, following from Dirichlet’s approximation theorem), which leads to Al =14 O(e) and
MY =1/AY =1+ O(e). However, this would mean that

< ! ) ~ t (a1 + azvs) , = ( ; ) (B.80)

leading to t = 1 and r = 0, i.e., DBR being perfectly transmitting for an arbitrary large N.
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The full expression for the eigenvalues and the eigenvectors are too cumbersome and not very illuminating;
instead, we can expand them to the first order in § to get

Al = —n, Ay = _1/nr
12 _ s 2n,
oy — ( 1 ;nr_15 ) vy — ( 1 Zfr—l(s ) (B.88)

From this, depending on the magnitude of n,, the reflection coefficient is

—1—i2-6 0<n,<1
_ T—n, T
r= { |y i2ees > 1. (B.89)
so the reflection phase (in the first order in §) becomes
2
0 0<n,<1
— 1—n, 7’ T

¢= { 25 p> 1 (B-90)

We can find the corresponding penetration depth using equation (B.34)):

0 10 1.dé 0 A rt 0<n, <1
sp— 00 _ 109 _1d0 00 _ o f 55 r (B.91)
2 0w 2 Ok 2 dko 00 4 Py n, > 1.

We have used the fact that the stack is almost matched, so % = nidy = \o/4, where \g = 27 /ky is the vacuum
wavelength. Note that this expression is symmetric with respect to n, — 1/n, (which corresponds to switching
the layers’ order), that is, the penetration depth does not depend on which layer goes first.

If we account for the boundary between the first layer and the outer material with the refractive index ny,
the reflection coefficient turns into

—1—j 25 0<n, <1
— ny l—ny ) r
r—{ 1+i%%5, e > 1, (B.92)
and the penetration depth becomes
A no _fr_ 0<n,<1
§L =22 { m 1-nr i (B.93)
4 nionrfl’ Ny > 1.

B.5 One-dimensional propagation of acoustic waves

Here we will derive equations governing propagation of 1D longitudinal acoustic waves, and then introduce a
transfer matrix formalism (very similar to the one in section [B.3]) for these waves. After that, we use it to derive
the acoustic reflection coefficient for a material boundary.

B.5.1 Wave equation

We will describe a wave by its displacement profile x(z,t). The first equation governing the wave motion is
essentially Newton’s second law applied to a tiny slab of material between = + x(x) and = + dz + x(z + dz).
The total mass of this slab is dm = pgAdz, where pg is the density of a non-strained material and A is the
cross-sectional area of the wave. The acceleration of the COM of this slab is (up to first order in dz) the second
time derivative of the wave displacement: a(z) = %QT%‘. Finally, the net force acting on the slab can be calculated
as dF = (p(z) — p(x + dx))A, where p(z,t) is the (longitudinal) stress inside the material. This lets us write

Newton’s second law as

9%y
poAWdl' = a(x)dm = dF = (p(z) — p(x + dx))A, (B.94)
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which yields a partial differential equation

Px _ op
Poor = ox

(B.95)

The second equation relates the pressure profile p(z) to the wave displacement x(z), and it comes from the
material properties. We assume the standard linear isotropic Young’s law

ox
= F =F|-== B.96
pla) = Bela) = £ (- %)) (B.96)
where €(x) is the compressional strain and E is the material’s Young’s modulus. Combining the equations
(B.95) and (B.96) we obtain the wave equation

Px _ EPx _ 0%
o2 po 0x2

=& (B.97)

where ¢s = \/E/pg is the sound velocity in the material.

B.5.2 Energy density and energy flux

The mechanical energy of the wave consists of two parts: kinetic and potential. The kinetic energy of a slice of

material between = + x(x) and z + dz + x(x + dx) with a velocity v(z) = %‘ is
dm po (Ox\’
dK = —*(z) = = | = | Adz. B.
5 ¥ (z) 5 ( ot x (B.98)
The potential energy can be calculated using the strain e(x) as
E E [0x)\?
P=—_¢ =— (] Adxr. B.
d 5 € (z)dV 5 <8;1:> dx (B.99)
Thus, the total energy density for a unit cross-sectional area is
dK +dP  po (Ox\® E [0x)\?
_ _ PO Zx ~Z (22 . B.100
YT T Adr 2 <8t 9 \or (B-100)
If we examine the time derivative of the energy density, we obtain
Ous Ox 0%x oy 0%x 5 0%x 0%x dx 0%x
= AZ AL pZA - TAZA L gpIA
ot~ Paror T arazor - o202 T 9x 0zt
9 (,,0x0x Ips
_ 9 (poxox) _ s B.101
Ox < Ox 8t> Ox ( )
where we have defined ps = —E%%’f. This equation reminds one of thew general form of the 1D continuity
equation % = _%7 where p and j are correspondingly the density and flux of some conserved quantity. From

this correspondence we can identify ps as the energy flux (per unit cross-sectional area) carried by the acoustic
waves.

A right-moving wave with frequency w and amplitude xo can be expressed as x(z,t) = xo sin(kx —wt + ¢p),
where k = w/cq is the wave-vector and ¢g is an overall phase. The instantaneous energy density for this wave is

2
us(z,t) = % (pow? + Ek?) sin® (kx — wt + ¢y)
= pow?xE sin?(kx — wt + ¢y), (B.102)
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and after averaging over the wave period it becomes

2

o w
) = 2 NG (B.103)

We can write similar expressions for the energy flux:

ps(z,t) = x3Fkwcos?(kx — wt + dp) = Zw?x2 cos?(kx — wt + ¢o) (B.104)
. Zuw?
ps(z) = TX%a (B.105)
where
E
Z = — =+/Epy=cspo (B.106)
Cs

is the acoustic impedance.

B.5.3 Boundary conditions

An interface between two materials should satisfy two conditions. First, the wave displacement should be the
same:

O = ), (B.107)

where X/, are the displacement profiles on the left and on the right side of the boundary respectively. Second,
we assume that the boundary does not produce any additional stress, so the pressure on both sides should also
be the same:

(0 X"
or

(B.108)

B.5.4 Transfer matrix description for sound

Given the wave equation and the boundary conditions, we can apply exactly the same transfer matrix approach
that we used for light (section [B.3]) to the sound waves. Similarly to the EM waves definition (B.35]), we define
a sound transfer matrix as describing a relation between the sound amplitudes x on the left and on the right

side of an object:
(x) ()
=M | X ). (B.109)
(r) (0)
X+ X<+

Given this definition, the propagation matrix looks exactly the same as for the light (B.36):

ezkd 0
M®) (k d) = ( A ) (B.110)

The only difference is the relation between the wave-vector and the frequency k = w/cs.
The boundary transfer matrix can be calculated using the boundary conditions (B.107)), (B.108)), and it is
slightly different than (B.43)

M(b) (Z(rel)) = 9 Z (rel)

1 (rel) _ z(rel)
<1+Z 1-Z > (B.111)

1 — Zel) 1 + Z(rel)

with Z0e) = 2() /20 where Z(0) are the acoustic impedances of the two media

9To regain the same expression as (B.43) we would need to define transfer matrices in terms of pressure p(zx,t) instead of
displacement x(z, t).
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Now we can use relations (B.55) and (B.56) to calculate the amplitude transmissions and reflection coeffi-
cients for a material boundary:

2
b=
Y = e (B.112)
Zhe) 1
L
= (B.113)

Note that [t()]? + |#(P)|2 £ 1, since the reflected and transmitted waves travel in different media. To accom-
modate for that, we can define the power reflection and transmission coefficients which take the impedance
difference into account:

z([@) 4z (rel)
(b) _ 14(0))2 _
=10 = (Z(el) 4 1)2 (B.114)
(rel) _ 1)\2
RO — oz = 22— ) (B.115)

(Z(rel) + 1)2 ’

These coefficients describe the powers in respectively the transmitted and the reflected waves relative to the
incident power, and with these it is easy to show that the energy is conserved: T' (b) 4 Rb) — 1.

B.5.5 Interaction with a movable boundary

X

EW
£

£

Figure B.3: Schematic an acoustic wave reflecting off a movable boundary.

Now let us consider a different kind of boundary, which can potentially be moving (e.g., a suspended plate
inside a liquid). We will assume it to be thin enough compared to the sound wavelength (inside the boundary
material), so we can approximate it as an infinitely thin layer. We will denote its displacement from the
equilibrium position as .

The boundary conditions can be written in the same way as in subsection|[B.5.3] First, the wave displacement
is still the same on both sides; furthermore, the layer displacement is also the same:

O =50 =z (B.116)
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Second, we need to connect the pressures on the two sides. Since the boundary can exert force, these
pressures are no longer equal. However, we will assume that this pressure differential is proportional to the
boundary displacement with some proportionality coefficient K: Ap = p© — p() = Kz. For example, if the
boundary is a plate on a spring with a spring constant per unit area kg, we have simply K= ks, and if it is a
free mass with a surface mass density o, we have K = —ow?. Keeping the proportionality coefficient general,
we can write

ox®

O -
Ox + E i pO —p) = Kg, (B.117)

—F
ox

where we assume that the media is the same on both sides of the boundary, so that E(Y) = E0) = E. In terms
of incident and reflected wave amplitudes, boundary conditions (B.116|) and (B.117) can be rewritten as

XD +xO =X +x (B.118)
kB(—xY + X9 +x% = xP) = K9 +x19). (B.119)
This results in a transfer matrix
(mb) - _ [ L+i§ i
M (K)—< e 1—ig ) (B.120)

where £ = —K /(2kE) = —K /(2w2Z2) is the “strength” of the barrier. Note the similarity to the transfer matrix
of a dielectric layer (equation (B.44)). It allows us to easily calculate the power transmission coefficient using

equation (B.51):

P _ L _ ! | (B.121)

L&y (K/(2w2)>2
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Appendix C

General optics derivations

C.1 Optical detection description

In this section I discuss basics of the photocurrent statistic and the heterodyne measurements. These derivations
are used in calculation of the sideband signatures in the photocurrent power spectral density (PSD) in section
and in the laser noise measurement analysis (section [C.2).

I start by quickly introducing the normal ordering approach to the photocurrent correlators, and then I use
it to derive general equations for the power spectral density (PSD) and the correlator of the photocurrent.

C.1.1 General photocurrent expression

Standard photodetection theory [I79] states that, given an optical field age¢ landing on the photodetector, the
(time-dependent) autocorrelator of the photocurrent i(t) can be calculated as

Cialt,r) = (ilt+7/2)i(t —7/2)
= G2zl (t+ 7/2)aaen(t +7/2)il (0 = 7/Dige(t — 7/2) 1)

+G2<d£et(t)ddet(t)>5(r), (C.1)

where G is the photodetector gain (for an ideal unamplified photodiode this gain is equal to e, the electron

charge) and :: denotes normal and time ordering. The first term in the expression corresponds to the

“classical” part of the autocorrelator, arising from the time-varying field amplitude. The second term arises from

the autocorrelator of the individual photon pulses (which are described by the §-function in the assumption

of infinite photodetector bandwidth), and thus represents the shot noise. Note that since i(t) is simply a

photocurrent, we take it to be classical and real, so Cy;(t,7) is real and symmetric in 7 (see appendix [A.2.3]).
In the same description the mean photocurrent is simply proportional to the average photon flux:

M) = GalyBaa®)). (C2)

C.1.2 Heterodyne measurements and photocurrent PSD

Now we consider heterodyne detection. Let us denote the signal optical field as aig(t) and the optical local
oscillator (OLO) as aprLoe” orot where aoro is its amplitude and woro is its frequency. This makes the field
incident on the photodiode (after combining with the OLO) aget = aoroe "“OLO! + g,y (). One should keep in
mind that in the frame of the signal field we might have wopo < 0, since this results in an intuitive picture of
the photocurrent spectrum being just a shifted copy of the optical spectrum; the opposite case where the OLO
frequency is higher than the sidebands frequency is less convenient, since it leads to the photocurrent spectrum
being flipped compared to the optical one.
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If we substitute this expression for age into equation (C.1)) and expand up to second order in dgjs (keeping
in mind that the first order terms average to zero), we get

Cis(t.7) =~ Glaovol* + G*laorol® ({aly(t + 7/2)asig(t +7/2)) + (ali(t — 7/2)ae(t — 7/2)))
+G?laovof? (70107 (al (¢ + 7/2)sg(t = 7/2) ) + OO (@l (t = 7/2)asiglt +7/2)) )
+G(aon0)2e 2ot (s al (¢ + 7/2)al (0 = 7/2) 1)

+G2(G*OLO)2€2inLOt<3 CA’Jsig(t + 7'/2)&sig(t - 7/2) :>
+G?|aoLo|*6(7). (C.3)

The first line in equation is the DC component of the correlator, which is not relevant to the optical
spectrum, and can be ignored. The next three lines reflect beating of the outgoing cavity field with the LO.
Finally, the last line represents the unavoidable detector shot noise.

First, let us consider the time-averaged PSD of the photocurrent, which is defined using the generic PSD

expression (A.3)) from appendix

. too
Siilw] = Sii(t,w) = Cyi(t, 7)e™“Tdr, (C.4)

—0o0

where S;;(t,w) and Cy;(t,7) denote that these quantities are averaged over the central time ¢t. We assume that
the correlators of the input field are stationary (or at least do not have components at 2woro), and that the
integration time is long enough that we can set e2worot = (). In this case, only the second and the last line in
the correlator contribute to the PSD above, which can be re-expressed as

Sii|w] = G2|GOLO’2 <S&+ . |[w—worLo] + St

sig’aSig sig’aSig

[~w —woro] + 1> ; (C.5)
where the spectrum of the outgoing field is calculated in the usual way:

Sat o 0] = (alglwlasgl—] ). (C.6)

El‘sig’a‘Sig
C.2 Laser noise

In this section I will consider a general description of classical laser noise, its behavior under linear transforma-
tions (such as cavity filtering, delay, or self-interference) and the way to measure it using quadratic detectors
such as photodiodes. These results are later used in the description of the laser noise measurement procedure

appendix [D.4]

C.2.1 Definitions

We start with a generic expression for a single laser tone with amplitude ay, and frequency wy,: a(t) = ape”“Lt,

Next, we add classical noise which in the frame rotating at wy, is represented by a complex random variable
()
a(t) = (ag, + C(t))e ™t (C.7)
Many sources produce noise which is proportional to the total power, and any subsequent attenuation affects
the main tone and the classical noise in the same way. Thus, it is more convenient to describe the noise by
its amplitude relative to the main tone ((t) = ((t)/ar. Such description also allows us to easily separate
the noise into an amplitude quadrature (x and a phase quadrature (; by setting (pe1(t) = (x(t) + iy (t), which
produces the expression for the light amplitude
a(t) = ap, (1 + G(t) + il (t))e Lt (C.8)
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Each of the noise variables (, ¢y represents only one noise quadrature, so both of them are real.

Now we need to make some simplifying assumption about the noise. First, let us assume that both amplitude
and phase noises are random, stationary, Gaussian and have zero mean. This means that they are fully
characterized by their second-order correlation functions

(G(t)G(t)) = Cux(t — 1) (C.9)
()G (1)) = Cxy(t = 1) (C.10)
(GG () = Cyy(t =), (C.11)

Since (x and (y are real variables, all of those correlators also end up being real; additionally, Cxx and Cyy
are symmetric in time. Being classical variables, (x and ¢ also obey Cauchy-Schwartz inequality: |Cyy(7)[* <
Cx () Cyy (7).

Second, we assume that the total noise power is small compared to the signal power: Cy(0) = <(§> <1
and Cyy(0) = <C3> < 1. This will later let us drop quartic terms when calculating power spectral density of a
quadratic detector output

Finally, we can move into the Fourier domain (see appendix [A.2) by defining (noise) Fourier transforms
(xw] and (y[w], and corresponding power spectral densities and cross-correlators

(Glw]x[-w]) = Sx[w] (C.12)
(Glw]Cy[-w]) = Sxy[w] (C.13)
(G lwl¢y[=w]) = Syy[w]. (C.14)

Since Cyx and Cyy are real and symmetric, so are the power spectral densities Syx and Syy. The cross-correlator
Sy obeys a weaker relation Syy[—w] = (Sxy[w])*, and the flipped-order correlator can be expressed as

Syx[w] = <Cy[w]Cx[_w]> = Sxy[_w] = (Sxy[w])*' (0'15)

C.2.2 Quadratic detection

Now, let us consider detection of such a noisy laser by an ideal photodiode, for which we start by applying
expressions (C.1) and (C.2)) to a classical field with an amplitude a(¢). This results in a mean photocurrent
which is simply proportional to a square of the amplitude:

= G<|a(t)|2>, (C.16)
and a photocurrent correlator expressed as
Ciu(t—t) = (i(®)i(t)) = G¥Ja(t)]’|at)]*) + G*(|a(t)]*)o(t —1'), (C.17)

where the second d-correlated term describes the shot noise of the photodetector. Both of the expressions above
(barring the shot noise term) can also be obtained by simply postulating that the photocurrent is proportional
to the photon flux i(t) = G|a(t)|?.

We can simplify expressions (C.16) and (C.17) if the laser amplitude can be expressed as a(t) = ap(1 +
Geal(t))e ™t (where ap, and (el(t) are not necessarily equal to the non-transformed laser amplitude and noise
in the expression (C.7)) and if we assume small laser noise:

() = G(lar(1+ <)) = Glav® + Glay (C*(£)¢(1)) ~ Glac|? (C.18)
Cii(t —t') G*(lan(1 + ¢(1)Plan(1 + <)) + G*(lav(6)*)o(t — ')
G?la|* + GPlac|* ((C(1)C(H) + c.c.) + GPlac]* ((CF(HC () + c.c.)
+G?|ag |25(t — t') (C.19)

Q

) There is an additional assumption required to justify writing the laser field as a perfect wave in equation (C.7)): the laser linewidth
should be small compared to other frequency scales. This implies that, e.g., the propagation delay difference 74 in subsection [C.2-6]
is much smaller than the laser coherence time, or that the cavity linewidth in is much larger than the intrinsic laser linewidth.
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Since the second expression is at most quadratic in (, it can be easily recast into the corresponding expression
for the power spectral density of the photocurrent:

Sulw] = Glar|* (CwIC[-w]) + (Cw]CH [=w]) + (Cw]¢[=wl) + (W] =)
+G?|a|%. (C.20)

C.2.3 Direct detection of a noisy laser
For the non-transformed laser field ((C.8]) the mean photocurrent is
(i) = Glav|?, (C.21)

and the noise correlators are

(Clwld=w]) = (Glw] =iy [w]) (Gx[—w] + i¢y[-w]))
= Sel] + Syyl] — 20m {Siy ]} (C.22)
Clwl¢?[-w]) = Skxlw] 4 Syy[w] + 2Im {Sxy [w]} (C.23)

Clwlc[=w]) = {(Cxlw] + i€y [w]) (Ce[—w] + i¢y[-w]))
= Slw] — Syylw] + 2iRe { Sy w]} (C.24)
(Tl [=wl) = Swlw] = Syylw] — 2iRe {Sxy[w]}, (C.25)

which results in the photocurrent PSD
Silw] = G*lay|* (28xx[w] + 28yy[w]) + GPlap|* (2Sxx[w] — 2Syy[w]) + G?|ar?

= Gay)? (4|aL| Sxx[w ]+1). (C.26)

As one could expect, only the amplitude noise correlator shows up in the photocurrent power spectral density.

Given expression , we define the laser to be “amplitude shot noise limited” at a frequency w if the
classical noise is equal to the shot noise in the photocurrent, i.e., when |ar,|?Syx[w] = 1/4. Similarly, the laser
is said to be “phase shot noise limited” if |ar,|?Syy[w] = 1/4. Both of these criteria can also be described in
terms of a “shot noise limited power” Péxé% = hwr,/(4Sxx[w]) (and the same for P]Eys}%), which is the power for
which the classical laser noise equals the shot noise. The higher the relative classical noise Sy, Syy, the lower
the shot noise limited power, i.e., the more attenuated the laser has to be in order for the classical noise to be
equal to the shot noise.

C.2.4 Effects of linear transformations

Now we consider how a linear transformation of the laser field affects the results (C.21] - We characterize
the linear transformation by its Fourier transfer function K[w], which multlphes both the main laser tone and
the noise. This changes the laser amplitude to a;, K[0] and transforms the noise into

(klw] = Klwl(w] (C.27)
(klwl = (K[-w])"¢*[w] (C.28)
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(note the minus sign in the second line, which comes from our convention for the Fourier transform conjugating),

which turns the noise correlators ((C.22))-(C.25|) into

(Celolerl—wl) = K[-w] (¢ wl-wl)

= K] (Sexle] + Syylo] — 20m {Ssy [w]}) (C.29)
(CrlolCil-w) = [KIPERICT-wl)

= K] (Sxxlw] + Syyli] + 2Im {Syyw]}) (C.30)
(Crlolerl—wl) = (KlulK[-w]) {Clwl-w])

= (K[WlK[)) (Sexlw] — Syyle] + 2iRe {Siyfe]}) (C.31)
(GlwlGil—wl) = (KIIK[-w])" (¢ [l¢[-w)

= (K[W]K )" (Sxelw] — Syyli] - 20Re {Syy[w]}) (C.32)

These transformations, in turn, lead to new expressions for the mean photocurrent

(i) = G|K0]*|ar. (C.33)
and for its power spectral density
Silw] = GPlap|* {|K[0)P(IK[w]]* + | K [-w]|*)(Sxx[w] + Syy[w])
—2|K[0]]* (| K [w][* — [ K [~w][*)Im { Sxy[w]}
+ (K [0]) (K [w] K [~w])* + c.c.) (Sxxlw] = Syy[w])

[—
—24 (( [0])2(K[w]K[ w))* — c.c.) Re {Sxy[w]}}
+G?|ay)?|K[0])?. (C.34)

By introducing a “beatnote” transfer function K|[w] = K[w](K[0])* we can simplify the power spectral density:

Silw] = G?lag|* {‘f([w] + (K[-w])* ’ Sy [W]

+| K] <f<[ W)’| Syl

+ (Bl + (Rl-)") (Bl = Kl=]) Sxyl] +ec.) }

+G?|ar)?| K0 ]\ . (C.35)

It can be seen that, in general, all the noise correlators contribute to the photocurrent PSD, so it can be used
to measure all the noise properties (given an appropriate transformation K [w]).
One special case is the transformations whose “beatnote” transfer function is real in the time domain:

Im {f( (T)} = 0. Examples of such transformation are: constant phase shift (K (7) = 6(7)), time delay (K (1) =

§(T —79)) or attenuation (K (1) = o, where « is the real attenuation factor). In that case the Fourier transfer
function satisfies the condition K|[—w] = (K[w])*, and the expression (C.35)) is greatly simplified:

Silw] = G*av|?|K[0]]* (4]ar?| K [w]|*Sxx[w] + 1) . (C.36)

As in the direct detection case ((C.26), the photocurrent PSD reveals only the properties of the amplitude noise.

C.2.5 Power dependence

It is useful to inspect how the photocurrent power spectral density changes if the laser is attenuated, for which
we consider a simple case of frequency-independent transformation K[w| = a. Since this transformation clearly
satisfies the criterion K|[—w] = (K [w])*, the resulting PSD can be found using expression (C.36)):
Siilw] = G2(12|CLL|2 (4(12\aL|2SXX[w] + 1) . (C.37)
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At the same time, the mean photocurrent is simply proportional to a?: (i) = Ga?|ar,|?. Thus, the shot
noise contribution to the PSD is proportional to the mean current (a?), while the classical noise contribution
is proportional to the square of the current (i.e., a*). This provides a simple practical way to separate the two
noise contributions by varying the power landing on the photodetector, as described in appendix

C.2.6 Delay line phase noise measurement

Now we can consider the laser noise measurements using an optical delay line. The core of the measurement
setup is a Mach-Zehnder interferometer with an optical delay line in one arm, as shown in Figure To
describe the interferometer, let us denote the first beam-splitter ratio as v : 51, the second beam-splitter ratio
as ag : B2, the time delay as 7q and the phase difference between the two arms (at the main tone frequency) as
0.

The light traveling in the first arm of the interferometer acquires a total attenuation o = ajas. The light
in the second arm similarly experiences attenuation by a factor of 8 = 8182, but in addition it acquires a phase
difference factor e=*¢ and a time delay, which manifests as a frequency-dependent phase shift e=®7. After
recombining, the total transfer function of the interferometer can be expressed as

Kylw] = a4 Be %, (C.38)
which leads to the beatnote transfer function
Kd[w] — a? + l326—iw7'd + al@(e—iéqﬁ—iwm + eié(j)). (0'39)

The output of the interferometer then lands on a photodiode, producing a mean photocurrent

(iy = G?lap|?|a+ Be 1 = G?|ar|*(a® + 2aB cos §¢ + 7). (C.40)
The power spectral density can be found from expression (C.35)):
Silw] = G?lan]" {4 (a®(a + Bcosdg)® + B(B + acos §¢)%) Skxlw]

+8aB(a + Bcosdp) (B + acosdp) cos(wrq) Sxx|[w]

+8(aBsin §¢)%(1 — cos(wrq))Syy [w]

+4Re {iaBsindp(a(a + Bcosdp) + B(B + acosdp)e ) (1 — e ) S, [w]}}
+G?|ag,|*(a* + 2a8 cos 66 + 5?). (C.41)

If the interferometer is balanced (« = § = 1/2), this expression simplifies to

Siilw] = G?|ag|* {4 cos?(5¢/2) cos® (wTq/2) Ssx|w]
+4cos?(5¢/2) sin?(6¢/2) sin?(wrq/2) Syy[w]
+4 cos®(5¢/2) sin(6¢/2) cos(wrq/2) sin(wra/2)Re { Sxy[w]}}
+G?|ag | cos?(6¢/2). (C.42)
There are two complementary approaches that we can take regarding d¢. In one, we can assume that the
the interferometer is stable (or is actively stabilized), so that d¢ has some fixed value. In the other approach,
which we chose to implement in the measurements described in appendix[D.4] the phase difference is fluctuating

by a magnitude much greater than 27. This effectively averages the expressions above over all d¢, leading to
the average photocurrent

) = Gla2(a?+ B (C.43)
and reduces equation to
Sulw] = G*ar|* {4 (a* + a®B*(1 + 3cos(wra)) + B*) Sxx[w]
+4623 (1 — cos(wra)) Sy ]}
+G?a 2 (® + B?), (C.44)
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and equation (C.42)) to
2 a3 o L .o
Siilw] = G*|ay] §COS (wTq/2)Sxx[w] + §Sln (wTa/2)Syy[w]
1
e (C.45)

This expression shows that the sensitivity of the delay line measurement to different kinds of noise depends
on the noise frequency: for w = 27n/7q the setup only measures amplitude noise (as sin?(7n) = 0), while
for w = 2m(n + 1/2)/7q it only measures phase noise (as cos?(mn + m/2) = 0), and for other frequencies it
measures some linear combination of the two. Note that neither the balanced interferometer expression
nor the averaged phase expression are sensitive to the noise cross-correlation Syy; nevertheless, the
Cauchy-Schwartz inequality |Sxy[w]|* < Sxx[w]Syy[w] provides us with the upper bound.

C.2.7 Cavity reflection

Another way of estimating laser noise is by reflecting it off an optical cavity. Consider a cavity of linewidth k,
external coupling efficiency 7, = Kext/k (Where Kext, in the coupling rate through the input port), and detuning
A from the main laser tone. The reflection transfer function of such cavity is (from equation (2.31)) in section

2.1)

KcaV [w] =1- 277HXC,rel[w + A] (046)
1
Xe,rel[w] = 1= 2iw/r’ (C.A47)

For simplicity, we will only consider a far-detuned case |A| > &k, where we can approximate K ay[0] =
1 +inek/A = 1 and, consequently, Keay[w] = Keay[w](Kcav[0])" & Keav[w]. Furthermore, we assume a negative
detuning: A = —Ag < 0, so similarly Kcav[—w] & 1 for all w > 0. With these simplifications, the photocurrent

PSD becomes

Sz’z’ [w]

Glar* {12~ 200l — Aol Secle] + 2ol — Ao]? Sy
+ ((2 = 20k Xe,ret[w — Ao]) (20 Xe,rel[w — Ao])* Sxylw] + c.c.)} + GPlal”
= G?ar|* {4 (1 — (2ns — 13) [Xcrellw — Ao]|?) Sxx[e]
+4n7, [Xe,retlw = Ao][* Syy [w]
+8(17 — 17) [ Xeretw — Ao [PRe {Sxy 0]}
+8(2(w — A¢)/K)|Xeret[w — Ag][*Im {Sxy[w]} } + G*ar|?. (C.48)

For positive detuning A = +Aq the expression is essentially the same, but with an additional minus sign in
front of the Re {Sxy|w]} term. Thus, these two measurements (positive and negative A), together with a simple
power detection to determine Sy, are enough to fully characterize the classical noise.

C.3 Phase modulation

In this section I present a brief treatment of the phase modulation. I start with a general description (subsection
C.3.1), and then discuss the influence of the phase modulation on the heterodyne measurements (subsection
C.3.2)), which is useful in understanding the way we perform driven response measurements (both the optical
cavity response, and mechanical mode response via OMIT/A). Then I describe how the intrinsic non-linearity
of the phase modulation influences the OMIT/A and the undriven mechanical motion measurements,and how
we account for it in the data analysis (subsection . I conclude by describing how the phase modulation is
used to produce a more generic kind of modulation (subsection , which is important in understanding of
our method of adjusting the laser frequency for locking it to the experimental cavity (appendix .
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C.3.1 General representation

We denote the incident optical tone by are Lt and a set of microwave tones by V,, cos(vpt), where V,, are
the microwave amplitudes and v, are the corresponding microwave frequencies. The output of the modulator
is then expressed as

ay = aLe—ithei > on (Vi [V (vn)) cos(vnt)

_ aLef'ith H e'i(ﬂ'Vn/Vﬂ- (vn)) cos(vnt) = aLefith H eid)n cos(l/nt)7 (C49>

n

where V() is the (frequency-dependent) voltage at which the phase inside the modulator changes by =, and
Yy, = 7V /Vi(vy) is the microwave tone voltage normalized by V.
Next, we use the Jacobi-Anger expansion for the exponents

+o00
eitn cos(vnt) _ Z (_i)an(wn)efinunt’ (C.50>

n=—oo
where J,,(2) is n'" Bessel function of the first kind. With this, the output laser becomes

+oo

a/(b — aLe—’ith H Z (_i)an(wn)e—inunt = e—ith Zake_il/ktg (C51)
k

n n—=—oo

where v are all possible intermodulation frequencies resulting from the v,, and a; are the corresponding
amplitudes which should be calculated using equation (C.51)).
If the microwave drive has only one tone with the amplitude V) and the frequency 1y, the output becomes

+oo
ag =Y (—i)"arJn(tho)e 1t (C.52)

n=—oo

where ¥y = Vo /Vz(1p).

C.3.2 Heterodyne detection

The fact that the phase modulation can not be observed directly has interesting consequences for heterodyne
detection. Imagine performing heterodyne cavity response measurement by using a phase modulator, as shown
in Figure There the light from the laser goes through a phase modulator driven by the output of a VNA
(the drive amplitude is assumed to be small compared to V). One of the sidebands acquired in the modulator
(the upper sideband in Figure ) serves as a probe, while the carrier acts an OLO. The light is then incident
on the cavity, reflected, and detected using the photodiode. Finally, the output of the photodiode is sent back
into the VNA.

If the amplitude of the drive is small, we can assume that there are only two sidebands generated in the
modulator, that is, |J,()[*> ~ 0 for |n| > 1. Then the amplitude of the light leaving the modulator and
incident on the cavity can be expressed as

ainc = ar.Jo(o)e” " —iarJi (o) (67i(”L+”°)t + e*i(“Lf”O)t)

= apge WL 4 gp et W)t 4 gy et (C.53)

where ar, 0 = ar,Jo(¢0o) is the carrier amplitude and ar,; = —iar,J1(¢o) is the sidebands amplitude

The reflection off the cavity can be decomposed into two parts. First is the prompt reflection, which is simply
equal to the incident field. The second is the light which interacts with the cavity and then leaves it through
the input mirror. Now, consider the case where the carrier (i.e., OLO) is far detuned from the cavity, and only
the upper sideband is ever close to the resonance (as shown in Figure ) Since only this upper sideband
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Figure C.1: a) Setup schematic for a heterodyne measurement using a phase modulator. b) Optical tone

configuration for the measurement shown in (a).

interacts with the cavity, we can assume that the other two beams are simply reflected, and approximate the
reflected light amplitude as

Qrefl = aL,OKcaV[A]eiiWLt + aL,chaV[A + VO]eii(WL+VO)t + aL,ll<caV[A - VO]eii(WLiyo)t
~ apoe M apy (1= 20eXeral[A + 1)) e @ tolt o gy emilbr—ro)t
7’L'(wL+I/0)t =

= (Qinc — 2aL,177I€Xc,rel[A + 1/0]6 Qinc + Grefl,cavs (C54>

where A is the carrier detuning from the cavity and K.,y is defined in . Thus, the reflected light is the
same as the incident light, with the addition of @reficav = —2a1,17k X rel|A + uo]e_i(wL+”0)t coming from the
interaction of the upper sideband with the cavity.

Upon landing on the photodiode, this field produces a photocurrent

<Z> = G2|areﬂ|2 = G2|ainc|2 + GQ(ai*ncareﬂ,caV + amcaﬁeﬁﬂav) + G2’areﬂ7cav|2a (055)

where G is the photodetector gain, as described in subsection Assuming the ideal heterodyne detection
(OLO power much higher than the signal power), we can neglect the last term which is quadratic in ay, ;. The
first term is simply a constant |ai,c|?> = |ap|?, since the phase modulation does not manifest in the intensity.
Thus, the only beatnote contribution comes from the middle term. If we are interested in the photocurrent
at frequencies close to 1y, we only need to consider the beatnote between the carrier and the sideband (thus
neglecting the beatnote of the two sidebands), which leads to the oscillating part of the photocurrent:

(i) ~ Gzai*ncareﬂmv +c.c. = —2G2af70aL,m,§Xc7rel[A + vgle ™0 4 c.c. (C.56)

Therefore, the response measured by the network analyzer, which is the complex amplitude of the e~ term
in the photocurrent, is simply proportional to the cavity susceptibility. This is in contrast with the standard
heterodyne detection (which can be achieved by, e.g., replacing the phase modulator with a single-sideband
modulator), where this response would have had an additional constant background aj jar,1 coming from
the beating of the promptly reflected sideband with the LO. In the phase modulator hetefodyne scheme this
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Figure C.2: Comparison of the phase modulation (left) and the single-sideband modulation (right) for the
heterodyne detection of the optical cavity response. The top row shows the magnitude of the heterodyne
beatnote, the middle row shows its phase, and the bottom row plots the heterodyne signal in a complex
plane.

background is effectively canceled by an equal and opposite beatnote of the other promptly reflected sideband
with the same LO. Figure [C.2] compares the two heterodyne schemes.

The treatment above can be extended to an arbitrary cavity output field arecav = \/Kext@, Where Kext is
the external cavity coupling and a is the intracavity field. In this case, the beatnote part of the photocurrent is

(1) ~ GQaiO (\//@extae”%t) + c.c.

Hence, the phase modulator heterodyne scheme cancels all of the promptly reflected light effects and provides
a signal which is directly proportional to the intracavity field.
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C.3.3 Non-linearity effects
General treatment

Another effect coming from the use of a phase modulator stems from its intrinsic non-linearity. It manifests
in, e.g., equation , where the output of the modulator contains all possible intermodulation frequencies,
i.e., all linear combinations of drive frequencies with integer coefficients. Normally, the drives are weak enough
that it is sufficient to only consider first-order sidebands (as in subsection . However, in some of the
OMIT/A and undriven motion measurements described in Chapters |§| and |8 (generally, the ones with the
highest control beam power or circulating photon number) the amplitudes of the control MW tones were large
enough (Vy ~ 0.2V}) that the non-linearity could not be ignored.

To describe its effects in a most generic way, we start with equation and assume an arbitrary set of
MW tones with frequencies v, and normalized amplitudes 1),,. Next, we consider all of these beams (including
the carrier) landing on the cavity. To describe the optomechanical system dynamics, we use equations of motion

and (Z50):

él = —g& — Zg(o)d (6 + BT) + @éint + \/@éext + vV HextaineJriWCOt (C58>
b = (77”1 + zwm) b—igWata + Amn, (C.59)

with the incident optical drive a;, given by equation .

In the frame rotating at the cavity frequency w. the incident optical field becomes ain = ) age , where
A = wr, + v — we is the detuning of the k' phase modulator tone with amplitude aj and frequency (relative
to the carrier) vy.

As in subsection [2.3.2] next we linearize these equations. The steady state amplitude of the intracavity field

—iAgt

i

a=>) axe (C.60)
k
Gk = /Kext@kXc [Ak]a (061)
where xc[w] = (k/2 —iw)™! is the cavity susceptibility. This amplitude results in a force on the mechanical
oscillator given by
Frp = ¢Wa*a = ZZaka e UBk—An)t, (C.62)

Next, we consider the linearized optical equation

i - _gcz —ig®a (z; ¥ BT) + /Faineint + v/Fextbext
= —Ed-igO Y mein (b+8) + Vi + v/Foxiboxt (C.63)
k

Its solution in the Fourier domain can be separated into a motional part ds (which is found using Fourier
transform properties described in appendix j and a vacuum noise part dé:

dw] = dsfw ] delw] (C.64)

ds[w] = —ig© Z ax ( w— AR+ blw — Ak]> (C.65)
k

delw] = xelw]V/rE[wW] (C.66)

) As in subsection , we neglect the static mechanical displacement due to a static radiation pressure force.
134



The contribution of the mechanical motion part d; to the mechanical force is
B, = —ig®@ ds +adl)
2
= (9) 3D @l (xelw — Al = xelw + An)) %
k n
x (é[w Ay — AR 4 b w A, — Ak]> . (C.67)

Now we can make a couple of simplifying assumptions. First, we note that B[w] is centered around w = +wny eff,
while b [w] is located around w = —wm . This means that they will be coupled only by terms rotating at
~ W eff, 1.€., for |Ap — Ap| = 2w, o (satisfied with a precision ~ 4y, o). In our case, these terms should be
very small, since none of the microwave tones driving the cavity obey that relation (see subsection , and
the higher order sidebands need to be at least fourth order in control drive amplitudes, which are still fairly
small for the control drives used in the experiment. Thus, we can neglect the bt terms and get

B~ (g<0>>2 SO 5" @ (xelw — Akl = Xelw + A]) blo + Ay — A, (C.68)
k n

Second, the frequency differences between the optical tones are typically much larger than the mechanical
linewidth: [A, — Ag| > Ym s for n # k (again, this is true for all the first-order optical beams which directly
correspond to the MW drives, and even higher order terms would need to be very well-matched in order to
satisfy |A, — Ag| S Ymest). As a result, we disregard all the terms in equation for which n # k, which
lets us rewrite the optical force as

B, = —iY[w]blw] (C.69)
Sl = i(0”) 2 el (o — Ad] — xelo + A)). (c.70)
k

The RPSN part of the optical force can be written as (similar to equation ([7.20))
Freslw] = ¢ S (a;;dé[w + A+ ardlfo - Ak]) . (C.71)
k

With that, the acoustic equation of motion in the Fourier domain becomes

bw] = Xmert[w] <—iFRP[W] — iFrpsn|w] + Fth[w]) (C.72)
Ym -1
Xmeff[w] = (7 —i(w — wm) +iX[w ]) , (C.73)

where xm et [w] is the effective mechanical susceptibility, whose expression is identical to equation ,
but with the different definition of the optomechanical self-energy Xw] (equation (C.70])). The thermal force is
defined in the same way as before: Fi[w] = Vmh[w].

Finally, we can calculate the intracavity field:

~ A~

alw] = aw]+ dw] = alw] + ds[w] + dg[w]. (C.74)

The mechanical sidebands term CZ can be separated into two parts: one comes from the mechanical motion
induced by the drive beatnotes (which corresponds to the force Frp), while the other corresponds to the RPSN
and thermal force driven motion (containing, respectively, Frpsy and Fth) The first part can be phase-coherent
with the zeroth order field a, since all of the induced mechanical motion terms correspond to beatnotes of the
tones contained in a. This situation describes, for example, the OMIT/A experiment (section , where one of
the mechanical sidebands of the control beam interferes with the probe beam, and vice versa. The second part
of the mechanical motion sidebands is not coherent, so it will not interfere with a; however it might interfere
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with the optical vacuum noise cig, which contributes to, e.g., sideband cross-correlator measurements (subsection
7.2.2).

Equation , together with the usual input-output relations (equation ) lets us express the field
reflected off the cavity as

dontenl] = anf] + o] = Ve (alw] + dsfe] + delu]) (C.75)

Driven response measurements

First, let us consider the OMIT/A experiment, for which we neglect all the noise terms and focus on the external
coherent drive (like in section [2.7]). That transform equation (C.72|) into

blw] = —iXm,erlw]Frplw], (C.76)
and equation into
doutextlw] = amlw] — VFewXelw] <d[w]+d2[w]). (C.77)

These two equations are, in principle, sufficient to calculate the reflection off the cavity. For the analysis
presented in Chapters [6] and [8], we implement this procedure as follows

e First, knowing the microwave drives and phase modulator response (appendix [D.7)), calculate tones on
the output of the phase modulator using equation ((C.51)) (for practical reasons, we limit expansion to the
third order in the control beams amplitudes and to the first order in the probe beam amplitude);

e Next, from equations (C.60) and (C.61)) determine the steady-state (zeroth order) intracavity field;

e Use this to calculate the optical force Frp (equation (C.62)) and the self-energy ¥ (equation ((C.70)));
e From these, determine the mechanical response (equations (C.76) and (C.73));

e Use this calculated response to get the resulting field ¢ = a + ds inside the cavity and find the cavity
reflection doutext (equation (C.77)))

e Finally, to relate this field to measured quantities, we calculate the electrical response of the photodiode
I o¢ a3yt extGout ext, Which will consist of all possible beat notes of the reflected optical tones. The amplitude
of the electrical tone oscillating at 1}, (the frequency of the probe MW drive) is the relevant OMIT signal.
This tone mainly comes of the beating of the probe beam with the OLO, but higher-order intermodulation
tones can also play some role.

All of these calculation are performed numerically.

Undriven motion measurements

When considering the measurement of the undriven motion and the effects of the RPSN; full calculations similar
to the ones described above quickly become intractable (as it needs to take into account optical quantum noise
taken at fwpy o away from all of the incident optical beams, which results in many contributions from different
parts of the spectrum). Therefore, we make one more simplifying assumption: when we consider the system
dynamics, we do not take any higher-order intermodulation tones into account, which means that the treatment
presented in Chapter [7] still applies. This is justified by the fact that no immediate higher-order tones lie close
the cavity resonance or close to wy, ¢ detuned from the cavity, so they do not appreciably contribute to the
self-energy, and they do not generate any noticeable mechanical sidebands. It is worth noting, though, that we
still use the exact expression for the control beam amplitudes ar,; o Ji(7Vy/Vx), rather than the weak drive
approximation ar, 1 o< (7/2)Vy/Vr.
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With that assumption, all of the non-linear effects are contained in the description of the photodetection.
The most immediate consequence, which is also mentioned in subsection [8.3.2] is the “OLO depletion”: as only
a fraction of the total optical power is contained in the OLO, the SNR is reduced (the shot noise background
corresponds to the full optical power, but the detection efficiency is proportional to the OLO power). The
other consequence is the “sideband mixing”, where the mechanical sidebands in the MW spectrum do not
correspond exactly to the same sidebands in the optical spectrum, but instead are some linear combination of
these sidebands.

To understand this effect, let us consider the standard double-beam scheme with two control tones with
frequencies veon ¢ and veon,u relative to the OLO. Inside the cavity these beams acquire mechanical sidebands at
frequencies veon ¢ + Wi et a0d Veon,u — Wi et Tespectively, and after mixing with the OLO at the photodetector,
these sidebands produce corresponding mechanical motion peaks in the photocurrents. However, there is another
process producing similar signals in the photocurrent. Because of the phase modulator non-linearity, there is an
extra second-order tone at a frequency veon ¢ + Veon,u- When this tone mixes with the lower mechanical sideband
frequency Veon¢ + wmeff, the photocurrent signal occurs at a frequency (Veone + Veonu) — (Veon,e + Wmeft) =
Veon,u — Wmeff, Which is exactly the frequency of the upper mechanical sideband. As a consequence, the two
sidebands now interfere with each other in the photocurrent, meaning that the detected MW sidebands are
some linear combinations of the optical sidebands.

To account for these effects, we perform numerical calculations similar to the ones we do for the OMIT/A
measurements. The procedure is outlined below.

e First, as before, we use the known microwave drives to calculate the optical cavity drive (equation )
and the corresponding steady-state intracavity field (equations (C.60) and (C.61))). Two of the intracavity
tones at frequencies veon ¢ and veon,u (relative to the OLO) correspond respectively to the lower and to
the upper control beam.

e Using the two control beam amplitudes, we perform the theoretical calculations to determine the “un-
mixed” (i.e., without taking phase modulator and detection process non-linearities into account) sideband
PSDs (equations ((7.47)) and (7.48])) and the sideband cross-correlator (equation ((7.55))).

e Next, we determine the “mixing coefficients”, which are the contributions of the optical Stokes and anti-
Stokes sidebands in the photocurrent sidebands. To find them, we assume a simple (and unphysical)
“calibration” situation where either bjw] = d(w — wmer) and bf[w] = 0 (i.e., only anti-Stokes sidebands
exist), or bf[w] = §(w + wmerr) and blw] = 0 (only Stokes sidebands exits). For both of these cases we use
equations and together with the full set of optical tones incident on the cavity (including
higher-order phase modulator tones) to find all of the mechanical sidebands inside the cavity. Then we
use equation to find the reflected light amplitude, and after that calculate the photocurrent using
the same expression I o a5, cxt@out,ext as in the OMIT/A case.

In general, the photocurrent has both the “upper” and the “lower” sidebands due to the higher-order
control beam (and, possibly, other higher-order processes). For both of the sidebands we can determine
the ratio of the sideband amplitude (which is, in general, complex) to the idealized case where only mixing
with the OLO is considered in the photocurrent (which is the case described in section . This procedure
yields a total of four coefficients: two coefficients (for the “upper” and the “lower” sideband) for each
of the two calibration cases (l; =0or bl = 0). We can denote these coefficients as ¢; j, where i denotes
the photocurrent sideband (“u” for “upper” and “¢” for “lower”), and j denotes the calibration case (“r”
for b = 0 and “b” for bl = 0). Thus, ¢;; is the contribution of 5t optical sideband to " photocurrent
sideband, which can be expressed as

iy [w] = C&bib [w] + Cgvr’i:( [w] (078)
Cublp W] + cy,ricw]. (C.79)

iy [w]

Here we iy and 4, denote the actual photocurrent sidebands, while 7. and 4, stand for the “unmixed”
sidebands defined in equation ([7.28)). In the ideal case without higher-order tones iy = iy, and iy = iy, so
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Cur = ¢¢p = 1 and ¢y, = ¢¢r = 0. Note the complex conjugates for 7, in the first equation and 4y, in the
second equation. They come about because iy, (together with i) is proportional to b, while i, (and i) is
proportional to bf, meaning that they need to be conjugated to be related to each other.

e [inally, from ¢; ; and equations (C.78)) and (C.79)) we can express the measured sidebands PSDs and cross-
correlator in terms of the unmixed ones. Consider, for example, the “lower” (i.e., anti-Stokes) sideband

PSD:
Sl = (iewl(ielw))®)
= ((eepivlw] + copiy[w]) (copivlw] + coriy[w])*)
= Jeop*(ip[w] (in[w])*) + 2Re {copcy , (inlwlir[—w]) } + lear]* Gy [w] (65 [w])*)
= leep2857 L] + 2Re {ernei S5 ] } + leaa 2T -] (C.80)

In a similar manner, we can derive expressions for the other quantities:

SEw] = (iafw](iulw))®)
= lews2857 0] + 2Re { et S5 [l + 2S5 [u] (C.81)
ST = (iglwliul-w])

= Cg,bquoSi(;D b) [w] + copeurS (rb) [w]

(23

terrean (ST W) + corcurST [—w). (C.82)

e Alternatively, one can invert equations (C.78), (C.79) (or equations (C.80)-(C.82))) and get expressions

for the unmixed PSDs and correlator in terms of the measured ones. This is the route we take in the
experiment.

Similar to the OMIT /A experiments, these calculation are performed numerically to the third order in the
control MW drive amplitudes.

When analyzing the undriven motion, we need to consistently account for non-linear effects both when
“unmixing” the undriven motion sidebands, and when interpreting OMIT/A data for the undriven motion
normalization (subsection . For the latter, we calculate the OMIT/A signal amplitude using two methods:
the complete one, which is described in this section, and a simplified one, which corresponds to the standard
OMIT/A theory (section . We then find the ratio of the two amplitudes and use it as a scaling factor in
determining the measurement rate I'jpeas from the OMIT/A response amplitude (described in subsection .
Since the OMIT /A amplitude is linear in I'jyeas and in the total optical power (which is the main factor that
the calibration scheme is designed to address), this scaling factor is sufficient to account for the non-linearity
in the undriven motion calibration.

C.3.4 1Q optical modulation

Phase modulation can serve as a basis for different kinds of modulation. One of the most generic kinds is
1Q modulation, which allows independent control of the phase and the amplitude of the output field. Such
modulator takes a single optical input a(t) = ap,e”"! and two control electrical (usually MW) inputs I(t) and
Q(t) encoding two quadratures of the output field (I(¢) stands for “in-phase”, i.e., amplitude modulation, and
Q(t) stands for “in-quadrature”, meaning that it is shifted by 90° and corresponds to a phase modulation). The
output of the modulator is described as

aiq(t) = ape ™M (I(t) +iQ(t)), (C.83)
where for simplicity we assume I(t) and Q(t) to be normalized.
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Figure C.3: Schematic of a DP-MZM. Each splitting/joining point stands for a 50:50 splitter/combiner, and
rectangles denote phase modulators.

The implementation of the IQM used in our setup is a so-called dual-parallel Mach-Zehnder modulator
(DP-MZM), whose schematic is shown in Figure It consists of two Mach-Zehnder interferometers whose
outputs are combined together with an adjustable phase shift ¢.. Each of the interferometers in turn has a
phase modulator in one of its arms. For clarity of the derivation, and to be more faithful to the hardware
implementation, we divide the phase modulators in two groups: slow, large-span control signals ¢1, ¢2 and ¢¢;
and fast, small-span modulation signals §¢1, d¢2. The control signals are used to adjust the operation mode
of the modulator (as demonstrated below, IQ modulation corresponds to a particular combination of these
voltages), while the modulation signals directly correspond to the quadrature signals I(¢) and Q(t).

Let us start by considering a single interferometer, for example, the top one. Assuming perfect 50:50 splitters,
the amplitude of light entering each interferometer is ar,/v/2, and the amplitude in each the interferometer arms
is ar,/2. The top arm of the interferometer acquires a phase ¢1 + d¢; relative to the bottom arm of the same
interferometer, so before the arms are recombined, its amplitude is ar,e®1T991) This turns the output of the
top interferometer into

aLe—ith (1 + ei(¢>1+5¢1))

= c.84
Similarly, the bottom interferometer’s output is
aLefith (1 + ei(¢1+5¢1))

= C.85
a1Q,2 5 7 (C.85)

The final output is a combination of these two outputs with an additional phase shit ¢.:

ipe —iwrt

g = M1 gz _ e () errsen) g (14 etorrien)). (©6)

Now we have to figure out control phases ¢1, ¢2 and ¢. corresponding to the IQ modulation. First, we need to
suppress the carrier, which is the signal at the original frequency wr,; this implies having zero output amplitude
when d¢1 = dgo = 0:

aIQ|6¢1:5¢2:0 o (1 + ei¢1) eid)c + (1 _ ei¢2) — 0 (087)

To satisfy this requirement independently of ¢, we set ¢1 = ¢o = . This simplifies expression (C.86) to

aig = B (1= ) e 4 (14 5)). (©59)
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Next, as is often the case, we take the limit of small modulation amplitudes [6¢;2| < 1 and expand the
exponents:

a efith ) ) )
alq ~ LT ((1 —1—id¢py) e + (11— 1(5<Z>2))
_ _Z'aLef’L'th ibe
- e (5@ + dre ) . (C.89)

If we compare this expression to equation (C.83)), we see that we can match them up to a factor of —i/4 (which is
just a combination of attenuation and an unimportant phase shift) if we set ¢. = 7/2, and associate d¢o = I(t)

and dp1 = Q(t):

aiq = —rave™ (362 +i091) = —are ™ (I(1) +iQ(1)) (C.90)
Hence, by setting ¢1 = ¢o = 7, ¢ = 7/2 we can operate DP-MZM as an IQM. It is important to note that the
control phases must be precisely maintained. Otherwise, the modulator output can transmit a non-suppressed
carrier (if ¢1 or ¢ are off), or the modulation quadratures can deviate from the ideal I and @ quadratures (if ¢,
is off). The latter can lead to, e.g., non-vanishing second sideband when attempting to perform a single-sideband
suppressed carrier modulation (see appendix |D.2.2)).
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Appendix D

Measurement setup details

In this Appendix I will describe details, auxiliary calibration and characterization methods required for the
measurements of the superfluid helium device.

D.1 Tunable filter cavity setup

Here I describe the tunable filter cavity setup, which is used to get rid of the classical laser phase noise at
wm ~ 27 - 320 MHz detuning from the main tone. As mentioned later in section it allows us to increase
the shot noise limited power of our laser from ~ 30 uW to < 200 pW.

D.1.1 Setup schematic

The tunable filter cavity setup (TFCS in Figure schematic is shown in Figure The light enters
through the circulator and into the polarization controller (PCnt), where its polarization is adjusted to one of
the polarization eigenstates of the tunable filter cavity (TFC). The TFC is highly birefringent (the splitting of
the two polarization modes is about half of the free spectral range), so the polarization adjustment is necessary.
The reflected light goes back through the circulator and onto the photodetector (PD), while the transmitted
light passes through a second PCnt to adjust its polarization to the correct axis of the polarization-maintaining
fiber on the output of the setup.

The TFC has a tuning input connected to an internal piezo which controls the cavity length. This input is
driven by two signals combined with a bias tee. The DC signal is used to adjust the cavity resonance and keep
it locked to the laser. The RF signal is driven with a sine wave from an arbitrary waveform generator (AWG);
this drive is used to generate the error signal for the lock. Similarly, the reflection signal gets split with another
bias tee into a DC and an RF component. The DC component provides the average reflection power, and the
RF component is mixed with the same AWG signal to produce the error beatnote (BN) signal. Both DC and
BN signal are sent into the micro-controller (xC), which uses this information to generate the feedback signal
(FB OUT) controlling the cavity resonance frequency.

D.1.2 Error signal

To understand the error signal, let us examine the PD output (a similar derivation is also given in Ref. [180]).
As mentioned in appendix reflection off the cavity is described by the susceptibility function (C.46))

21
_1_ D.1
Keay[A] = 1 %A R (D.1)

where £ is the cavity linewidth, A is the drive detuning and 7,; = Kext/k is the input coupling efficiency, with Kext
being the input coupling of the cavity. Given the laser amplitude ag,, laser frequency wy, and cavity resonance
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Figure D.1: Schematic of the tunable filter cavity setup. Red symbols denote optical components, with red lines
corresponding to the interconnecting optical fibers; double lines denote polarization-maintaining fibers,
while single lines denote regular fibers. Green symbols denote electrical components, with green lines
showing electrical connections.

frequency we, the amplitude of the reflected light is

20
= apKeaylwr, —w] = ar, (1 - ’ v
arel = arKeavwr, — we] = ar, ( 1 — 2i(wr, — wc)/“) o

and the corresponding power is

A (1 — 15)
_ 2 2
Preﬂ - ‘areﬁ‘ = ‘aL| (1 - 1+ 4(OJL — OJC)Q/Rz . (D3>

Now let us consider a small sinusoidal perturbation in w. with frequency w and amplitude ¢ € k: w, =
weo + asin(vt). Given that the cavity bandwidth is much larger than the perturbation frequency (in our setup
k =~ 30 MHz and v = 37 kHz), the reflection power P, can be assumed to be an instantaneous function of
the cavity resonance frequency. Since the perturbation is small, we can expand the reflection power to the first
order in a:

OP,
+ efl

| —— Owe

Pea(t) = P, asin(vt). (D.4)

We=Wco

The PD signal is proportional to this reflection power. After mixing it with the original drive sin(vt) and
low-pass filtering, the result is the error signal which is proportional to the coefficient in front of sin(vt):

P, — Wel
%:3 el ~ (wr, — weo) /K .
duwe We=weo (1 + 4(WL - ch)Z/HQ)

Examples of the DC reflection and the error signal are shown in Figure The error signal,
being essentially the derivative of the DC reflection, is equal to zero and has a linear slope when the laser is
resonant with the cavity. This makes it a convenient error signal for locking the cavity on resonance with the
laser. In contrast, the DC reflection signal is quadratic at zero detuning, which means that it does not provide
information on the deviation of the cavity frequency from the laser frequency (deviation in either side produces
the same response), and therefore cannot serve as an error signal.

(D.5)
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Figure D.2: The DC reflection signal P (blue) and the error signal V. (green) as a function of the laser
detuning from the cavity.

D.2 Locking and IQ modulator details

In this section I describe parts of the measurement setup that are related to locking of the laser to the cavity:
obtaining the error signal, using it to generate the feedback signal, and turning it into a change in the laser
frequency.

D.2.1 Obtaining error signal

As described in subsection the error signal for cavity locking is obtained by analyzing the reflection of
the weak locking beam. In the limit of far red-detuned OLO (which is the case in our measurements), the
corresponding photocurrent beatnote was derived in the appendix equation ((C.506):

<Z> X a'iOaL,lXc,rel [A + Vlock]e_iVIOth- (D6)

Here ar,p and ar,; are the amplitudes of the carrier (OLO) and the sideband (locking beam) respectively, A
is the OLO detuning from the cavity resonance, Xcrelw] = (1 — 2iw/k)~! is the normalized optical cavity
susceptibility, and v}y is the carrier-sideband frequency difference, i.e., the frequency of the locking beam drive
in the setup (2100 MHz in our case). Mixing this current with the MWLO and demodulating it inside the ZILI
yields two quadratures X and Y, which correspond to the complex amplitude of the photocurrent beatnote:

X +1Y af70aL71XC,rel[A + Vlock]- (D?)

Thus, up to some prefactor the quadratures directly correspond to the cavity susceptibility function.

The top left part of Figure shows an example of the signal plotted in the XY -plane for varying
locking beam detuning Ajoex = A + Vock- After the quadratures are calculated, the data is internally shifted
and rotated inside the ZILI, as shown in the top right part of Figure [D.3] These transformed XY quadratures
are subsequently converted into voltage signals and sent into an FPGA, where the error signal ¢, is calculated
as the angle of the quadrature signal: ¢, = arg (X + 1Y) /7.

The bottom plot in Figure shows the error signal ¢ (black) as a function of lock beam detuning; for
comparison, it also demonstrates the standard Pound-Drever-Hall[I80, [I81] (PDH) lock signal (gray), which is
simply the Y quadrature of the beatnote. The advantage of the angle error signal is that it is a monotonous
function of the detuning Aj,ec. This means that it is possible to change the lock set-point by simply applying
a shift to the error signal, while maintaining a large (potentially, infinite) capture and lock range. This is in
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Figure D.3: Top left: demodulated quadratures of the locking beam beatnote. Top right: same data, but

rotated by 180° and shifted by —1 to make the resonance circle centered at zero. Bottom: comparison of
the angle-derived error signal ¢, (black) to the Pound-Drever-Hall (PDH) error signal (gray).
In the top plots the black line shows the quadratures for the detuning range —5x < Ao < 5k. The colored
markers show the quadratures (top plots) or error signals (bottom plots) for specific values of Aj,ck. The
angle ¢, on the top right plot is the error signal for the beatnote denoted by the black dot, assuming that
the lock point is Ajge = 0.

contrast with the standard PDH locking technique, where only locking to the cavity resonance has an unlimited
range, and locking at Aj,cx = £x/2 (turning points of the signal) is impossible.

D.2.2 Adjusting laser frequency

The modulator used for the frequency adjustment has a dual-parallel Mach-Zehnder modulator (DP-MZM)
realization, which can be set up to work as an IQM by adjusting its internal bias DC voltages (not shown in
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the schematic), as described in appendix By injecting the same MW signal shifted by 90° in the I and Q
ports, one can obtain the modulator output which is a frequency-shifted copy of its input, with the shift equal
to the frequency of the MW signal.

To demonstrate this, let us assume the incident optical beam to have amplitude aj, and frequency wr,, and
the MW modulation having frequency vy and depth b (the same for both quadratures). Furthermore, we will
ignore the carrier, because the modulator works in the suppressed carrier regime. This turns the output of the
modulator (starting from equation ((C.83))) into

Qout (t) = aLeiith(I(t) - ZQ(t))
= ape ™t (bcos(vpt) — ibsin(vpt)) = agbe WLt (D.8)

where I(t) = bcos(vpt) and Q(t) = bsin(vpt) are the microwave signals controlling respectively I and Q quadra-
tures of the optical field. It can be seen, that the output signal is shifted in frequency by 1y and scaled down
by a factor of b. The shift direction can be reversed by flipping sign of one of the microwave signals, or by
exchanging them.

D.2.3 Calibrating and stabilizing IQM control voltages
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Figure D.4: Typical TFPC sweep for the DP-MZM output with unadjusted control voltages (left) and with
adjusted control voltages (right). The width of the peaks corresponds to the TFPC linewidth, which is
about 200 MHz. The distance between the peaks corresponds to the IQM drive frequency, which is typically
around 3 GHz.

As mentioned in appendix operating the DP-MZM in the IQM mode requires careful adjustment of
the control voltages (denoted as DCj ...DCj3 in Figure . To perform the initial voltage calibration, we use
the TFPC as a spectrum analyzer, which allows us to measure the power in the carrier and both sidebands
transmitted through the IQM. Examples of such spectra are shown in Figure Using this data, we adjust
the control voltages until only one sideband is visible in the IQM transmission; from the estimated SNR of the
spectrum measurements, this corresponds to at least 99% of the transmitted power contained in the sideband.

To perform subsequent fine tuning and stabilization during the experiment, we make use of the high-
frequency beatnotes in the monitor FPD. The schematic of the corresponding part of the setup is shown in the
top part of Figure The high-frequency part of the monitor FPD photocurrent is separated from the DC
part in the bias tee, and then amplified by a chain of broadband (0.05+6 GHz frequency range) MW amplifiers.
This amplified signal can contain two beatnotes: one at a VCO frequency (2.8 =+ 3.5 GHz), which comes from
the sidebands beating with the carrier, and another at twice the VCO frequency (5.6 + 7.0 GHz), coming from
the two sidebands beating with each other. If the DP-MZM operates as a perfect IQM, then neither carrier nor
the other sideband are present, and both beatnotes should be zero. Thus, we need to tune the control voltages
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in a way that minimizes the beatnotes. To detect their powers separately, the amplified beatnote is sent into
a 2-way splitter, one arm of which is low-pass filtered (to keep only the beatnote at the VCO frequency), and
the other arm is high-pass filtered (to keep the other beatnote). After that, both arms are sent into MW power
detectors (MWPD), which transform the beatnote powers into DC voltages. These voltages are then digitized
and sent into a PC, which generates the three control voltages DCj ... DCs3 that minimize the beatnote powers.

e 1 g

1X2
DC,..DC; - 1
IQM > == i
Mtap ‘ %
i Q
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VMWA FPGA
/ Vv
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Figure D.5: Schematic of the IQM control voltage stabilization. Red symbols denote optical components, with
red lines corresponding to the interconnecting optical fibers; double lines denote polarization-maintaining
fibers, while single lines denote regular fibers. Green symbols denote electrical components, with green
lines showing either MW or low frequency connections. The parts present in the main schematic (Figure
are faded out. The optical switch and the TFPC in the monitor part of the setup are omitted for
clarity.

One more source of potential uncertainty is the frequency dependence of the IQQ modulation efficiency, which
arises due to all of the MW components (VCO, amplifier, 90° hybrid and IQM) having their parameters vary
with the VCO output frequency. To account for that, the output of the VCO is passed through the variable
MW attenuator (VMWA), whose tuning voltage (which determines the attenuation) is controlled to keep the
total optical power on the output of the IQM constant. The optical power is obtained from the DC port of
the bias-tee (which contain information about the optical power landing on the monitor photodiode), and the
feedback parameters are controlled with the FPGA, which is the same one that controls the VCO tuning voltage.

D.3 Image rejection mixer circuit

The main Lock-in/Spectrum Analyzer used in the measurement system (ZILI) has frequency range of 600 MHz,
while the locking MW tone and the motional sidebands in the MW domain are both around 2 GHz. In order
to bridge this frequency gap, we employ single-sideband (SSB) mixers (which we call “up-mixers”) to increase
the frequency of the ZILI outputs, and an image rejection mixer (which we call “down-mixer”) for shifting the
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Figure D.6: a) Schematic of the SSB mixer (“up-mixer”) circuit. b) Schematic of the setup used for calibration
of the mixer circuit.

frequency of the photocurrent back into the lock-in range.

Figure shows the schematic of the SSB up-mixer, which is a relatively standard design. Here both
microwave local oscillator (LO) and the intermediate frequency signal (IF) from ZILI are split via 90° hybrids,
and then get mixed in two separate mixers. The outputs of the mixers are recombined on an in-phase combiner,
and then sent through a band-pass filter to improve the rejection of the unwanted sideband. The device
operation is based on 90° hybrids providing different phase shifts for the two sidebands. The upper sideband
acquires a +90° phase shift in both mixers (due to the +90° IF shift in the left mixer, and due to the +90°
LO shift in the right one), so it interferes constructively at the in-phase combers. The lower sideband, however,
gets the same +90° shift in the right mixer, but a —90° shift in the left mixer, since it involves the conjugate
of the IF tone. As a result, it is 180° out of phase at the two mixer outputs, so it cancels at the final combiner.
If the direction of either of the hybrids is flipped, the sideband roles are reversed, so only the lower sideband is
present at the output. The down-mixer scheme is essentially the same, just with one of the 90° hybrids flipped
and run in reverse (i.e., so that the signal enters the RF port and exits from the IF port).

The important mixer figure of merit is the full rejection ratio, which is the ratio of the up-mixed tone to all
other undesirable signals on the output (lower sideband, LO leaked through, higher mixer harmonics, etc.). In
the tone generation part of the setup this ratio determines the strength of the additional unwanted optical tones
(generated in the phase modulator from these undesirable MW signals) landing on the cavity. In the detection
part it characterizes the amount of the image noise mixed down to the IF band, which leads to SNR reduction.

To characterize the performance of the mixer circuit, we use the simple scheme shown in Figure [D.6b. The
up-mixer is operating in the usual regime with a fixed LO power (~ 12 dBm) and frequency (1900 MHz), while
the IF signal frequency is varied over the full operation range (0 to 600 MHz). The output of the mixer is
directed to the SA, which is used to measure power in all of the output tones and determine the full rejection
ratio. A typical result of this kind of measurement is shown in Figure [D.7] At the optimal LO power this ratio
is above 20 dB in the working IF frequency band (150 MHz to 400 MHz), so in the data analysis we assume the
mixer to be ideal (i.e., adding no extra tones in the generation part, and no extra noise in the detection part).

D.4 Laser noise measurements

Here I present the procedure for measuring the classical laser noise in our setup. Since this noise can mimic
quantum signatures in our undriven motion measurements[I82] [13], it is important to make sure that its
magnitude is low enough. Our scheme for the laser noise measurement relies on the theoretical description
presented in appendix [C.2]
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Figure D.7: Result of the mixer circuit characterization. The top figure shows the power in the up-mixed tone
(blue circles) and the combined power in all other tones (red crosses) at the up-mixer output. The bottom
figure plots SNR, which is the ratio of the two powers. The presented data is taken at the LO frequency of
1.9 GHz and the LO power of 12 dBm. In the experiment the typical IF frequency is 200 & 20 MHz, which
implies SNR of about 22 dB.
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Figure D.8: a) Schematic of the setup used to measure the amplitude laser noise. b) Schematic of the delay
line setup used to measure the phase laser noise.

Let us start with direct detection of the laser, which allows one to measure the laser amplitude noise. The
schematic of this measurement is shown in Figure [D.8h. There the output of the laser simply passes through
a VOA and lands on the photodetector. The output of this detector passes through a diplexer, whose outputs
are sent into the ZILI inputs. The low-frequency (DC) port of the diplexer is used to monitor the mean laser
power, and the high-frequency (RF) port is routed to the spectrum analyzer inside ZILI to measure the voltage
noise of the photodetector output.

We can represent the photodetector as a biased photodiode with quantum efficiency o, whose output is
sent into a transimpedance amplifier with a frequency-dependent gain Gilw] (V/A). The representation of the
photodiode can be further subdivided as an optical attenuator with the amplitude attenuation coefficient /o
(i.e., a power attenuation coefficient o) followed by an ideal photodiode. Given an optical tone of power Py,
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and frequency wr,, the amplitude incident on the photodetector is ay, = E%L and the amplitude after the

attenuator is y/oar,, which generates the mean photocurrent (i) = e|\/car|?> = eah%L. Finally, the voltage on
the photodiode output is

Vo= Gi[0)(i) = UﬂLGI[O]PL = Gpl0] 17, (D.9)
Gplw] = UMLLGI[W], (D.10)

where we have defined the frequency-dependent power gain of the photodiode Gp[w], which is the proportionality
coeflicient between the optical power modulation at a frequency w and the corresponding voltage response.

Next, we consider the photodiode voltage PSD, for which we use the expression with the attenuation
coefficient av = /o

Syviw] = (Giw])®Sulw] = (Giw])?e*o|aL]? (4a\aL|ZSXX[w] +1)
~ (Gelul)? (175 alu] + 1), .11

One can see that non-ideal quantum efficiency (o < 1) can lead to overestimation of the shot noise level.

From equation the classical and the quantum noise produce equal contributions to the photocurrent
PSD when the laser power is Pi, = hwr,/(40Sx[w]). For an ideal photodiode (0 = 1) we recover the shot noise
limited power PIEXS)% = hwry,/(4Sxx|w]) defined in appendix |C.2.3| For a realistic photodiode this power is higher,
since the light ex7periences additional attenuation o (see also equation )

Different dependence of the classical noise and shot noise on Py, in equation provides a way to separate
the two contributions in the noise PSD by varying the total laser power. In order to do that reliably, one needs
to know the frequency dependence of the photocurrent amplifier gain Gy[w] (in the simplest case, the amplifier
bandwidth is large enough that Gt can be assumed frequency-independent) and the quantum efficiency of the
photodetector (which is usually specified, or can be extracted from the power gain Gp if the photocurrent
amplifier gain Gy is known). The procedure goes as follows:

(a) Establish the power gain Gp|w] of the photodetector. One can either use a value specified in the manu-
facturer’s datasheet, or determine Gp[0] using an independent optical power meter and then use known
dependence Gi[w] to find Gp|w] = (G1[w]/G1[0])Gp[0].

(b) Using the VOA, vary the power P, incident on the photodetector, and for each power determine Sy ()
at the frequency of interest using a spectrum analyzer.

(c) Fit this dependence Sy (PL,) to a second-degree polynomial: Sy (P) = a2P?+a1 P, +ag. By comparing
this expression to (D.11]) we obtain

ay = 4(Gplw])*Sxx (D.12)

o = (Gplw))2L (D.13)

The coefficient ag yields the classical noise magnitude Sxy, while a; (which should be known given Gp[w]
and o) provides a self-consistent check of the calibration procedure. The zeroth-order coefficient ag is
simply the combined dark noises of the photodetector and the spectrum analyzer.

D.4.2 Phase noise measurements

As shown in equation (C.37)), the phase laser noise can not be measured via direct detection. In order to
convert it into an amplitude noise and observe it, we employ the delay line measurement technique described

in appendix
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The setup schematic is shown in Figure [D.8p. Like in the direct detection method, the laser first goes
through the VOA to vary the total power. After that it is sent into a Mach-Zehnder interferometer, one arm of
which contains a variable delay line (VDL), while the other has a VOA and a PCnt. Both the VOA and the PCnt
ensure that the light in the two arms of the interferometer have equal amplitude (o« = 8 in terms of appendix
and polarization, which simplifies interpretation of the experimental results. After recombining, the light
is sent to the photodiode (PD), and the resulting signal is treated in the same way as for direct detection.
The delay line is driven by a sine wave from an arbitrary wave generator with amplitude on the order of laser

wavelength. This leads to averaging over all possible values of the phase shift §¢ between the two arms, as
described in
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Figure D.9: Typical time dependence of the DC photodetector signal in the delay line measurement setup. The
fast (on the scale of ~ 1 ms) oscillations are created by the VDL drive generated by AWG, which for the
shown data has a span of about one optical wavelength. The slower (~ 10 ms) variations correspond to
the drift in the path length difference between the two arms coming from external acoustic vibrations and
temperature fluctuations.

Figure [D.9] shows a typical time trace of the DC voltage on the output of the photodetector. It oscillates
between about zero when the light from the two arms interferes destructively and maximum of ~ 1 V when
the light interferes constructively. The phase modulator and the variable optical attenuator are adjusted to
minimize the lower voltage bound. This ensures that the destructive interference of the light in two arms is
complete, which guarantees that they are matched in power and polarization.

Since the interferometer is designed to average over all phase differences d¢, and it is adjusted to have equal
arms ratio, the average photocurrent is given by equation (C.43|) with & = g = 1/2, and its PSD is described by
equation . After introducing the power photodetector gain similarly to equation from the previous
subsection, equation gives rise to the following voltage PSD:

Svvlw] = (Gp[w])? x

X <6PESXX[w] cos?(wrq/2) + 2P2 Sy [w] sin?(wrq/2) + PLth> . (D.14)
o

Note that in this expression P, denotes the average power landing on the photodiode, which is only half of the
power emitted by the laser. This produces the difference (by a factor of two) compared to equation (C.45)).

In the majority of cases the phase noise of the laser is significantly larger than the amplitude noise. This
means that the PSD described by the equation will have noticeable modulations with a period of
Aw = 2m/7q. These come from the oscillation (in w) between the points where the PSD contains strictly
amplitude noise, and the point where it contains strictly phase noise. An example of such oscillations is shown
in figure their period is about 13.7 MHz, which means that the time delay between the two arms is about
T4 = 73 ns, corresponding to the path length difference of 21.9 m. This is consistent with the specified VDL
length of 19 m, which corresponds to ~ 27 m of the effective path length difference.

By choosing the appropriate noise measurement frequency, it is possible to perform measurements sensitive
only to the amplitude noise or only to the phase noise. Since we are mostly interested in phase noise (as
it is usually much larger than the amplitude noise in a typical laser), we can choose the frequency to be
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Figure D.10: Typical PSD of the photodetector voltage in the delay line measurement. The minima are located
at frequencies w,, = 2mn/7q where the measurement is only sensitive to the amplitude noise; the maxima
correspond to frequencies w, = 2w(n+1/2) /74, where the measurement is only sensitive to the phase noise.

wp, = 2m(n+ 1/2)/7q, where the expression (D.14)) gets simplified to
hw
va[wn] = (Gp[wn])2 <2PESyy[wn] + PLUL) . (D.15)

This expression is almost exactly identical to equation obtained for the direct detection. Hence, the rest
of the measurement proceeds as described in the previous section.

In the end, we measured the phase shot noise limited power for our laser around 300 MHz away from the
main tone to be 30 £ 5 pW without the filter cavity, and > 200 W with the filter cavity (the classical noise
was too small to detect it definitively).

The scheme for the phase noise measurements described here is fairly simple and versatile, as it only requires
a single laser and can in principle be implemented with minimal number of optical components: the variable
delay line, the only non-trivial component, can be substituted for a long enough optical fiber, provided that
the ambient temperature and acoustic fluctuations lead to sufficient averaging over §¢. The main limitation is
that its sensitivity is frequency dependent. In the simple case described above it measures phase noise only at
specific frequencies wy,; in principle, it is possible to measure the amplitude noise separately and subtract it in
the equation , yielding decent sensitivity to the phase noise at most frequencies.

Another way to estimate the laser phase noise using the reflection off of the experimental cavity is mentioned

in appendix

D.5 EDFA noise calibration

As the mechanical motion calibration scheme relies on knowledge of the total quantum efficiency of the mea-
surement setup, it is important to determine the added noise of the EDFA. The scheme that we use to calibrate
it relies on adding a small amplitude-modulation signal to the laser, and using the shot noise background as a
reference for the added noise. This way, the added noise is determined directly in the units of shot noise, which
is the amplifier noise figure (NF).

Figure [D.11] shows the schematic of the noise measurement setup. The light out of the laser first enters the
amplitude modulator (AM) driven by a sine wave from the arbitrary wave generator (AWG), where it acquires
small amplitude sidebands serving as a calibration signal. After that it passes through a VOA and into a 90:10
optical splitter. The light out of the 10% port lands on the power meter (PM) and serves to monitor the
power leaving at the other (90%) port of the splitter. After that the light out of the 90% port either lands
directly on the PD, or passes through the EDFA and a wide-bandwidth (0.5 nm) TF which filters out amplified
spontaneous emission (ASE) on the output of the EDFA. The output of the photodetector then passes through
a diplexer, and then both arms are sent into the ZILI.
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Figure D.11: Schematic of the setup used for the EDFA calibration.

The noise figure calibration proceeds in two stages. First, the measurement is done without the EDFA and
the TF. The total laser power is varied using the VOA, and for each laser power the tap PM reading, the DC
voltage, the noise PSD (in V2/Hz) and the power in the signal (in V2) are recorded. The noise PSD is analyzed
in the same way as the classical amplitude noise (subsection , yielding the magnitude of the classical noise
and the RF power gain Gplw| extracted from the shot noise power (assuming we know the quantum efficiency
of the PD). A typical result of this analysis is shown in Figure . The signal power is fit to the quadratic
function of the incident optical power, which lets us extract the signal tone magnitude relative to the optical
carrier. An example of such a fit is demonstrated in Figure [D.12p.

After that, the EDFA and the filter are inserted in the setup, and the measurement described above is
repeated. While doing that, it is important to keep the AM drive constant, as the calibration scheme relies on
it being the same in both stages. The analysis then proceeds as follows:

(a) Using the tap power and the signal power dependence extracted earlier, calculate the expected signal
power in the absence of the amplifier. Comparing it to the measured signal power allows us to extract
the small-signal gain of the EDFA.

(b) Subtract the electronic noise background and the photodetector shot noise (calculated for the actual
power landing on the photodiode, as measured by its output DC voltage) from the background PSD. The
resulting noise is solely the output noise the EDFA.

(c) Using the small-signal gain, calculate the expected amplified classical and shot noise background PSDs.
After subtracting the classical noise contribution from the experimental noise PSD we are left with only
amplified shot noise and intrinsic EDFA noise.

(d) Divide the residual by the expected amplified shot noise. This ratio characterizes the noise figure of the
amplifier, i.e., the added input noise of the amplifier relative to the vacuum (shot) noise.

This procedure is repeated for different powers incident on the EDFA, producing the dependence of the
noise figure on the EDFA input power. Figure shows the measurement result. At low powers the noise
figure reaches about 4 dB; for comparison, the quantum limit for an ideal phase-preserving amplifier is 3 dB.
This plot also compares the NF with and without the TF, which clearly demonstrates the effect of the filtering:
adding the TF reduces the NF by about 1 dB over the whole range, and also prevents it from going up at low
powers. This rise without the TF happens because at low incident optical power most of the output EDFA
power is contained in AS@ and if unfiltered it contributes a lot of noise (see also footnote in subsection .

After the calibration is done, it is important to preserve the connection between the 90:10 splitter and
the EDFA if possible, as remaking it will likely alter the losses in the connector. This can lead to systematic
errors in determining the power landing on the EDFA and, consequently, invalidate the EDFA calibration. This

2) Generally, the total EDFA output power changes by less than 20% when the input power is varied (including having no incident
light at all). The main effect of changing the incident power is changing the ratio between the ASE and the amplified signal.
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Figure D.12: Results of the EDFA noise figure calibrations.

a)

The background noise PSD as a function of the incident laser power (without the EDFA in the
circuit). The green line is a fit to a second order polynomial with zero intercept, while the red line
shows a fit to a linear function (used only for comparison). The dark noise has been subtracted, so
the PSD is expected to be zero at zero optical power.

The power in the signal peak as a function of the laser power (without the EDFA in the circuit). The
green line is a fit to a quadratic function.

The dependence of the EDFA noise figure on the incident power. The blue and the red lines show
the NF with and without the TF respectively.

The comparison of the small-signal gain and the output power gain of the amplifier. The top plot
shows the output power gain (blue, almost invisible behind red), the beatnote gain (green) and the
small-signal optical gain (red). The bottom plot shows the ratio of the small-signal optical gain and
the output power gain.

All the measurements shown in this Figure were performed for the laser wavelength of 1539 nm (which is
the optical resonance frequency in the first generation device) and the signal frequency of 32 MHz. The
signal frequency is chosen as a compromise between having low laser noise (which gets lower for higher
frequencies) and being well within the PD bandwidth (~ 150 MHz).

connection is still present in the main measurement setup (figure in section , where the 90:10 splitter is
denoted as Rtap.

To simplify the measurement setup, one could imagine using the ratio of the input and the output powers
of the EDFA to measure gain, as opposed to adding a small AM signal as described above. However, since
the EDFA output contains both the amplified signal and the ASE, the output power is not a good measure
of the signal gain for low input powers. Figure illustrates this point: by taking the square root of the
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small-signal beatnote gain (green) we can obtain the small-signal optical gain (red). While it looks almost
identical to the optical power gain (blue, hidden behind red), the bottom plot reveals that for 1 W of laser
power incident on the EDFA there is 0.2 dB difference in the gains. The difference comes from the fact that
the output power has some ASE fraction, so the power ratio overestimates the actual optical gain.

D.6 VNA loop gain calibration

The measurements performed by the VNA (such as OMIT/A sweeps or cavity response sweeps) can have
frequency span of several hundreds of MHz (e.g., cavity sweep in the first generation device, which has optical
linewidth of ~ 70 MHz), and on those scales many of the employed microwave components have varying gains
and phase shifts. This means that in order to extract the purely optical part of the response (which is the part
occurring between the output of the phase modulator (¢M) and the input of the main reflection photodiode),
we need to measure and cancel those frequency-dependent effects.
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Figure D.13: Amplitude of multiple cavity response sweeps obtained with the VNA. The solid black line shows
a smoothed envelope (i.e., the line passing through the maxima) of the sweeps, which is interpreted as a
frequency-dependent gain. The dashed black line highlights one of the sweeps.

To do that, we need to have some controlled, consistent and detectable optical response between the phase
modulator and the photodetector, which can be used as a reference to calculate the rest of the measurement loop
gain (coming from the MW components). The easiest way to obtain such response is to use the experimental
optical cavity itselfﬂ The calibration is done in the same setup as is used in the main experiments, and it
essentially repeats some of the same steps. It proceeds in the following way:

(a) In the standard experimental setup, lock the laser to the cavity. Do not send any other microwave tones
(i.e., in addition to the locking tone) into the phase modulator.

(b) Perform a standard sweep over the cavity resonance using the VNA (the basics of this measurement are
described in subsection . The sweep result is a complex Lorentzian as given by equation , but
distorted by a frequency-dependent gain of the rest of the setup. The distortion includes the microwave
components in the tone generation arm, frequency response of the phase modulator, frequency response
of the photodetector and the microwave components in the detection arm. The central frequency of this
Lorentzian is the detuning of the OLO from the cavity resonance, which is determined by the frequency

)Since it is impossible to detect the phase modulation by direct detection, we need some non-trivial optical element to make it
visible. If instead of the phase modulation we used an amplitude or a single sideband modulation, it would be sufficient to simply
send the output of a modulator on the photodiode and measure the resulting response.
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of the locking tone and the lock settings in the FPGA feedback. One of such sweeps is shown by a dashed
black line in Figure

(c) Repeat the VNA sweeps for multiple central frequencies of the Lorentzian, covering the whole range of
frequencies for which we need to determine the loop gain. Figure shows a set of 891 such sweeps
obtained over a range of cavity detunings between 1850 MHz and 2450 MHz.

(d) Determine the envelope of the resulting set of Lorentzians. Since the Lorentzian response in the optical
domain does not depend on the OLO detuning (at least, as long as that detuning is much greater than
the cavity linewidth), the frequency dependence of the Lorentzians magnitude arises solely from the loop
gain that we set out to calibrate. Thus, the envelope can be interpreted as the magnitude of the gain.
Figure plots the smoothed envelope with a thick black line.

(e) The phase part of the response can be determined by examining the phase the Lorentzian which contributes
to the envelope (i.e., the tallest Lorentzian) at each frequency.

D.7 Phase modulator V, calibration

A lot of the optomechanical measurements (such as determining optomechanical coupling from the OMIT/A
signals or calibrating the undriven motion measurements) require precise knowledge of individual powers in
each optical tone incident on the experimental cavity. The combined power in all the beams can be obtained
using the monitor PD (its calibration is described in section . The relative powers of the beams can be
found by monitoring the microwave drive of the phase modulator and calibrating how the strengths of the
drives at different frequencies translate to the phase sidebands strengths. In this section I describe two different
procedures for performing this calibration.

D.7.1 Optical spectroscopy approach

We start with equation ((C.52)) expressing the output of the phase modulator. It describes a set of optical tones
centered around the optical carrier frequency wr, and spaced by the microwave drive frequency vy. From that
equation we can extract the relative power in the m™-order tone (the tone with frequency wr, + muvyp):

Prei(m) = |Jm(7rVO/V7r)|2' (D.16)

This expression suggests that by determining the relative optical tone powers it is possible to extract the relative

drive voltage Vj/V;. To measure the tone powers, we use the tunable Fabry-Perot cavity (TFPC) in the monitor

arm of the setup as an optical spectrum analyzer (see Figure and subsection . At the same time, we

measure the microwave drive power by sending off some of the phase modulator drive through the directional

coupler onto the microwave SA. The same directional coupler and SA are later used to measure the strength of

the modulator drive in the experiment, which ensures that the calibration is applied in a consistent manner.
The calibration procedure goes as follows:

(a) Using one of the available microwave generators, send a single microwave tone into the phase modulator.
Configure the OSW to send the analyzed light through the TFPC, and sweep the TFPC resonance
frequency over the optical carrier and the phase sidebands. Examples of such sweeps are shown in Figure

[D.14k.

(b) Fit the sweep to a sum of three Lorentzians (black line in Figure [D.14p), and from the fit extract 7y,
the ratio of the first-order sideband power to the carrier power. Simultaneously, measure the microwave
drive power Py on the input of the spectrum analyzer.

(c) Repeat this procedure while varying Py to obtain the power dependence of r Jc- Fit this dependence to
the expected expression

rs/e(Po) = (Ji(my/ Po/ Pr))?/ (Jo(m/ Po/ Pr))? (D.17)
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Figure D.14: Results of the V; calibration using the optical spectroscopy approach.

a) Examples of TFPC sweeps for different amplitudes of the microwave drive V. Thin black lines show
fits to a sum of three Lorentzian peaks as discussed in the text. The sweeps are offset vertically for
clarity.

b) Dependence of the sideband-to-carrier ratio at the phase modulator output on the phase modulator
drive power, as measured by the SA. Markers show experimental results, solid lines are fits to the
expected dependence (D.17]). Marker and line colors encode MW drive frequency.

c¢) Resulting P, (referenced to the SA input) for different drive frequencies vy.

to obtain Py, which is the power corresponding to V, referenced to the SA. Typical experimental results
for ry/.(Fy) along with fits to the expression (D.17) are shown in Figure [D.14b.
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(d) Repeat these steps for different drive frequencies 1y to get the frequency dependence of Py. Figure
shows this dependence for our experimental setup.

D.7.2 Carrier depletion approach
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Figure D.15: Results of the V. calibration using the carrier depletion approach.

a) Dependence of the amplitude of the experimental cavity sweep on the phase modulator drive power, as
measured by the SA. Markers show experimental results, solid lines are fits to the expected dependence
(D.19). Marker and line colors encode MW drive frequency.

b) Resulting P, (referenced to the SA input) for different drive frequencies vy.

Another way to determine the sideband magnitude is by using the fact that the sidebands draw their power
from the carrier, so the carrier becomes weaker for strong MW drives. If the power in the carrier (relative to
the undriven case) is detected, it can be used to extract the power in the phase sidebands and determine the
microwave drive strength relative to V.

Let us consider the full expansion for the phase modulator output in the presence of two microwave
drives: a strong control tone with frequency vy and relative amplitude vy, and a weak probe tone with frequency
vp and amplitude 9. If we only leave the terms up to first order in 9, the output of the phase modulator can
be expressed as

“+oo
ag = ape” 1N " (i)™ T (o) (Jo(thp) — i1 (p)e” P — iy (¢hp)e ) e, (D.18)

m=—0o0

To extract the carrier depletion due to the control tone Jy(1)y), we perform the cavity response sweep,
as described in section [D.6] and appendix [C.3.2l We assume that only the upper probe sideband is close to
the cavity resonance, and all other tones (including the ones generated by the presence control drive) are far
off resonance, and therefore are simply reflected off the input cavity mirror. As shown in appendix [C.3.2]
the photocurrent beatnote at the frequency v}, comes from the beating of the carrier and the probe sideband
which interacted with the cavity, and the magnitude of this beatnote is proportional to the product of the two
amplitudes. In our case the carrier amplitude is ar, 0 = ar,Jo(00)Jo(¢p), and the probe sideband amplitude is
ar,1 = —tar,Jo(¢o0)J1(¢p). This leads to the beatnote (c.f.

(@) o (aLdo(@0)Jo(4p))" (ardo(0)J1 (¥p)) Xesel A + vple™"!
= (Jo(v0))? (lar*Jo(¥p) J1 (¥p) Xerel[A + vp]) e P (D.19)
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Since its magnitude is proportional to (Jy(t0))?, by performing this kind of sweep for multiple control beam
amplitudes ¢g = 7/FPy/P, and fitting their magnitude to the expected dependence |{i)| o (Jo(10))? it is
possible to extract P, for a given frequency of the control beam. The rest of the calibration procedure is
essentially the same as in the previous subsection. Figure shows the measured beatnote magnitude as a
function of the phase modulator drive power Py together with the fits to the expected dependence , and
Figure shows the resulting values of P, for different drive frequencies.

D.8 Incident and reflected power calibration
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Figure D.16: Schematic of the power calibration part of the setup.

As mentioned in section [D.7 to determine powers in individual laser tones we need to determine the
total laser power. This power calibration is performed using the 99:1 splitter between the circulator and the
experimental cavity. The schematic of this part of the setup is shown in Figure [D.16] The splitter has been
pre-calibrated to precisely determine the ratio between the power incident on the device (port 3) and power in
the INC tap (port 4) and the ratio between the power reflected from the device (port 3) and the REFL tap
(port 2).

During the calibration procedure, a power meter is connected to either port 2 or port 4 of the splitter, and
its reading together with the splitter ratios provide respectively reflected or incident laser power. These powers
are then related to the DC voltages on the output of the monitor (Mtap splitter in Figure or the reflection
(Rtap splitter in Figure photodiode, providing a way to determine them during the experiment without
use of the power meter. In addition, the ratio of the reflected power to the power landing on the reflection
photodiode yields 1, gpra, the magnitude of the loss between the calibration splitter and the EDFA. This value
is important in determining the total measurement quantum efficiency for the undriven motion calibrations (see
subsection .

In principle, there can be additional losses between port 3 of the splitter and the experimental cavity, which
could come from the fiber connector or light absorption inside the refrigerator. We assume that these losses
are equal for the incident and for the reflected light, which is true for reciprocal noise sources such as simple
absorption or scattering. This lets us calculate one-way loss as a square root of the round-trip loss: 7 fridge =
\/ Pret/ Pinc, where Py and P.eq are respectively the incident and the reflected power measured at the port 3
of the splitter. Hence, the power incident on the input mirror of the cavity is Pext = Pince,fridge = V PincPref,
and the total loss between the device and the EDFA is 1y = 1, EDFA7e fridge-

D.9 Sideband correlator angle calibration

The sideband correlator Sl(: b) [0w] is a complex quantity, so it is important to calibrate its complex phase in order
to correctly extract its real (Lorentzian) and imaginary (anti-Lorentzian) parts. To understand the way we do
it, first recall the procedure for obtaining the sideband spectra SZ(; " and Si(ib P) described in subsection
There the two mechanical sidebands in the photocurrent get eventually mixed down in the ZILI to produce
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the two records i,(¢) and iy(¢), which correspond to some narrow (~ 100 kHz) frequency band around the
corresponding demodulation frequencies. If the demodulation frequencies are chosen correctly, the two records
can be readily identified with the sideband photocurrents i,[0w] and iy[dw] defined in equation (7.28). Given
this correspondence, we Fourier transform these photocurrent records, which allows us to calculate their PSDs

as S(uu) ow] = <]zu [0w] ] > and S;; (e6) [6w] = (|i¢[0w]|*) and associate them with the theoretical PSD expressions

(equation (|7 and ) In Calculatlng S, () and S, O the ensemble averaging is usually replaced by time
averaging or data binning.

In the same manner, we can calculate the cross-correlator Sl(zu o [dw] = (iy[w]i¢[—w]), which is an analogue of

the theoretical cross-correlator SZ(; b) [0w]. However, unlike the PSDs which only depend on a single photocurrent
record, the cross-correlator includes both of the records, so it is crucially dependent on the frequencies and
phases of the records being precisely defined and locked to each other. If their relative phase is poorly defined,
the cross-correlator will also acquire a random phase, and if their frequencies are slightly shifted (e.g., if the

frequencies of the two control tones are not locked), the phase of Sz(zu 2 [w] will change in time, and it will converge
to zero instead of some finite value.

Let us examine these effects quantitatively. We start by establishing a theoretical expression for the pho-
tocurrent i(t) right at the photodetector output, i.e., before mixing down and demodulating. Even though the
exact cross-correlator value ((7.55)) depends on quanturn effects and inclusion of the optical vacuum noise, here
for simplicity we will con31der a classmal system by setting f = 0 and treating the mechanical amplitude ¢ = ¢
as a classical random variable. As far as the control beam frequencies and phases are concerned, this treatment
should capture all of the important issues. In this classical treatment we can simply say that the photocurrent
is (up to a gain coefficient G) square of the incident optical field: i(t) = Glaget(t)|?>. If we assume the same
heterodyne measurement scheme as in appendix [C.1.2] we can represent aget as

adet(t) = aoroe” OOl + doy(t). (D.20)
Up to first order in dyyt the photocurrent is
i(t) = |aoro|? + (adrodous (t)eTOL0! +c.c.) . (D.21)

Here we only focus on the interesting part of the reflected light (the one containing the mechanical sidebands),
and not on, e.g., the reflected control beams. To express doyt in the time domain, we are going to use equation
and assume the fast (compared to the mechanical lifetime) cavity limit vy < K (in our systems
Ymeff < 27 - 10 kHz and x > 27 - 20 MHz), i.e., set xc[w] = xc|w:] for the Stokes sideband and x.[w] & xc[wb)
for the anti-Stokes sideband:

dout[w] ~ \/@g Xc[ ] [W_AZ]_ZMQ Xc[wr] Gy *[W_Au] (D'22)
dout(t) = iv/Fextg O xelwple(t)are " — iy/Rexg xelwrle™ (t)ane 2. (D.23)

We have to keep in mind that this expression for dyy is derived in the cavity frame, which means that woro is
specified in the same frame, i.e., it is the OLO detuning from the cavity resonance.
Given the expression (D.22)) for dyyt, we obtain the photocurrent

i(t) = ’CEOLO‘2 + < \/@g Xc[wb] )(agLodge_i(Af_wOLO)t)
_i\/@g(o)Xc[wr]C*(t)(agLo@ue_i(A“_“’OLO)t) + c.c.) . (D.24)

Since Ay, Ay and wor,o are in the same frame, the terms Ay —woro and A, —woro are the absolute frequency
differences between the control beams and the OLO, i.e., Ay — woLO = Veon,rs Au — WOLO = Veon,u-
Finally, we can separate the photocurrent into two different parts corresponding to the two sidebands:

i(t) = laoLol® + (ie(t) +iu(t) + c.c.) (D.25)
io(t) = iv/Fexg O xelwn]age(t)e Moot = Graye(t)eMeont! (D.26)
i) = —ivFeg O xelwr]auct (t)emenut = Guact (t)eVeonut, (D.27)
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where Gy, = ii\/@g(o)xc[a}bJHQOLOP are the proportionality coefficients, and oy, = @ /aoro is the ratio
of the control beams to the OLO (as shown in section it is proportional to the corresponding MW drive
amplitude, including the phase). Since c¢(t) peaks around wp, of, we get the maximum of iy at (A, — woro) +
Wm,eff = Wh — worLo and, similarly, maximum if i, at (Ay — woLO) — Wmeff = Wr — WOLO-

Up to a frequency shift, these photocurrents can be associated with 4, and 4}, defined in :

ig(t) = e Uwpmworolty (4 (D.28)
in(t) = e Hwrmworolty (1), (D.29)

However, to obtain the required frequency shifts, we still need to demodulate the signal at some frequencies Vgem ¢
and Vgem,u generated internally in the ZILI. This operation can be represented as multiplying the photocurrent by
a corresponding demodulating signal afj,,, e etWaem et op o, jetTwaemuts ¢ and Vaem u are the demodulation
frequencies, while aqem ¢ and agem,u are the amplitudes of the corresponding local oscillators, which encode their
respective phases. )| With that, the actual measured demodulated photocurrents are

iar = @ geTeem Ol = G, (a (iem.c€ z(ucon,z—udem,z)t) c(t) (D.30)
7;d,u = azlem,u€+ Hvaem, u) =Gy ( afiem,ue_i(ycon’u_ydcmm)t) c* (t) (D31)
Finally, the cross-correlator calculated from these photocurrents is

9t )

(13

ot~ 7/ Diault +7/2)
GuG€<C(t - 7/2) (t + 7—/2)> —1 l/con u—Vcon,t —Vdem,u+Vdem, 2)7/2 y

X <a£a§em,€auadem,u>e Z(Vcon,é+VCOH,H7Vdem,lfydem,u)t. (D32>

(in this expression we made a reasonable assumption that the mechanical mode dynamics is uncorrelated from
the various microwave signal phases, so their ensemble averages can be separated).

We can compare this expression to an idealized classical cross-correlator Sl(; b) [dw], which can be obtained
by using equations (7.35) and ([7.49)) and neglecting all vacuum noise:

SiPow] = =G (abio) et (Xelwxelwn) (9 Audu S ot om e + 6]
= _GEGuaEO‘uSé,éT [Wm,eff + 0w], (D.33)

or in the time domain

O (1) = (it + 7/2)in(t —7/2))
—GYGuoypony (c(t — 7/2)c*(t 4 7/2))e™menT, (D.34)

While the control beam beatnotes oy and «, are still present, the rest of the microwave drive does not show up
in this expression, and it also does not depend on the common time ¢. This comes from an implicit assumption
of “ideal” frequency shifts of i, }, given by equation ([7.28]).

Let us consider the requirements for equation needed to produce a stable predictable result:

e First, all dependence on the common time ¢t needs to be eliminated, otherwise, the time average of
the correlator will become zero. This requires precise cancellation of the microwave drive frequencies
Veon,t + Veon,u — Vdem,¢ — Vdem,u = 0, which is achieved by locking all the microwave generators and the ZILI
to the same 10 MHz synchronization signal and choosing appropriate numerical values for their output
frequencies.

) For simplicity, we omit the fact that the photocurrent has an extra stage of mix-down before entering the ZILI. It does not affect
the generality of the derivation, as the phase and the frequency of this mix-down signal can be absorbed into the demodulation
signals.
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e Second, to relate C’l(lu 9 to C’l(lr ®) e need to match the mechanical motion correlator frequency shift (the
frequency in the exponent containing 7): Veonu — Yeon,t — Vdem,u + Vdem,¢ = 2Wmeff- Since the mismatch
in this equation simply shifts the perceived mechanical frequency, it does not need to be satisfied exactly;
nevertheless, we need it to be approximately correct to be able to extract the mechanical frequency from
the cross-correlator. In practice, we satisfy it by separately setting Vgem ¢ —Veon,t = Veon,u — Vdem,u = Wmeff»
which means that the mechanical motion is centered independently in both photocurrent records i, and

Ty

e Finally, we need to know the phase factor <ozgagem e . u>. This is required both to correctly extract
the phase of the cross-correlator, and to make sure that averaging of separate measurements is done
properly (if each measurement has an independent random phase, then their average will end up being
zZ€ero).

oLo :
lower upper
control control
A[ Au
e Wm 2 Wm
~ Wy cal Iock* j
-6 -4 -2 0 2

Relative cavity detuning

Figure D.17: Optical tone configuration for simultaneous measurements of both mechanical sidebands. The
horizontal axis is scaled in units of optical cavity linewidths. Tones detunings and the mechanical motion
linewidth are not to scale (except for the locking beam).

In order to determine this phase factor, we use an additional microwave drive of the phase modulator,
which we call a “calibration” tone. In the schematic tone configuration shown in Figure the sidebands
arising due to this drive are denoted with purple arrows. This microwave tone is generated at a frequency
Veal close (but not exactly equal) to the mechanical frequency wmes. Due to the non-linearity of the
phase modulator (discussed in appendix , it results in second order sidebands on both control beams;
their frequencies are Veon,u & Veal and Veon ¢ & Veal relative to the OLO, or Ay &£ e and Ap &+ v, relative
to the cavity. We are interested in the sidebands closest to the optical cavity resonance, which are at
frequencies Ay — Ve and Ay + vey (denoted by small purple arrows in Figure ; the other two
sidebands are far from the optical resonance, and therefore can not be detected, as described in appendix
We want these sidebands to be close enough to the mechanical frequency that they fall within
the demodulation window ZILI (i.e., less than 100 kHz away from the mechanical motion sidebands), but
far enough that they do not experience any OMIT effects: |Veal — Wm eff| > Yme- Typically, we choose
Wmeff — Veal ~ 27 - 50 kHz, which satisfies both criteria. After reflection off the cavity and detection,
these sidebands (similarly to the mechanical motion sidebands) produce beatnotes in the photocurrent at
frequencies Veon,u — Veal a0d Veon ¢ + Veal. It is these beatnotes which we use to calibrate the phase factor.

Let us denote the normalized amplitude of the MW calibration tone as ag,), so that the tone itself is
expressed as e Veall. As per appendix section the second order optical sidebands due to this
tone will have amplitudes (neglecting the uninteresting /2 phases) acalr = a0oLO a1 for the sideband
at a frequency Veon¢ + Veal and aealu = aorLouo,,; for the sideband at a frequency veonu — Veal. After
reflection and detection, these sidebands produce beatnotes in the photocurrent with respective amplitudes
(excluding real factors which do not change the complex signal phase)

Abne X @OLOGcaleXelwh] = |aono|*arccarxe w] (D.35)

Gpnu X CLOLOacaLl,uXc[Wb] = |aOLO’2auO‘Za1XC[Wr]' (D36)
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After exactly the same demodulation step as for the mechanical sidebands, these end up producing
demodulated signals (similar to equations (D.30) and (D.31]))

. * —1v, t —i(v, +Vcal)t
anl,e(t) < a’dem,ze 'dem, £ aane ( ‘con, £ cal)

— ‘aOLO|2aea:ala3em7€XC[wb]efi(ycon,é‘i‘l/cal*l’dem,é)t (DS?)

. * —in t —i(v, u—Veal t
anl,u(t) X OQgemu€ e ahn ue (Veon,u—Veal)

= |A0LO| Qulca cr_'c’u ’ .
2010/ 0t Xclisele st ~am (0.3%)

for the lower and the upper control beam sideband respectively. Note that these signals have all the same
microwave amplitudes as the mechanical sideband signals (D.30) and (D.31]) (in fact, the expressions
become almost identical if we replace the mechanical motion c(t) by the calibration MW tone aae”¥eal?).

If we calculate the product of the two demodulated signals, we obtain

<ica1,€(t)ical,u(t)>
= |a’OLO ’4 | Qlcal | 2XC [wb] Xec [wr] <afa:1em,laua(§em,u> X
6_7;(l’con,é+l’con,u_Vdem,e_l’dem,u)t7 (D39)

which (up to some real positive prefactors and a known cavity susceptibility) exactly coincides with the
phase factor in the expression . Thus, we can determine the phase factor by adding a calibration
tone, detecting the second order phase sidebands it produces in the demodulator record, and calculating
the product of these sidebands.

In the experiment we have to be careful to make sure that this procedure does not introduce any additional
laser noise. Hence, we choose to alternate the periods when the calibration tone is on (usually 2 seconds
long), which are used to calibrate the phase, and the periods when it is off (usually 10-20 seconds long),
which are used for the detection of the mechanical motion. Since all of the microwave generators are
locked to the same clock reference, the phase does not fluctuate appreciably in between the calibration
periods. At the same time, the calibration tone is not present during the sensitive mechanical motion
detection, so its extra noise is not an issue.

With all of the phase uncertainty sources taken into account, we are able to reliably measure the microwave
phase factor and determine the correct quadratures of the cross-correlator. The residual phase error obtained
from the fits (as described in section [8.5) is typically less than 20 mrad.

D.10 Additional calibrations

In order to detect and exclude some systematic effects, we were performing additional checks during the main
measurement routine:

e One possible source of error is the frequency dependence of the MW and optical gains on the scale of the
distance between the two motional sidebands 0 & 27 - 200 kHz (see subsection , which could lead to
systematic differences in the estimation of the sidebands’ sizes. To account for that, we were periodically
(approximately once every couple of hours) swapping the positions of the sidebands by sightly altering
the MW frequencies of the control beam drives. As an example, the arrangement shown in Figure [D.I7b
can be flipped via reducing the upper control drive frequency vcon,u by 0 and increasing the lower control
drive frequency by the same amount.

e Another potential source of asymmetry in the measurement scheme is the location of the OLO. So far in
all of the discussions we were assuming that it had lower frequency than both of the control beams, as
shown in, e.g., Figure This can affect the measurements through interaction of the OLO with the
cavity (which changes its phase differently depending on its position with respect to the cavity), and simply
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through the fact the the lower control beam is closer to the OLO, which means that its corresponding MW
frequency is lower than for the upper control beam. This difference can result in systematic uncertainty
if combined with, e.g., errors in the calibration of the phase modulator drive (appendix [D.7)). Similarly
to the previous effect, we correct for this by occasional (approximately once an hour) flipping of the OLO
position with respect to the cavity. This is straightforward to arrange, since the OLO already has copies
of all of the necessary beams (lock, upper and lower control, probe) on the other side due to the symmetry
of the phase modulation (see appendix . Thus, to change the OLO detuning sign, we simply shift its
frequency by ~ 2, = 4180 MHz (to move the lock beam on the other side of the OLO closer to the
cavity resonance), and change the sign of the lock gain to account for the resulting flipped error signal.
The rest of the measurement and the analysis remains the same, with occasional complex conjugates
arising due to the switched OLO side.

Finally, we perform one more check by taking some of the experimental data in the “unlocked” configura-
tion, i.e., with the laser being fairly far (~ 20 GHz) detuned from the cavity. Since the phase modulation
is invisible in this situation (as discussed in appendix , we do not expect to see any heterodyne
signal. Thus, this measurement lets us ensure that there is no pickup in the MW part of the setup.

Furthermore, this measurement can serve to roughly estimate the amount of the residual laser phase
noise. This estimation is done by comparing the background in the undriven motion measurement in the
“unlocked” configuration to that of the standard measurement. Since tge phase noise does not contribute
in the “unlocked” measurement, the background there only contains the EDFA noise (the classical laser
amplitude noise is very small, so we ignore it in this discussion). At the same time, as demonstrated in
appendix the phase noise does appear in the photocurrent when the laser is reflected off a cavity,
which corresponds to the standard measurement situation. Thus, by comparing the two background, we
can determine the amount of the classical phase noise, or at least place an upper bound on it. In our case
this comparison reveals the amount of classical phase noise corresponding to the shot-noise limited power
(reference to the control beams) of 25 yW. The highest control beam power in the measurements shown
in Figure is 10 uW, which corresponds to the ratio of the classical to the shot noise of 0.4. Most of
the measurements were performed at lower powers of < 3 uW, reducing this ratio further to ~ 0.1. This
amount of classical phase noise leads to over-estimation of the sideband asymmetry[182] [13] by about 0.1,
which possibly contributes to the deviation of the experimental data from the theory prediction in Figure
3.9
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791

Name

‘ Description

‘ Model/Part number

Relevant parameters

Main schematic

TL Tunable laser PurePhotonics PPCL200 Output power: < 60 mW; wavelength range: 1550 + 20 nm
1QM Optical IQ modulator EOSpace 1Q-0DKS-25 Bandwidth: 25 GHz

oM Optical phase modulator EOSpace PM-0K5-10 Bandwidth: 10 GHz

PCnt Polarization controller Oz Optics EPC-400

VOA Variable optical attenuator Oz Optics DD-100-MC Attenuation range: 0 = 60 dB

EDFA Optical amplifier NuPhoton NP2000 Noise figure: 4 dB; output power: 20 mW

TF Tunable optical filter Oz Optics TF100 Bandwidth: 0.6 nm

TFPC Tunable Fabry-Perot cavity Made in-house Linewidth: 200 MHz, FSR: 1.5 THz

OSW Optical 2 x 2 switch JDSU SW22-7348

Mtap, Rtap Optical 90:10 splitter Thorlabs TW1550R2A2

Ctap Optical 99:1 splitter Thorlabs TW1550R1A2

Circulator Optical circulator Oplink MIOC1550 Polarization insensitive

FPD Fast photodiode Thorlabs DET08CFC Bandwidth: 8 GHz (diode capacitance of 0.3 pF)
PM Optical power meter Thorlabs PM100D + S144C

Filter cavity s

etup schematic

TFC

Tunable filter cavity

Micron Optics FFP-TF

Bandwidth: 30 MHz; FSR: 15 GHz

PCnt Polarization controller Newport F-POL-IL
Circulator Optical circulator Thorlabs CIR1550PM-APC Polarization maintaining
PD Photodiode Thorlabs PDA10CF Bandwidth: 150 MHz

Table 9.1: List of optical components in the main setup schematic (Figure and the filter cavity subsystem (Figure .



Name/Location Description

‘ Model/Part number

Relevant parameters

Main schematic

Z1L1 Lock-In + DAQ system Zurich Instrument UHF LI Frequency range: 0 =~ 600 MHz

VNA Vector network analyzer HP 8722D

MWG1, MWG2 Microwave generator Vaunix LabBrick LMS-232D Frequency range: 0.7 + 2.2 GHz

MWG3 Microwave generator Agilent N9310A Frequency range: < 3 GHz

SA Spectrum analyzer Rigol DSA1030A Frequency range: < 3 GHz

FPGA DSP module NI PXI-7854R

Reflection FPD amplifier Low-noise =~ MW  amplifier | Minicircuits (ZX60-P105LN+) + | First amplifier NF: 2 dB; total gain: ~ 45 dB
chain 2x (ZX60-V62+)

4 x 1 combiner, 1 x 3 splitter | Power splitter/combiner

Minicircuits ZB4PD-462W-S+

Frequency range: 0.38 = 4.6 GHz

¢M drive amplifier Low-noise MW amplifier Minicircuits ZX60-H242+ NF: 2.5 dB; output power: 23 dBm

991

¢cal tone combiner MW directional coupler ZNDC-18-2G-S+ Coupling: 18 dB; frequency range: 0.8 +
2.0 GHz

oM drive SA tap MW directional coupler ZFDC-10-182-S+ Coupling: 10 dB; frequency range: 0.1 =+
1.8 GHz

MWSW MW switch Minicircuits MSP2TA-18-12+

VCO Voltage-controlled oscillator Minicircuits ZX95-3555+ Frequency range: 2.8 +— 3.5 GHz

VCO amplifier High-power MW amplifier Minicircuits ZHL-42W+ Output power: 30 dBm

1QM 0° — 90° splitter MW 90° hybrid Minicircuits ZAPDQ-4-S Frequency range: 2 +4.2 GHz

MWGT1 splitter Two 2-way MW splitters (Mini-

circuits ZAPD-20-S+)

Power splitter Frequency range: 700 < 2000 MHz

Filter cavity setup schematic

AWG Function generator Agilent 33220A

Mixer Low-frequency mixer Minicircuits ZP-3+ LO frequency range: 0.15 <+ 400 MHz
Bias tee Low-frequency MW bias tee Minicircuits ZFBT-4R2GW+ Cutoff frequency: 0.1 MHz

wC Micro-controller Arduino Uno + in-house | Feedback delay: ~ 1 ms

ADC/DAC board

Table 9.2: List of electronic components in the main setup schematic (Figure and the filter cavity subsystem (Figure .
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Name/Location

Description

Model/Part number

Relevant parameters

Mixer circuit

LO 90° splitter

High-frequency 90° hybrid

Minicircuits ZX10Q-2-27-S+

Frequency range

: 1700 = 2700 MHz

IF 90° splitter Low-frequency 90° hybrid Minicircuits ZX10Q-2-3-S+ Frequency range: 220 < 470 MHz
RF combiner Power splitter/combiner Minicircuits ZAPD-20-S+ Frequency range: 700 < 2000 MHz
Mixers MW mixer Minicircuits ZEM-M2TMH-+ Frequency range: 10 + 2400 MHz

RF output filter

Bandpass filter

Minicircuits (VHF-2000+) + (VLF-
2250+)

Frequency range

: 2000 = 2600 MHz

IQM circuit

VMWA Variable MW attenuator Minicircuits ZX73-2500M-S+ Frequency range: 0 -+ 2500 MHz

Bias tee Low-frequency MW bias tee Minicircuits ZFBT-4R2GW+ Cutoff frequency: 0.1 MHz

Amplifier Low-noise MW amplifier chain Minicircuits ~ (ZX60-6013E-S+)  + | Frequency range: 506000 MHz; first am-
(ZX60-V63+) + 2x (ZX60-V62+) plifier NF: 3.5 dB; total gain: 60 dB

Splitter Power splitter Minicircuits ZN2PD2-63-N+ Frequency range: 350 <+ 6000 MHz

High-pass filter High-pass filter Minicircuits VHF-4600+ Cutoff frequency: 4600 MHz

Low-pass filter Low-pass filter Minicircuits VLF-3000+ Cutoff frequency: 3600 MHz

Top MWPD MW power detector Minicircuits ZX47-55LN-S+ Frequency range: 10 = 8000 MHz

Bottom MWPD MW power detector Minicircuits ZX47-40LN-S+ Frequency range: 10 <+ 8000 MHz

Table 9.3: List of electronic components in the mixer circuit (Figure ) and the IQM stabilization circuit (Figure .
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