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Abstract

This thesis begins with the introduction of optomechanics, the study of the inter-
action between light (photons) and mechanical oscillations (phonons) using bulk 3-D
cavities. The description of 3-D microwave cavities is introduced as the boundary
of the electromagnetic field and the mathematics are developed for the interaction
between the electromagnetic field and a fluctuating boundary (mechanical oscilla-
tor). This work was established in pursuit of observing optomechanical effects within
macroscopic 3-D cavity systems.

Three main microwave 3-D cavity geometries were used for this work: cylindrical,
re-entrant, and coaxial quarter-wave (A/4) cavities. A large number of cavities were
made by the author in a machine shop in an attempt to develop strongly-coupled
optomechanical systems. The pursuit of this goal led to the first observation of strain
engineering, or dissipation dilution, via the thermal Casimir effect and its exciting
potential applications.

The noteworthy projects that saw success in this work were the development of
tunable, superconducting microwave cavities using a lossless, non-contacting fashion
in addition to the ground-up progression of re-entrant cavities that led to the first
observation of the thermal Casimir spring and dilution effect at room temperature.
The outcome of this work opens the doorway for the development of “in situ” arbi-
trary, topological resonators with the added benefit of an increased mechanical quality
factor (), due to heightened strain.
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Chapter 1

Introduction

“Your personal philosophy is the major determining factor in
how your life works out.” — Jim Rohn

The concept of light, or radiation, applying pressure on an object dates back to
Kepler’s observation of a comet in which he noted the comet’s tail always pointed
away from the Sun [1]. It wasn’t until the 1800s when the concept of radiation was
brought to light with James Clerk Maxwell. He formulated the classical theory of
electromagnetism in which the wave-like properties of electric and magnetic fields
traveling at the speed of light were mathematically discovered. His work on elec-
tromagnetic waves has led to the birth of every form of modern-day communication
technology.

Fast forward sixty years through the development of blackbody radiation, special
relativity, superconductivity, and quantum mechanics to 1945 in which electromag-
netic waves were used during WWII as detectors for foreign objects (radar). A large
wooden gift was given to the United States Ambassador to the Soviet Union Averell
Harriman on behalf of the Soviet Union as a gesture of kindness [2]. A brilliant sci-
entist named Léon Theremin hid a passive listening spy device called “The Thing”
within the Great Seal on the front.

The device was composed of a microwave cavity, an antenna, and a flexible di-
aphragm that modulated the microwave resonance frequency. A radio signal would
remotely “power” the device while acoustic waves modulated the microwave resonance
and the reflected radio waves were subsequently down-converted to audio frequencies.
The device had no active power supply and went unnoticed for seven years. The
concept behind “The Thing” is actively used today throughout society (e.g. RFID
technology) [3] and in the field of cavity optomechanics.
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A coupled of decades following WWII
and the ground-breaking work of Dr.
Vladimir Braginksy on the interactions Threaded botom (or adustment)
of radiation pressure and mechanical os- 75 ym metal mambrane
cillators is introduced that led to the e 1
birth of contemporary cavity optome-
chanics. Dr. Braginsky investigated the
ponderomotive effects of radiation pres-
sure, that is, the ability to cool and
amplify mechanical motion. The field
of cavity optomechanics investigates the

interactions of light and matter within Figure 1.1: “The Thing” listening device by Léon
Theremin for spying on the US Ambassador dur-

ing the Cold War [2].

Threaded cover l

Antenna

\ \ . 1%2 wave copper rod
\ Capacitive antenna mupl\ng\ s l

Mushroom-shaped disc for capacitive coupling with mm

Grooves for reducing pneumatic damping ~

a

an enclosed volume wherein the matter,
a mechanical oscillator, is manipulated
by the incident light, an electromagnetic
cavity. The truly macroscopic scale of such an experiment is the Laser Interferometer
Gravitational-Wave Observatory (LIGO), which reported the first-ever observation of
a binary black-hole merger in 2016 [4]. The light, or photons within the cavity, can
possess long lifetimes and therefore interact with the mechanical resonator multiple
times before decaying. The long lifetime of the cavity enables the minuscule radiation
pressure to become noticeable after many round-trip interactions with the mechanical
oscillator. Such interplay between the electromagnetic field and mechanical resonator
has led to interesting experimental observations such as optical cooling [5], optical
amplification [6], optomechanically-induced transparency [7], frequency conversion
between microwave and optical domains [8, 9], and optomechanical devices such as
amplifiers and circulators [10, 11].

The decades-long development of micro-electromechanical systems (MEMS) paved
the way for the capability to create exquisite nano- and micro-mechanical oscillators.
Some of the major advantages of creating such small oscillators are the low mass and
volume, which means that microwave circuits and mechanical structures are now able
to “feel” the effects of radiation pressure, even the very act of measuring the device!
The capability to miniaturize the microwave field volume and mechanical resonator
naturally leads to incredibly strong coupling from the localized microwave field. In
the event that the mechanics are strongly coupled to the incident light, one is able to
study the very nature of quantum light or quantum mechanics.

Generally speaking, the actual mechanical device is quite simple and the com-
plexity arises in the methods to measure the mechanical object. Over the past few
decades, the ability to manufacture MEMS and NEMS has become cheaper and eas-
ier. For example, a simple SiN square membrane acting as a mechanical oscillator 1
mm in length and thickness 50 nm has been shown to demonstrate quality factors at
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room temperature above @,,, > 1 million and is used in quantum experiments [13,14].
The cost of the bare quantum membrane device — only two cups of coffee! Of course,
the cost of actual research emerges in the measurement apparatus, techniques used
and methods to manipulate the membrane structure; however, it is absolutely re-
markable the rapid development of technology that has given rise to cost-effective
quantum devices.

Cavity optomechanics has proven to
be an exciting platform for quantum
information technology [15], metrology,
sensing, and quantum science [16-20]
with a promising future in commercial
devices [21]. Today, superconducting ra-
dio frequency cavities have quality fac-
tors that exceed @ > 10! [22-25]. Op-
tomechanical devices have achieved sen-
sitivities surpassing the standard quan-
tum limit (SQL). Silicon nitride me-

! S T chanical resonators have achieved ultra-
B strong cooperativity and coupling to the
electromagnetic field [13, 14, 26]. Me-
Figure 1.2: Image adapted from Quantum Op- Ch_anical, r?SOIl'a tors hé,ive b,een ,deSign,ed
tomechanics [12] showing past optomechanical de- using dissipation engineering in which
vices with their respective masses and resonant the coherence times have been drasti-
frequencies. cally enhanced from environmental de-
coupling and increased strain [27, 28].
Bulk 3-D cavities are being developed to enhance the lifetimes of “flying qubits”
for the anticipated future of quantum computing [15]. Lastly, hybrid optomechanical
architectures are being developed for efficient and reliable transducers between vastly
different frequency regimes using mechanical oscillators [8,9].

The vast majority of this work was focused on trying to observe optomechanical
effects within macroscopic oscillators — effects such optomechanically-induced trans-
parency (OMIT), optomechanical damping, and mechanical frequency shifts which
are all much more easily observed for nano- and micro-mechanical oscillators due
to the lower mass and higher frequency. The combination of these two criteria allow
stronger coupling to the electromagnetic field and the feasibility of the “resolved side-
band regime” in which there is an increased asymmetry of the scattered modes and
the optomechanical effects are easier to observe. As such, much of the optomechani-
cal theory is introduced and derived even though we were not successful in observing
some of the phenomena. However, as a result of trying to make more strongly-coupled
optomechanical systems we discovered a unique physical effect at short length scales,
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known as the thermal Casimir force, that was not observed previously in optomechan-
ical systems. We also demonstrate some interesting characteristics of this effect such
as the static Casimir spring and Casimir dilution. The latter has never been observed
before and also shows great promise towards the future of developing re-configurable
“in situ” mechanical oscillators using the Casimir force.

The extensive field of optomechanics has studied mechanical resonators in the
predominantly nano- and micrometer scale (often coined the mesoscopic regime) and
the question of where the boundary between classical and quantum mechanics lies
remains an intriguing and captivating pursuit to this day. The overarching goal of
this thesis work was to aim and construct a macroscopic platform for observing cavity
optomechanical phenomena [5, 16,20, 29-32].

In the subsequent chapters we begin with the introduction of microwave cavities,
the construction of a cylindrical geometry and the modes that resonate inside the
metallic structure. Afterwards, the mechanical element is brought into the scope
of discussion that gives rise to the field of cavity optomechanics. The mechanical
resonator acts as a variable boundary to the microwave geometry and therefore cou-
ples directly to the microwave field. The interaction between the microwaves and
mechanical oscillator leads to modifications in the dynamic membrane response such
as frequency, quality factor, and occupation number. Next, we discuss the experi-
mental approach in developing the tunable macroscopic optomechanical device and
operation in a dilution refrigerator to enable the superconductivity properties of the
microwave cavity. Lastly, we finish the thesis under the discussion and creation of
a tunable narrow gap between the mechanical oscillator and a re-entrant microwave
cavity, which resulted in the observation of the thermal Casimir force. This unex-
pected observation has exciting future applications in the dynamic manipulation of
mechanical oscillators!



Chapter 2

Microwave Cavities

“Success is walking from failure to failure with no loss
in enthusiasm.” — Winston Churchill

Metallic microwave cavities form the basis of the electromagnetic resonators that
we have used and created for this doctoral work. However, the reader may be in-
terested to know that metallic cavities are certainly not the only electromagnetic
resonators as there are a variety of resonator types (metallic and dielectric) and ma-
terials operating in the microwave regime such as sapphire whispering gallery modes,
Bragg reflectors, etc. A discussion and introduction of the main microwave cavities
we used are presented below. A view of most of the cavities constructed during this
thesis work can be seen in Fig. 2.1. Most of the cavities have undergone at least one
and often multiple design/machining revisions to conserve the metal supply.

2.1 Cylindrical Cavities

The cylindrical and rectangular geometries are among the most well understood mi-
crowave cavities with convenient analytical solutions. In the beginning years of this
research cylindrical cavities were mainly used for their simplicity of construction and
general understanding of microwave cavities. We will derive the equations for a cylin-
drical cavity starting from a general model of an arbitrary waveguide, transforming
to a circular waveguide, and then ending with the cylindrical cavity. The following
derivation has been adapted from Microwave Engineering by David Pozar [33]. We
begin with the cylindrical coordinates for a circular waveguide and consider Maxwell’s
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Figure 2.1: A view of the (mostly) chronological development of microwave cavities
used in this thesis work.

equations in a source-free, linear, isotropic, homogenous region:

V x E = —jwpH, (2.1)
V x H = jweE, (2.2)

where E is the electric field, H is the magnetic field, p is the relative permeability, €
is the relative permittivity, and w is the angular frequency of the wave. From these
two equations we can write down the Helmholtz wave equation, which we will use
later. Insert Eq. 2.2 into Eq. 2.1 and consider that V- /' = 0 in a source-free region!.
From this point we immediately write down

V2E + k*E = 0, (2.3)

IV x V x A=V(V-A)— V24
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where k = w,/ue. In cylindrical coordinates we assume solutions of the form

E(p,¢,2) = [€lp, $) + ze:(p, §)le 77, (24)
H(p, ¢, 2) = [A(p, §) + 2h.(p, §)]e ™, (2.5)

where we have introduced the propagation constant [ of the traveling wave. These
equations consider forwards propagation; for backwards traveling waves replace 5 —
—(. Assuming the above solution for H, and analogously for E. we expand the
Helmholtz wave equation to give us six equations?:

- (10F, A OF, 1 8(pE¢) 8Ep)
VxE= + E, — +z- + , (2.6
f)( 99 ) \d)< 77 8/))4 \p( dp 99 ) (26)
:—quHp :—JIMH¢ :—j::qu
., . (10H, A . 0H, 1 8(,0H¢) aHp
H = —9pH, — —— — . (2.
v p( 0 )+¢< i ap)f\ZP( p +6‘¢>/ 27)
7]weEp :j:uZE(zg :j:uZEz

Now, we want to solve for the transverse field components from the longitudinal
components. The idea to separate these equations is to isolate a single component and
eliminate it with another equation. For example, we can solve for the H, component:

10E, , 1/ 10E,
- = —jwuH, — Eyj=—|—jwuH,—~ ;
p d¢ JORSe ¢ Jﬁ(yﬂp p3¢)

H, 1 o,
—iBH, — %2 iR B, — .
IPH, op JWERe T Do Jwe( JPH, = 8/))

Subtracting these two equations and solving for H, yields

Jj [wedE,
H, =2 (% 2,
g k?(p 9o 0p) (28)

where we have introduced some new, useful notation. Recall that k¥ = w,/ue and now
we have defined the cutoff wavenumber

=k - 5 (2.9)

2In cylindrical coordinates the vector curl is written as V x A = ﬁ(%%— 35‘;) +

2 (0A,  9A, 21 (9(pAy) _ OA
¢(az 6p)+zﬁ( i aqsp)
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Therefore, the other transverse field components are solved in the same fashion as we
did for H, and are written for completeness as

B _i oL, %8}@
Er==is (5 5t a¢)’ (2.10a)
__J (BOE.  0OH,
E, = 2 (,0 9 Wit o ) (2.10Db)
j (wedE, 0H,
_ J (wedk. 2.1
’ k?(p d¢ ﬁﬁp)’ (2:100)

OF. + EaHZ) . (2.10d)

Hy=—~
¢ k§<wgap p 0¢

Figure 2.2: The cross-section of a circular waveguide represented by cylindrical
coordinates.

These equations are general relations for the transverse field components for a
propagating wave within an arbitrary waveguide geometry and will therefore be used
later for the development of the cylindrical cavity. We shall now consider more
specifically the circular waveguide (shown in Fig. 2.2) and solve for the transverse
electric (TE) modes of the waveguide. TE modes are described by E, = 0, H, # 0
within the waveguide. Therefore, we can start by focusing on the z-component of the
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magnetic field from Eq. 2.5, H, = h.(p, ¢)e %, for the Helmholtz wave equation®:

VZH, + k*H, =0,
10> 10 1 0? 9
— et B2 ) ha(pg) = O,
(pf)p? " pOp " p? 0¢? v ) (0, )
10> 190 1 0
-+ ———k* ) h(p,¢) = 0.
<p3p2 MPYTRr Y ) (6. )
At this point we want to apply the method of separation of variables. This technique
allows us to separate the equations with their respective coordinates. We assume a
solution of the form h, = R(p)P(¢) and substitute’:
p PR pIR 1 9P
=+ =— ki=———+ 2.11
Rop "Rop T "Pag (211)
where we have multiplied through by p? and divided through by h, = R(p)P(9).
Since both sides are dependent upon differing variables and this equation must hold
for all possible values, both sides must be equal to a constant. Considering the right
hand side with the coordinate ¢,

1P,
P dg? - e
P ,

and has a general solution P(¢) = Asinky¢p + Bcoskyp. This solution must be
periodic in ¢ such that h.(¢) = h,(¢ £ 27), which requires that k, be an integer:

P(¢) = Asinn¢ + B cosng. (2.12)

Now we can look at the left hand side of Eq. 2.11 with coordinate p:
pd*R  pdR

212 2
Bt R R =R (2.13)
d*R  dR
pzd—p2 + pd—p + (kag - n2) R=0. (214)

3The Laplacian, or divergence of the gradient, is (in cylindrical coordinates):
2 2
V97 = = 18 (o) + b+ B

4As an example of variable separation, %’;’@) = a% [R(p)P(9)] = P(¢)8% [R(p)].
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Equation 2.14 is known as Bessel’s differential equation and has the following solution:
R(p) = CJn(kep) + DYo(kep), (2.15)

where J,,Y,, are the Bessel functions of the first and second kinds, respectively. This
solution is simplified, however, by considering that Y, (z) — oo as z — 0 and is
therefore unphysical, which requires D = 0. Let us recall the solution we have thus
far for the magnetic field

H.(p, ¢, 2) = (Asinng + B cosng) J,(k.p)e 7= (2.16)

and we have absorbed the constant C' into A and B. This equation is not yet useful
since we have too many unknowns. Let us consider the boundary condition that the
tangential electric field is zero at the very edge of the waveguide wall, E4(p = a, ¢) =
0. In this case a is the radius of the waveguide. We need to solve E,; from Eq. 2.10a
before we apply the boundary:

_ Jwhke

Eo(¢,p,2) = =5 (Asinng + B cosng) T (kop)e™3%.

In order to make Ey(p = a, ¢) — 0 we must have J),(p,,) = J} (k.a) = 0 where p), . is
the m™ root of .J!. These evaluations are referred to as the zeros of the Bessel function
and easily referenced in tables. These definitions lead to the cutoff wavenumber for
the TE modes in a circular waveguide:

/
k., = Lnm (2.17)

a

Cnm

We will now go through a similar, but abbreviated, derivation for the TM modes to
obtain the cutoff wavenumber. Recall that the nomenclature of TM modes requires
E. # 0,H, = 0 and that we have the solution E, = e.(p, #)e 7. Repeating the
steps above with Ve, + k?e, = 0 will result in the solution,

E.(p,$,2) = (Asinng + Bcosne) J,(kep)e 7.

We apply the boundary condition Ey4(p = a,¢) = 0, but this step is now easier
than before because we can evaluate the condition directly. This means we identify
that J,(ppm)=o resulting in the cutoff wavenumber for the TM mode in a circular

waveguide:

Prm
k= £ 2.18
, (2.18)

Remember that before we had Ey4 o 88—% which was what led to the derivative of the
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Bessel function.

Finally we arrive at the geometry for the cylindrical cavity. The expressions
for the TE and TM modes of a circular waveguide were derived because of the in-
tuitive transition from the waveguide to the cavity. The cylindrical cavity can be
thought of as a section of circular waveguide shorted at both ends. We can also
include forward and backward traveling waves in the cavity and express the trans-
verse electric fields (E,, E,) of either TE,;,, or TM,,,, waveguide modes as Ey(p, ¢, 2) =
élp, @) (ATedPmz  A=eiPnm?) where AT, A~ are the forward and backward traveling
wave amplitudes, respectively. The transverse electric field vanishes for the shorted
ends of the cavity allowing,

AT+ A- =0,
e(p, ¢) (A+e Jﬂnm + A~ elbnm ) . z=d.
The first boundary condition above results in AT = —A~ and can be used to rewrite
the second as 0 = é(p, ¢) (ATe Fnmd — Ateibnmd) — &(p, ¢)(—2j A" sin B,nd). For
this equation to be zero, it must be that f3,,,d = 0,7,2x7,--- = Ir. Remember
the relationship between the cutoff wavenumber and the propagation constant k2 =
k? — . From this information we can write down the resonant frequencies of the
TE, ;i modes as,
k? = k2 + B2 (2.20)
w=— (kg +B2) (2.21)

L€

2
D lm
o — |, 2.22
= Jmt = 277\/m\/ < d ) ( )

. Likewise, we

where ¢ =

1
Vi
can do the same for the TM modes, only the cutoff wavenumber changes to what we

obtained in Eq. 2.18. The resonant frequencies of the TM,,,,; mode are:

2
Prm l7r
i — . 2.2
Jumt = 27r\//~brer\/ d) (2:23)

Lastly, the field equations for the TE,,,; mode are derived and this formulation can
be extended for the TM,,,,,; modes, but is not included here. Using our previous result

5Perhaps it is useful to note that the permittivity can be written as € = ¢’ = ¢g¢,., whereas in the
presence of a dielectric the permittivity is modified to € = € — je” = ege,.(1 — jtand) where tand is
the loss tangent of the material.
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that AT = —A~ we express the z-component of the magnetic field (remember TE
mode FE, =0, H, # 0) as:

mlz

H, = (Asinng + Bcosno) J, (p”mp) (—2]'14+ sin 7) :
a

mlz

d’

/
= HyJ, (p”mp) cOS N sin
a
where Hy = —2jA" and we have rotated the coordinate system about the z-axis®.
The complete set of components for the TE,,,; can be solved using the previous
expression for H, as well as Eqns. 2.10a-2.10d and E, = 0:

/
l
H,=HyJ, (anp) cosng sin E,
a d

H ! [
H,= pa 0 J'n (p”mp) Cosngbcosﬂ—z

Do a d’
nH ! l
Hy = —f‘f n)QOJ’n (p”mp> sinng cos %Z,
kna’nH / )
E,= ](77/a 7)12 0 J'n (anp) sin n¢ sin %Z,
knaH, ! l
Ey = J rza 0 J'n (]ﬂp> cosn¢sinﬁ,
D a d
Ez = Oa

where n = \/u/e.

The introduction of the cavity and its theoretical construction is now finished,
but now we shall discuss the application of the microwave cavity and its usefulness,
in particular the quality factor of the microwave cavity. The quality factor, @, is
ubiquitous throughout most of the world of physics and takes two main meanings. The
first definition is that the quality factor represents the number of coherent oscillations
before decaying to 37% (e™!) of its initial energy. The second definition, and often
more useful for microwave applications, is the relationship between the stored energy
and dissipated power. A cavity with () > 1 allows more energy to “build up” than is
dissipated. For a microwave cavity, the stored energy is the microwave field and the
dissipated power is due to the surface current in the conducting walls of the cavity.
The latter definition will be discussed theoretically. The quality factor can be restated

6As explained further in Microwave Engineering, the coordinates can be rotated about the z-axis
to yield either A =0 or B = 0.
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in the following manner [34]:

Q- Oscillator Rate x Energy Stored

Y

Power Dissipated

where the stored energy is written as

U:@/MWW:@/@WV
2 \% 2 \%

and the dissipated power as
Ry ~
Pdiss - _/ ‘H‘zdsa
2 Js

with Ry as the surface resistance of the conducting walls and is given by

Jwht 1
Ry=/— = , 2.24
20 040 ( )

where ¢ is the conductivity and 6, = w% is the skin depth, or the amount of mi-

crowave penetration into a conductor. The skin depth is the region at which the large
majority of the electric field flows within the conductor and decays exponentially into
the material. By identifying the integral types above it becomes clear that maxi-
mizing the volume to surface area results in higher ) because there is less dissipated
power in the conducting walls. Therefore, in relation to energy and power, the quality
factor is

0= Wolo fv ‘_{—I‘de _ E’ (2.25)
R, [4|H|*dS Ry
where GG is known as the geometry factor. This notation will typically be avoided
as it becomes confusing later when referring to the frequency-pull parameter also
designated as G. A much more useful notation, however, is stated in reference to
losses or a rate of energy loss,

Q=2 = o, (2.26)
K

where k is the energy loss rate (in Hz) and 7 is the decay time. In the frequency
domain, & is the full width at half maximum (FWHM) of the resonance response. The
resonance response is often fit to a Lorentzian to obtain  or is frequently estimated
by taking the width of the spectral resonance at 3 dB below the maximum (half-
maximum) for transmission or 3 dB above the minimum for reflection. The reason
that a Lorentzian is used to fit the spectral response of an oscillator is because the
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Fourier transform of a decaying, oscillating exponential function has a Lorentzian
line-shape. Until this point the losses have been lumped together into a single term
k, however, they are most often expressed as separate entities where

R = E Kj.
i

For a cavity the losses are usually expressed as Kk = ko + ke With ko as the intrinsic
loss of the cavity and k. is the external loss of the cavity, or the method in which
the cavity couples to the outside environment. This is a fancy method of saying k.
is introduced by attaching cables (waveguides) to the cavity and therefore adds some
energy loss. For a double-sided cavity (i.e. transmission measurement), each coupled
side takes the form kex = k./2 (with each port identical) whereas it is only Kex = ke
for a single port cavity in reflection. To be clear, x represents the FWHM of the
power in the frequency domain [35]. The amplitude decays with a rate % whereas
the power decays with % Because the losses add linearly, the quality factors add

inversely
1 1 1
+

- = _|_

QL QO Qem,l Qe:B,Q
Intuitively this should make sense because the loaded quality factor )y, is limited to
the most “lossy” mechanism. This is also the same method that parallel resistances

add in a circuit. The decay time 7;, of the microwave cavity is often measured and
the intrinsic ) can be found via

QOZ@(1+51+52+---), (2.27)
QL

where f3; is referred as the coupling coefficient of the i coupled port and is related
to the decay rates by f; = k.;/ko. Under-coupled ports occur for §; < 1, critically-
coupled ports have §; = 1, and over-coupled ports occur for 5; > 1. A time-saving
and useful technique to obtain critically coupled cavities is to know that §/Q stays
roughly constant. In other words, if one expects the cavity () to increase three orders
of magnitude and be critically coupled at cryogenic temperatures, the couplers should
be under coupled to roughly 5 = 0.001 at room temperature. The coupling coefficient

can be calculated via

1_ Pon
/8_ Poff
- T /)
1 Pon
+ Pog

(2.28)

where P,,, Pog is the power on/off resonance, respectively.
Going back to specific geometries, the quality factor of the cylindrical geometry
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with finite conducting walls can be expressed as

Qo = (ka)nad = <’%)2 : (2.29)

4(p'/nm)2RS ad Ban 2 Ba? 2 n?
El (@am)?) + (ﬁ) (1 - (pzm>2>

Figure 2.3 shows )y for a few different TE modes. In practice, we witnessed the
room temperature quality factors of some copper cavities range between )y = 5 X
103 — 13 x 103. The cavity length was chosen to be d = 38.1 mm for the calculations,
which was typical for our experiments. Contrary to the graph, we typically coupled
to the TEg;; mode. The TEy;; mode for a cylindrical cavity is graphically shown
in Fig. 2.4. If we consider the discussion of superconductivity and assembly of the
real cavity device, the choice of the TEy;; mode becomes easier to understand even
though numerically there are other higher-@Q) modes. Equation 2.29 does not consider
the seams or gaps in the device, but rather the walls themselves as if the cavity was
completely and perfectly enclosed. In reality, there must be at least one joint seam
where an end-cap seals the cavity after the machining process. Note that this is not
true for 3-D printed cavities (an active area of research to reduce costs and increase
performance [36]). Therefore, the TEy; mode is chosen because it has the lowest
amount of field present at the seams for both electric and magnetic fields.

This issue of surface conductivity at the seams becomes even more crucial if we
discuss the idea of superconductivity. Superconductivity is a phenomenon in which
a material is cooled to the point that the surface resistance drops to (nearly) zero.
Ideally, a current would flow forever with zero resistance, however, there is always
some residual resistance (typically on the order of a few nano-Ohms) and this is
an active investigation that the accelerator community continues to tackle [24]. The
majority of superconducting materials have been successfully explained (except in the
case of high-temperature superconductors) by the Bardeen, Cooper, and Schrieffer
(BCS) theory that explains the interesting effect as a superfluid of Cooper pairs, that
is, electrons coupled together that are mediated through phonons [37]. Therefore, for
the cylindrical cavity design, the surface current must “jump” over the discontinuity
between the two objects (cavity body and boundary), which in turn reduces the
microwave ().

To cool the microwave resonators into a superconducting state we used dilution
refrigerators (a real picture of a cavity at the base plate is seen in Fig. 2.5). The
fridge can cool to a temperature of 7' = 4 K using a pulse-tube cryocooler before a
mixture of *He and “He takes place in a mixing cycle to reach a base temperature
around 7" = 60 mK. The refrigerator had a cooling power of roughly 200 pW at
the 4 K stage. Niobium has a superconducting transition temperature of T = 9.3
K whereas aluminum is 7" = 1.2 K. In light of this, the cost of instrumentation to
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Quality Factor Q)

10° ‘ : ]
10°

Cavity Size 2a/d

Figure 2.3: The unloaded quality factor )y of a copper cylindrical cavity is plotted
for several TE modes using Eq. 2.29 as a function of cavity diameter 2a to length d.

E-Field B-Field

Figure 2.4: Normal niobium cylindrical cavity (left) with the TEy; mode for this
geometry showing both electric and magnetic field patterns.

achieve a superconducting state is much cheaper for niobium than aluminum because
there is no need for a dilution refrigerator for niobium; one can use a much cheaper 4
K cryocooler. A graphic of the various stages and amplifiers can be seen in Fig. 2.6.

A major hurdle to our experiments was the noise introduced by the pulse-tube
cryocooler typically in the range of 3-10 kHz. Our large circular mechanical oscillators
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Figure 2.5: A cavity is placed at the mixing chamber plate of the dilution refrigerator.
The SMA cables are connected to the cavities for transmission and reflection mea-
surements with the amplifiers, circulators, and attenuators placed above this plate.

(discussed later) also had resonance frequencies on the order of 2.5-10 kHz, creating
a challenging problem of detecting the resonance. While this continues to remain
a challenge for the low-frequency oscillators, we made good progress on reducing
the pulse-tube noise at the mixing chamber plate by physically separating the coaxial
cable assembly from the fridge plates using felt. The felt helps prevent high-frequency
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acoustic noise from traveling down the SMA microwave c

19

ables. The cables, however,

still needed to be thermally anchored to the fridge plates so we used copper-braided
wire and aluminum tape. These implementations resulted in a noise reduction up to

a factor of 40 shown in Fig. 2.7.

Schematic Layout
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Figure 2.6: This is the general layout of the dilution refrigerator, cables, and mea-
surement setup regarding the microwave cavities. Most of the time a mixer was not

used and the measurement was simply a transmission of t
forming the cavity boundary will be discussed later.

he cavity. The membranes
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Figure 2.7: This data shows a reduction factor of about 40 for noise between 5 and
10 kHz arising from the pulse tube cooler.

2.2 )\/4 Coaxial “Stub” Cavities

The SRF group at UC Merced has discovered the importance of maintaining good
electrical contact between adjoining cavity segments for high electrical quality factor
(Q > 10®). This was not the focus of this research, however, it is important to mention
because this highlights a shift in cavity designs. The cylindrical cavity requires at least
one seam, or point of contact between two boundaries, to form the electromagnetic
resonator. As a result, there is a discontinuous “jump” in the surface current of the
resonator that was shown to be very difficult to compensate for in order to achieve
a large quality factor. The postdoc in our lab at the time, Dr. Luis Martinez, was
able to manufacture a cavity with a quality factor of Qy = 3 x 108 before annealing
after years of working on the process. In contrast, the stub cavity as explained below,
realized a quality factor of @y = 1.6 x 10° on the first attempt (with etching and
annealing).

One of the remarkable features of the “stub” cavities is the lack of a seam to
assemble the cavity. This one feature was a major detriment to the previous cylindri-
cal cavity designs. The stub cavity is sometimes referred to as a vacuum-terminated
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coaxial stub cavity since there is no apparent metallic boundary. Instead, the cav-
ity remains open at one end. The long tube of this cavity permits high-() because
the electric field decays exponentially away from the stub while the magnetic field
remains at the base of the cavity [15]. The resonance frequency is approximately
determined by the length of the stub. The other elements such as stub diameter and
distance-to-wall also affect the frequency, though not quite as much as the height of
the stub. As it turns out, there are no analytical solutions to the stub cavity and
one roughly approximates the frequency by solving a transcendental equation. For
these reasons, this approach was never used and, instead, a finite element analysis
approach with COMSOL was used that gave accuracies within a couple of percent of
the actual machined device.

a N

4 mm
«—>
5 mm
<> 5mm
‘//’/,,

25.4 mm

Figure 2.8: Here is a coaxial \/4 stub cavity with the electric field overlayed as a
heat map and modeled by COMSOL. Rather than a traditional cylindrical cavity with
two boundaries, the open end is often coined “vacuum-terminated.” The magnetic
field is illustrated with white arrows and circles around the stub with the largest field
amplitude at the base of the stub.

Cavities were machined from stock 6061 (alloy) aluminum, 101 copper, and reactor-
grade niobium. The main difficulty in machining these cavities, apart from the chal-
lenge of machining niobium, is attempting to create a smooth surface at the base of
the stub. An extended 1/8” end-mill was typically used for milling out the stub and
then some Scotch-Brite™ pads are pushed into the cavity while on a lathe to smooth
out the machine marks.
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2.3 Re-entrant Cavities

Near the end of this research work, while attempting to increase coupling between
the mechanical resonator and the cavity, the cavity designs changed from empty
cylindrical cavities to A/4 coaxial stub cavities to a combination of the two together,
called re-entrant cavities. This was a great confirmation of the direction we took in
cavity design for increasing sensitivity based upon trial and error prototype cavities.
We became familiar with Dr. Michael Tobar’s work and discovered the decades-long
progress of re-entrant cavities and their remarkable sensitivity based upon small gap
sizes within microwave cavities. This section will discuss these types of microwave
cavities.

Figure 2.9: This is one of the re-entrant cavities with the loop antennas shown for
magnetic field coupling. This cavity has a cone angle of 3°. The spacing set between
the cone and boundary (not shown) is ideally made to be as small as possible for the
highest sensitivity. For some of the cavities, the gap became as small as < 1 pm.

The re-entrant cavity is a unique microwave oscillator because it allows the ex-
istence of microwave frequencies within a sub-wavelength gap spacing (z). In its
simplest understanding, the gap between the post and the boundary behaves like a
capacitor and the post acts like an inductor. The re-entrant cavity is frequently con-
sidered to behave as a lumped model with the spatial separation of E and B fields as
is the case for an LC circuit. The electric field E = Eye™? is concentrated between
the post while the magnetic field B = Bye™! circles around the post [38,39]. The
microwave frequency for the re-entrant cavity with a frustum is approximated as a



CHAPTER 2. MICROWAVE CAVITIES 23

lumped LC model [40] with the geometric parameters illustrated in Fig. 2.10:

X

=y — 2.
To=To— > (2.30a)
L — ol <ln TN ﬁ) , (2.30b)

2m rL ri—7ro To

I = 1/{2(r1 = 70)* +3(ra — 11)(r1 + 72 — 210) }2 + h2(3r2 — 211 — 19)? (2.30c)

m 3 2T2 —Tr1— 7o ’ .

2
cp = 0% (2.30d)
T
C — meg(rd — 78) N 2meq {To n el sin N xcgta n Vel sin a] ' (2.300)
T T

Based upon these geometric definitions the resonance frequency is expressed with

Figure 2.10: The re-entrant cavity parameters for determining the resonance fre-
quency and its relation to gap size x.

the familiar equation for an LC oscillator:

1

" /LCo 1 Oh)

f (2.31)
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In other words, C is the “bare capacitance” while C can be described as a “fringing
capacitance” that accounts for the walls of the post. The cavity height A is the sum
of the re-entrant post height and the gap size h = hj, + x. The final geometry of the
most sensitive cavity we created had the following parameters: h, = 4.25 x 107 m,
7o = 1.85x 10~* m, o = 87 degrees, r; = 3.5 x 10~* m, and r, = 19.05 x 1072 m. The
smallest gap we achieved was x = 585 nm, although this is not the most sensitive
cavity as we found another mechanism that limited the sensitivity of the cavity and
is discussed in later chapters.

For a re-entrant cavity with a straight-post, which seems to be more typical in
the literature, the expression is simpler and more intuitive:

h Tcav
L= un—1 2.32
pogetn (22, (2.32)
2
T
Co = bt (2.32)
A
_ 2 h2
C) = 4€gTpost In (e\/(rm 2”’0“) i ) . (2.32¢)
s

The final resonance frequency is again identical to Eq. 2.31.

2.4 Reflection and Transmission of a Double-Sided
Cavity

Let us consider the cavity coupling at this point and how it interacts with the mi-
crowave response. Perhaps it is convenient to mention that a Lorentzian can be
explained by the frequency response given to a decaying, oscillatory function. If one
were to Fourier-transform the time domain response of a decaying oscillator they
would arrive at the Lorentzian-shaped profile in the frequency domain. A slight mod-
ification to this is the Fano-like line shape, which is the asymmetric Lorentzian. We
begin with the formulation of input-output theory. The best reference for this work
is by Li et al. [41] which deals with multiple cavity schemes (including coupled double
cavities), but for simplicity, we will cover the cavity most frequently used in this work:
the double-sided cavity is known as an S2 configuration from the referenced paper
and shown in Fig. 2.13.

Let us first solve for the reflection signal for the resonator. Using some input-
output theory, the output signal is written as

dout = din - Kvexda (233)
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where a is the microwave field amplitude operator using the language of quantum
optics. However, it should be clear that even though these equations use the quantum
language, this does not imply the underlying mechanism is quantum. After all, we
are discussing a classical signal interacting with a classical resonator. For simplicity
we drop the hats on the operators. The field amplitude in the resonator is expressed
as an equation of motion and is derived in detail later in Ch. 3:

a = (Jwo — K/2)a + \/Kexin- (2.34)

This can be simplified in the time domain (or frequency domain) using a(t) = ae’**".
It is important to note that the meaning of k., will change depending on the coupling
configuration, but the overall definition of the decay rate kK = kg + ke will not change.
Let the reader be aware that we try to keep notation the same through this work,
yet sometimes we may inadvertently use the subscript ¢ for intrinsic instead of 0 (i.e.
Ki = Ko). For the double-sided configuration presented, kex = ke/2. For single-port
cavities, Kex = Ke,

iwpa = (Jwo — K/2)a + \/Kexin, (2.35)

_ 2
T TIA TR

QAin

— (2.36)

where we have introduced A = w;—wy as a convenient method for identifying detuning
from the cavity resonance.

Figure 2.11: This is a method for visualizing the S-parameters in the context of
transmitted and reflected waves. The a-ports (ovals) represent inputs and the b-
ports (squares) are outputs. The relationship between the input and output ports
are the S-parameters.
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From Fig. 2.11, we can consider an example of a reflection measurement. The
reflection voltage (amplitude) signal can be written down from the diagram as b; =
Siia1, therefore we can write the reflection S-parameter Sy, = % Generalizing for a

two-port network leads to
Output b;

=P _ 2% (2.37)

Input a;

ij =

In decibels (as is typically represented on the network analyzer) we can write S;;(dB) =
201log|S;;|. Another thought regarding the decibel scale: the half-power bandwidth
is often considered as a characteristic of the device under test (DUT). For instance,
if we want to measure the half-power this implies,

‘/out . L

Vi | V2
1
V2

Equation 2.37 can be written in matrix form with the knowledge that injecting a
signal into port one means no signal is injected into port two (az = 0) and vice versa:

b S S ai
= X . 2.38
[ ba } {521 Sa2 % ( )
Now, using this information we turn to the similar formulation for the reflection
of a microwave cavity using input-output theory. Referring to Fig. 2.13, the reflection

coefficient is defined by S1; = 2=. If we let a, = aou;, then we have (ignoring phase
shifts):

\ xa

Ain Ain
-2 2.40
—jA+Kk/2 (2.40)
_ JA+ko/2 (2.41)
—JjA+K/2 '

The normalized detected reflection signal is written as a power (Bret/Pme = |S11]?),

AN? + g2

When probing on resonance (maximum amplitude), the expression reduces to a very



CHAPTER 2. MICROWAVE CAVITIES 27

simple equation,
R= <@)2 .
K

Let us now turn our attention to the transmission of the cavity. It would be
misleading to use the same approach above with input-output theory by identifying
a; = aoy and then continuing because one would arrive at the same expression as
the reflection signal, which must be false. Likewise, the transmission signal will
be greatest when probing on resonance. As an aside, a standing wave cavity that

is equally coupled to both waveguides has no preferential loss direction and decays
equally into both waveguides, which leads us to write for the transmission signal:

A = v/ Kex@

since a;, = 0 for the opposing waveguide. Same as before, the input decay is half
of the total external decay rate rkexy = K./2. The amplitude of transmission can be

written as: ;
Q¢ =
Spp= — = —-2 2.42
=t — (242)
The detected power signal on the transmission port follows straightforwardly

,i2

T= ‘521’2 = 4A2—j_,£2. (243)

When probing on resonance we see that

T = (3)2 .
K
The power dissipated in the resonator can also be expressed in terms of energy con-

servation. We must have 1 = D + T + R, which implies the dissipated power in the
resonator is

D=1—(T+R), (2.44)
2KcKo

p = _Zfefo
AA? 4 K2

(2.45)
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L=R+T+D

-5 -4 -3 -2 -1 0 1 2 3 4 5

Frequency Detuning A/k

Figure 2.12: This representation shows the relationships between reflected power
(Eq. 2.4), transmitted power (Eq. 2.43), and dissipated power in the resonator
(Eq. 2.45).

These relationships are graphically displayed in Fig. 2.12. For completeness the
transmitted power through the resonator is expressed as Py, = ]5'21|2Pinc, where
P, is the incident power acting on the resonator. We shall become more familiar
with this concept later, but it is good to mention the occupation number of the
microwave cavity in photons. The occupation number is written as n = (afa) = |al|?
for fields with large mean value amplitudes to be considered classical. This is related
to the semi-classical approach used in quantum optics. The power is related by
P = hwlal® = hwn. Therefore, using Eq. 3.3c we can write the occupation number of
the double-sided cavity as:

2k:in Pinc
AAZ + K2 hwy’
where wy is the drive frequency and |ap,|*> has been replaced according to P, =
fwg|ain|*. Remember that the expression for k., in relation to Kein Will change de-
pending upon the coupling configuration.

n =

(2.46)
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o> L <.,
<K, Yie, /2 P
¥ Ke Ke/' Ke/2 .
HO
©

Reflection |5y ?
Reflection |5y ?

L L L L L L L L ) L L L L n L L L L )
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 -0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

Detuning A/w, Detuning A/w,

Figure 2.13: Here is the single-sided vs double-sided cavity reflection response for a
cavity with ()9 = 50. The over-coupled ports bring down the loaded quality factor
to @, = 8. Notice that for a single-sided cavity the strength of the reflected dip is
reduced for increased coupling beyond critical coupling (k. = k;). The dots are not
data here, but only shown for clarity.

2.5 Ring-Down Measurement

To measure a real cavity we must connect it to a measurement device, which is done
using SMA microwave cables. The energy is coupled into and out of the cavity using
antenna loop couplers where a flux of magnetic field generates a current, or probe
antennas that couple to the electric field. In the case of high-() cavities where the
quality factor greatly exceeds 10*, our network analyzer (HP 8720C) proved to be
insufficient to accurately measure the response of the cavity. The smallest bin size on
the network analyzer was 100 kHz per point. For a microwave cavity with wy/2m =10
GHz and Q = 1x 105, this yields an intrinsic bandwidth of /27 =100 kHz. Therefore,
we typically measured the response of the high-() cavity through a pulse-ringdown
technique.

To make the microwave couplers sufficiently under-coupled for high-() measure-
ments, the resonance could not be measured at room temperature. Room-temperature
couplers were made specifically for this purpose and the cryogenic resonance was later
found by searching around the room-temperature resonance. For the cylindrical and
stub cavity designs, thermal contraction and a superconducting state typically shift
the cavity no more than 50 MHz from the room temperature resonance.

To determine the actual @) of the cavity using a ringdown technique, a reflection
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Figure 2.14: This is the best quality factor our group has achieved to date. The
measured quality factor here was @y = 1.6 x 10°, corresponding to an intrinsic time
decay constant of 79 =25 ms. Shown is the loaded time decay constant with a single
coupled port and § = 2.2.

pulse is sent from the signal generator (Agilent N1853A) and a double-peak feature
is observed on the triggered oscilloscope [34]. A ratio of the two peaks can be used
to give a measure of the coupling coefficient 3:

1
g = , (2.47)
9./ _
Pe
where Py is the first peak amplitude and F, is the second peak amplitude. Provided
the amplitude of the Schottky-diode is low enough, the voltage is a measure of power
and the decaying amplitude is fit according to

ot
V=Ae = +ec.
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The reader may notice the lack of the factor of “2” next to 7, and this is a reminder
that we are measuring power on the oscilloscope, not amplitude due to the Schottky
diode. The intrinsic (unloaded) Qg of the cavity can be found via Eq. 2.27.

A new cavity with a membrane was designed around minimizing the seam losses
to increase the cavity quality factor ). Previous designs with both aluminum and
niobium cavities resulted in a saturated () with a membrane of about () &~ 1-2 million.
The newly designed cavity featured a vacuum gap that pushed the point of electrical
contact further from the cavity axis. The idea was to reduce the field amplitude of the
T Ey11 mode even lower so that there was negligible current crossing the discontinuous
region between the membrane and the cavity. A second difference was that the
cavity was machined from a single piece of Nb rather than creating two separate end-
caps. These implementations led to a cavity with ) ~ 17 million about an order of
magnitude improvement before any chemical etching or heat treatment.

0.15 -

Fit
—@— Response

o
=

Amplitude (V)

) Times(s) ° <107

Figure 2.15: The pulsed-ringdown response for the cylindrical cavity with an in-
creased radius at the point of electrical contact. The quality factor rose to @ = 17
million (above) after these changes in addition to having only one boundary seam.
The highlighted green ring is the vacuum gap and the membrane would rest on the
thin ledge above that.

Let us summarize a couple characteristics of the three main cavity types used
(see Fig. 2.16 for example transmission responses). The re-entrant microwave cavity
has a lower, fundamental resonance frequency because the resonance is confined to a
sub-wavelength gap size, however this comes at the sacrifice of () since the geometry
factor is smaller (smaller mode volume). The coaxial A/4 cavity has a higher quality
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factor, but there is only one resonance (for our geometries) between 0 and 20 GHz.
One difficulty with this design is an experimental effort in trying to couple a second,
mechanical resonator deep inside the metallic structure. The cylindrical cavity has
multiple high-() resonances and the incorporation of a mechanical element is fairly
straightforward. At superconducting temperatures, however, the () is much more
difficult to increase to that of the coaxial A/4 cavity because of the seam to seal the
cavity.
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Figure 2.16: A comparison of different transmission responses for the main cavity
geometries used in this work. (A) The re-entrant cavity, (B) the coaxial A/4 stub
cavity, and (C) the cylindrical cavity.



Chapter 3

Cavity Optomechanics

“The greater danger for most of us is not that our aim
is too high and we miss it, but that it is too low and we

reach it.” — Michelangelo

The introduction of microwave cavities, their characteristics, and the method of
measurement has been discussed up until this point. We consider the effect of a
moveable boundary condition, more specifically one that can oscillate. The mechani-
cal motion of the boundary couples to the electromagnetic field within a cavity, giving
rise to the subject of this chapter: cavity optomechanics [30,35,42].

C(x)

ullﬂ.... O@Vo R§ §L box

Figure 3.1: Both optical and electrical models are shown displaying the similarities
between optical and electrical cavities. Both systems are ubiquitously used in op-
tomechanics. In either case, the resonance frequency is shifted by the movement of a
mechanical oscillator, whether it be a moveable mirror or variable capacitor.

34
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The following derivation is identical for both microwave and optical frequencies.
To start, let’s consider the images in Fig. 3.1: a moveable membrane exists within a
general cavity (say optical) and interacts with the incident radiation. Due to the ex-
tremely isolated and controlled environment, the radiation is capable of manipulating
the membrane (a mechanical oscillator). As the membrane is displaced, a phase-shift
is imprinted onto the optical and at the same time the intensity changes as a result
of the optical delay. The resonance frequency is determined by the length L of the
cavity, which is now a variable quantity as a result of the mechanical oscillator. So,
the resonance frequency can be expanded in a Taylor series:

() = w0+ 552 4
w(r) = wy de )

The quantity dw/dL is commonly referred to as the frequency-pull parameter
= —Z—“LJ (~ w/L for a Fabry-Pérot cavity) and dictates the amount of frequency
shift per unit length change of the cavity. As a side note, a negative sign appears
because an increase in the cavity length (x > 0) results in a decrease of the frequency
(G > 0) [30]. The position coordinate z is written in terms of the phonon creation

_h
2Meft lm

fluctuations of the mechanical oscillator. If one defines one more quantity gy = Gx,pf
as the single photon vacuum optomechanical coupling rate, the expansion now reads:

and annihilation operators T = xzpf(l;T + Z)), where z,,f = is the zero-point

wr)=wy—Gi+---.

Up until this point, the concept of the mechanical resonator has been slightly vague
other than it acts as an oscillator. Figure 3.2 shows a picture of the real membrane
(purchased from Norcada) sitting atop a microwave copper re-entrant cavity. Nearly
all of the membranes had dimensions: 38.1 mm diameter window, 50.8 mm diameter
frame, 300 nm Au or Nb, 500 nm SiN, and 500 pm thick frame. There was also a thin
chromium adhesion layer to allow the metallic coating to stick to the silicon nitride
layer.

3.1 Heisenberg-Langevin Approach

The Hamiltonian of the optomechanical system incorporates terms from the follow-
ing: the cavity (system) with photons, the mechanical oscillator (bath), the coupling
between the system and bath (interaction), and the driving microwave or optical field
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Copper Cavity

Membrane Frame

Membrane Window

Figure 3.2: This is the mechanical oscillator most typically used in the experiments
with a silicon frame and silicon nitride membrane. The coating to the membrane
(gold or niobium) was deposited on the underside facing inwards to the cavity (not
shown).

(see Fig. 3.3). Thus, the Hamiltonian is written down as follows:

]f—’ = Hmech + f{Opt + f{int + ﬁdrive» (318’)

2 ﬁ2 1 2 52

Hmec = S Me Q3 5 3.1b
L e + 5 Mot (3.1b)

. 1

Hop = hw, (a*a + 5) : (3.1c)

Hy = —hGidala, (3.1d)

ﬁdrive = Zh\/ﬁ_e <&1n(t)dT - a/;kn(t)&) . (316)

The mechanical Hamiltonian can be re-expressed in terms of the phonon creation
and annihilation operators as

. a1
Hopoe, = B, (b*b + 5) .
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Resonators

Bath
(Mechanical Oscillator)

System
(Cavity)

Figure 3.3: This optomechanical cavity configuration is known as a double-sided,
standing-wave cavity and is primarily used in the majority of the work. Often times
the second port for transmission is not incorporated.

At this point the Hamiltonian can be written (in the rotating frame and ignoring the
vacuum energy of hw/2) as

H = —hAata + rQ,,b'b — hgoata (b + b) + Hagive + - - - (3.2)

where the detuning term A = w; — w, has been introduced. Positive A implies the
laser has a higher frequency than the cavity resonance and vice-versa. Notice that
the radiation pressure force can be written down as Frp = —% = hGa'a = hGh.
Ignoring the effect of dissipation and loss, the equation of motion for the amplitude
of the intracavity field can be written in the Heisenberg picture as’:

2 b L g q. H

a = —%[G,H] = _7_7/ {[ ;HOPt] + [a’ Hint]} ’
= ——(=hia — hgo(b + b)),
—i(A + Gi)a.

'Remember the commutation relations [a,a'] = 1 and [a,a] = 0 as well as [a, b] = [a, b1] = 0.
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If one now looks at all the equations of motion and incorporates dissipation (nearly
always done ad hoc) using the Heisenberg-Langevin equations (recall [x,p] = ih for
deriving),

d. .. p)
ax@——ag, (3.3a)
d? d hG A
gpt®) = —0a() — Tmpd(®) + —ala+ VT méun(t), (3.3b)
;%mn:ﬁux+G@m@>—ga@y+v%mm@y+¢aﬁmxo. (3.30)

The last two quantities on the end line correspond to the intrinsic noise of the cavity
vacuum as well as the external laser noise. The second line was introduced from the
classical driven, damped, harmonic oscillator with the force arising from radiation
pressure and fluctuating thermal noise (Brownian motion of the mechanical resonator)
in vacuum. The Brownian displacement amplitude can be found by considering the
equipartition theorem where each mode has an average of %kBT of energy. Therefore,
the rms displacement can be found via mgQ?, (622 ) = kgT. To solve the equations

rms
of motion, the following guessed solutions are used:

a(t) = a + da(t), (3.4a)
#(t) = 7 + 0i(t), (3.4b)
in(t) = @i + i (). (3.4¢)

In a sense these solutions are testing for first order perturbations to the average signal.
First, we consider the static case and solve for those solutions. The approach here is
frequently denoted a mean-field approximation. This means that derivatives vanish
in time (i.e. £ = 0). Therefore, the average static displacement of the oscillator is:

0 = —megQ2 7 + hGa?,
hGn
mefo?n '

T =

This equation shows the mean position of the oscillator is proportionally displaced
by some amount of radiation pressure. For the intracavity field equation of motion
we have:

0=1i(A+Gzr)a— ga + /Kelin,

\/"i—eain
—i(A+Gz) + Kk/2

a =
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Since only the dynamics of the system are considered, the static displacement can

be lumped into the detuning )
A=A+ Grz. (3.5)

Now, we return to the previously assumed solutions to analyze the system about
equilibrium positions. Therefore inserting the full solution now (and a* = a since it
is a real quantity),

(1) + VTmé()

N 2 /o cn G, s
@(533( ) =—Q (T4 6z(t)) + p— (a+o6al(t))(a+ da(t)) — d_
I,

j—;éaf( t) = —Qp,0%(t) + :i (ada(t) +ada’(t) + 0! (t)da(t)) — T 0a(t) + VTmé(t)
5—;535( )+Fm%6i(t> L Q20(t) = 2% a (sa(t) + 6a (1) + \/_g
Mefr

The last equation represents the classical damped harmonic oscillator on the LHS
with the external driving terms (radiation pressure force and thermal motion) on the
RHS. The term oc daf(t)da(t) was removed due to its extremely small significance.
The other dynamic equations of motion are:

da(t) = iAda(t) — géd(t) +1G(Z + 0z(t))(a + da(t)) + /Kedain(t) + /KoOlyac(t),

— iAda(t) — géd(t) + iGEZSA(t) + iGabE(L) + \/Febin (1) + v/Fobiae(L),

d

—dat) = (ZA - —) Sa(t) +iGadi(t) + \/Redain(t) + /Rodaae(t),

N %5@* = (~ih — £) bl (1) — iCasi! (1) + y/Redal, () + y/Rodal,e ).

One may notice in the middle of the expansion that the term o za was omitted;
this is due to the lack of time dependence and therefore does not contribute to the
dynamic solution. The easiest way to get rid of these derivatives is to look at the
solution in the frequency domain (627(Q) = §2(Q2) for the Hermitian operator), so
we Fourier transform the equations®. A quick sidetone for the reader: at this point
the analysis is carried forward with the aim of theoretically investigating dynamical
sideband cooling. The approach for optomechanically induced transparency (OMIT)

2The Fourier transform is taken here to be f( f f()et®dt.  In addition, it is
useful to note the property sat(Q) = (sa(—Q)). Usmg these properties, one can show that
[ } —iQ2f(2) using the transform in reverse. If f(t) = iffooo F(Q)e~#%dQ), then

't = jt<2w [ F(© ﬂmdQ) = 52 [Z iQF(Q)e~"*dS). Hence, the result follows by defi-

nition of the transform.
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branches mathematically from here, but is shown for clarity in Appendix D.

3.2 Dynamic Optomechanics

We continue with the derivation for the dynamic equations of optomechanics, after
performing a Fourier transform, that give rise to optomechanical damping, frequency
shifts, and backaction:

MG G (54(Q) + 6T(Q)) + VTSE(Q),
Mefr

—iQ0a(Q) = ( A - —) 3(Q) + iGa0T(Q) + \/Redin(Q) + v/Rodivae(Q),  (3.7)

—iQoat(Q) = ( iA — —) 5at(Q) — iGadi () + radal (Q) + rgdal, (Q). (3.8)

—Q252(Q) + O2,63(Q) — iQT,,62(Q) =

In turning our attention to the mechanical oscillator equation, one can see the dy-
namical radiation pressure force fluctuations on the RHS has the form

5F,(Q) = hiGa (3a(Q) + da'(Q)), (3.9)
and also identify the thermal driving force (Brownian motion) as:

SE(Q) = meg/Tmun (). (3.10)

In order to solve for the radiation forcing terms, we can see from the previous
equations in frequency space that

( iQ — A+ ) 5(Q) = iGadi(Q) + v/Fedaim(Q) + /Fodiae (),

54(0) iGadZ(S) + /Fein () + /Ko lyac(2)
a =
—i(A4+Q)+% 7

—iGadi(Q) + /rdal, (Q) + /Rodal,.(Q)
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Inserting the previous expressions into Eq. 3.9 yields

ZG&5£(9> + \/K_eadln(Q) + \/K_Oéévac“z)

5F,,(Q) = hGa

—i(A4+Q)+4%
. —iGad# () + /redal, () + /rodal, (Q)
i(A-Q)+5 ’
_ inrar— 22 e L
—i (A+Q)+4% i(A—Q)+5
+ FLG& \//{_65&111(9_) + \/K_O(S&VaC(Q) + th \/K_Edd:rn(g}) + \/H_O(Sdiac(ﬁ)
—i(A+Q)+% i(A-Q)+2

We reform the denominator of the two terms containing the mechanical coordinate d&
by multiplying by the complex conjugate and then sorting real and imaginary terms.
The result gives the desired radiation pressure force fluctuations:
A+Q N A-Q
(A+Q)2+(5/2)2  (A—Q)2+ (r/2)
Optical Spri?lg (In Phase)
_ B K/2 K/2 )
—|—th2@2< — - — )51’9
(A+Q)2+ (k/2)2 (A—Q)2+ (k/2)? ( )J
Optical Dampi;gr(Out of Phase)
© ha V() + VEdaae(Q) | o VR, (D) + VRodil(©)
—i (A+Q) + /2 i(A—Q) +r/2

TV
Quantum Backaction Terms

5F,,(Q) = —hG*a® (

N

2) 533(9)1

N

N

A nice picture of the components of radiation pressure force fluctuations is presented
above. The dynamical backaction terms are composed of the optical spring and opti-
cal damping terms whereas the quantum backaction introduces limitations because it
contains the only sources of noise and fluctuations. However, the dynamical backac-
tion terms are rather presented in a mechanical susceptibility, which may make more
intuitive sense that the oscillator is responding to the incident electromagnetic field.
Intuitively, the mechanical susceptibility describes the response of an mechanically-
compliant object to a force. Therefore, the mechanical susceptibility for the oscillator
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-2 i i i ‘ |
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Figure 3.4: The mechanical susceptibility is plotted here with meg = 1 kg, Q,,/27 = 1
kHz, and Q,, = 1 x 10®. For frequencies much larger than 2, the response drops

off as |xm(92) > Q| o< 1/9? (20 dB per decade). For frequencies below €,,, the
response has a dependence |x,,(Q < Q,,) !

| = ez
18
53(9)
0F,,(Q) + 0F(Q)
= m (02, — 02 —il,,Q) 7",

Xm =

In order to group the dynamical terms into the mechanical susceptibility, the
radiation pressure force fluctuations only contain the quantum noise (back-action)
terms, which are not included in the effective mechanical susceptibility:

§F(Q) — 0F,,(Q) = 6F,, + SEL(Q). (3.11)

This means the effective mechanical susceptibility has the form:

-1

Xet = Mg [(2, +2Q0Q) — Q% — iQ (T + Tope ()] (3.12)
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with the following definitions (taken from the previous radiation pressure force fluc-
tuation with a small modification of dividing by meg for consistency). Small fre-
quency changes around §(Q?) ~ 2Q6€2,, are considered and (for this derivation) the
dynamic optomechanical characteristics of mechanical frequency shift and optome-
chanical damping are:

0 = 5 Q}M Re [5131,3(9)} ,
opt = g [m,,((z)].

Using this definition as well as re-arranging the coefficients the final expressions are:

x107*

15 13

10 =42

5 11
g g
~— 0 ) ~—
= g
© G
L4 )

-5 -1

-10 q1-2

15 I I I I I I I I I 3

-5 -4 3 -1 0 1 3 4 5

Detuning A/Q,

Figure 3.5: The dynamic equations for the optomechanical damping rate (left axis)
and mechanical frequency shift (right axis) as a function of detuning. The equations
are plotted with parameters: Q = 1 x 105, Q,,/27 = 25 kHz, r¢/2T = ke /2m = 10
kHz, meg = 1 mg, P, = 0 dBm, and G/27 = 1 MHz/um. Notice that the optimal
detuning may not always be A = +0Q,,..
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_ Gy Qm A+Q A-Q
o =770 (m TR (/27 (AP <n/2>2)
_ 93TicayQm K _ "
Fopt(Q)— Q ((A+Q)2+(/€/2)2 (A_Q)2+(/4;/2)2> .

See Ch. 3.4 below for a detailed and alternative derivation of the modified cavity
frequency and damping rates. If we consider frequencies close to the mechanical
frequency €2 ~ ,,,

2 A+ Qp A—Q,
=it (e it By r) O
Lopt () = Goicar ((A AT BoaT (H/2)2> (3.14)

and the total effective mechanical frequency and decay rate succinctly stated as:

Qe = D + 00, (3.15)
et = Ty + Dopt. (3.16)
A
10° 3000
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< & 0.2
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Figure 3.6: (A) The optomechanical damping rates as a function of detuning and
cavity quality factor. The left-hand side has I'ope > 0 (cooling) whereas the right-
hand side has I'opy < O (heating). (B) The mechanical frequency shifts due to the
optomechanical interaction. This calculation was done for a fairly massive mechan-
ical oscillator at meg =1 mg with a large amount of power at P, = 0 dBm and
coupling of G/2m = 1 MHz/um. Notice that a second set of detunings are possible
for cooling/heating around A = 0 for @ > 5 million.
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See Figs. 3.5, 3.6 for a visual representation how these parameters change depend-
ing upon the detuning of the laser (microwave) pump signal. The double-sided force
power spectral density can be defined as

218 (2 + Q) S5 (Q) = <5 F(Q)s f(m> , (3.17)

and the displacement power spectral density includes the mechanical susceptibility
for converting the force into a detectable displacement:

Sxx(Q) = |Xeff|2 SFF(Q) (318)

If we consider the thermal motion as the driving force, namely thermomechanical
motion [43], the thermal force in the Heisenberg-Langevin equations is 6Fy,(€) =
Mot v/ T (©). The corresponding thermal force power spectral density (PSD) would
be written as®:

2m8(2 + )S () = (SE(@0Fn(S)).

g hQ
S%lF(Q> = Mg, ASD [coth (QkBTm) + 1} ‘

One can evaluate this expression in terms of the thermal force fluctuation PSD to
arrive at the classical result of

Sth = 2megD,, KR + 1/2), (3.19)
kT
B

or alternatively, for the single-sided thermal force power spectral density S =
Amegl' kg T. This means the area underneath the Lorentzian curve generated by
the signal can be integrated to find the rms displacement of the oscillator:

> <2 > <
03y = | Sea(Q)— = eit|* Srr(Q)——. 3.20
Gitn) = | Su@Fr = [ bl Ser (@) (3.20)
3The commutation relation for the mnoise operators is <6éth(Q)5éT(Q’)> = 2m0(Q +

Q) hmesQ (coth (%) + 1). In addition, we use the notation of the symmetrised power spec-

tral density S'OO(Q) = %SOO(_Q) Also, keep in mind the relationship of the single-sided PSD
as well Sp(Q) = 2S500(Q).
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3.3 The Mechanical Susceptibility

The mechanical susceptibility can be described as the ability of an arbitrary mechan-
ical resonator to convert a force into a displacement (i.e. transduction of force and
displacement). A short section has been devoted to this topic because integrating
the mechanical susceptibility requires the use of residue calculus and contour inte-
grals. To start off, the motivation for this topic arrives in obtaining the mean-squared
deviation for the mechanical oscillator,

(Gt = [ (P (SE(@) + SE2) 5 (3.21)

We recall I'eg = I'y, + Iope and Qe = Q,, + 6, = Q,,,. Therefore the mechanical
susceptibility can be re-written as

Xer() = — [Q2, — Q% — iQTe] ',
Mefr
1 1
e Q > =
= |X ff( )| mgﬂ" (Q%n _ 92)2 + QQFzﬂr’

1 1 1

M2 (o + ) (U — Q) + Qe (o + Q) (U — Q) — iQ g’

In looking at the denominator, the pole solutions are

o — e £ i+/Tly — 402, Lo £ i/ T2 — 405, (3.22)
pr _2 9 _2 . *

Vv Vv
Solution #1,01 Solution #2,Q9

Notice that only the first solution will play a role due to its positive nature (multiply
through the negative in the denominator) in the contour integral because the contour
is taken to be in the upper-half plane. Remember that the integral is taken along the
real axis (from —oo to +00) and has to reconnect because it is a contour, therefore
integrating along either the upper or lower imaginary plane. The solutions enclosed
within the contour are the residues and the location is the pole. To evaluate the

residue at the pole,
R(z — zp) = lim (2 — 29) f(2). (3.23)

Z—20

So, for the solutions obtained above the residue is:

o i1/ T2 — 402
R(Q— ) = lim (Q—Z =V e ’”) Xerr ()]

Q=0 2
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To evaluate this expression it is useful to perform long division. The long division
expression cannot be formatted in an elegant manner, so the quotient is written. The
solution divides evenly with the factor

1 1
—Q+ —Teg £ =4/ — 402
+ 9 {f 9 eff m

Therefore, in defining n = /I'%; — 492, for shorthand notation, the residue at the
first pole solution can be expressed as (also plugging in the solution #1 for the limit):

1 1 !
R Q . Q _ . _ - . . Y
(=)= =7 Stk gy O, — Q7 — il
— 2 —il. i ile i ) )’ ‘ )
Mer TR R IEEN 2 — (e dy) — i (G F 4n)
" mZy i T F Lo’
1

1 1 ]
+ ;
in (Fiﬁ - nFeff) —in (FQH + nFeff>

B 7 2
B mezsz Fgﬁ—nQFeﬁ 7

1 2
ToomE {rgﬁ — T3, + 402 reﬁ}
i
2mgﬁQ$nFeff '

Now the final step to evaluate the integral is very simple:

/ I Xett]* dQ = 27i - Residue, (3.24)

40
2
= / Xert]” 5 T 22 2o 92 2T (3.25)
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Therefore, the effective temperature of the mechanical oscillator mode is *:

megQi <5[f2 >

T = s/ (3.26)
kp
i§22 Stk 1
S Tk . (3.27)
k?B 2meHQ12,nFeﬂ‘

Using this information leads to the expression for the double-sided thermal force
fluctuation power spectral density we arrived at earlier,

Sth. = 2megTeghpT. (3.28)

The single-sided PSD for thermal motion would have an additional factor of 2 out
front®. Keep in mind that this is a very classical result. If one wanted to convert to
displacement power spectral density using the thermal force fluctuation PSD, then
because of the fact that z(w) = x(w)F(w) and thermal motion is the only driving
mechanism,

S22(Q) = xm (Q)* SEr (). (3.29)

3.4 The Modified Susceptibilities and Rates

We consider an alternative method for deriving the dynamical equations using a
common approach with the optomechanical “self-energy” and it is best to begin with
the equations of motion. Recall that we assumed the ansatz #(t) = Z + 02(t) and
a(t) = a + o0a(t) and plugged in (thereby including the radiation force term) for the
linearized equations:

0 (t) + Db (t) + Q2,02(t) = hG (ada(t) + ada'(t) + da'(t)sa(t)) + d therm *(3.30)
Metr Metr
Sa(t) = iAda(t) + iGada(t) — géd(t) ~ (b, (3.31)
*Recall that (E) = m.gQZ, (622,,) = kpT.

SNote that 2 [ = [
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The term corresponding to éa'da can be ignored due to smallness. Recalling the
definition of the Fourier transform with a few identities,

FIr@) = o) = [ e (3.32a)
F {%d(t)} — _i0a(Q), (3.32b)
sat(Q) = (sa(—))'. (3.32¢)

Therefore, we take the Fourier transform® and arrive at:

_ P G (sat(- + safey) + Lol

Mefr Mefr

—Q262[Q)] — iQT,,02[Q] + Q2 62[Q)]

2
—iQ0a[Q)] = iAsa[Q] + iGadi[Q) — géd[ﬁ] — Froise| ).
Simplifying this expression for the field amplitude reduces to:
A . Cx R = e ~
da[Q] (—zQ —iA+ 5) = 1Gadz[] — Fiherm[$Y],

53[0 = X[ <iGa§£[Q] - Fnoise[a]) ,

where the cavity susceptibility is introduced and defined here as x;! = /2 —i(A+Q).
For simplicity we drop the noise term in the cavity; this can be justified as all the
optomechanical interactions will soon be lumped into a single term and dominate the
noise terms. Inserting this into the mechanical equation of motion above shows

—Q264[Q] — iOT,,64[0] + 02.64(0) Zia (X; Q] (—iGasE-ql) +
+ X[ (iGEL(ng:[Q])) + Fthm_n;[ﬁ]

SFor the derivation of the complex conjugate portion, 2[Q] = [ #[t]e!*dt — £[t] = [ 2[Q)e~**dQ,
then taking the complex conjugate z*[t] = {fﬁ:[ﬂ}e‘mtdﬁr = [#*[Q]et*dQ, and letting
Q — —Q, then #*[t] = [&*[-Q]e"*¥*dQ. Therefore, #*[t] = F~' [a}*(—Q)], which leads to the
conclusion .*, F {i:* [t]} = *[-Q).
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Using the definition of a Fourier transform, the real nature of the mechanical fluctu-
ations leads to 0z[Q] = (02[—Q])*:

; 22
6.’1}{9] Q12n 0% _ ZQFm + 1hG<a (XC{Q] B Xz[—Q]> _ ﬂherm’
meff meff
F, erm
5i[Q] - = = X:c:(;F’therma

me (02, — 02— i0T,,) + [0

where X, is the modified susceptibility and we are using the definition given by [30]
and
$(Q) = —ihG2a? (Xc[m - X:[—m) (3.33)

is called the “optomechanical self-energy.” This conveniently modifies a conventional
susceptibility into one that includes all the optomechanical interactions into a single
term. For this reason we can now look at the real and imaginary components of this
Y[Q] term. Now, using the definition of the cavity susceptibility, let us expand the
variable,

—ik/2+ (A+Q)  —ik/2—(A-Q)

RO =G AT 2 (607

The real part of the self-energy term (which is in phase with displacement coordinate
from above) is proportional to the mechanical frequency shift (known as the “optical
spring”) and for Q ~ Q,,":

5(02) = ml Re [£(Q)]. (3.34)

(A+Qp) (A —Q,)
(k/2)2+ (A + Q)2 (5/2)24+ (A = Q)2

2_
= 5Qm ~ g()ncav

(3.35)

Similarly, for the imaginary part of the optomechanical self-energy (also changing
coefficients and Q2 ~ ,,), which is out-of-phase with the displacement coordinate
and therefore represents a velocity, or dampening;:

Im [2(,,)] (3.36)

Fopt; = —Qm f—f
e

Lo =0 Gapr Gray  wrra-ay, 8%

"Remember that we approximate §(922)) ~ 2Q6,,
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Therefore, I'qp is the “optomechanical damping rate” and both are identical to the
expressions we derived earlier in Eqns. 3.13, 3.14 using the radiation pressure force
fluctuations.

3.5 Optomechanical Cooling and Amplification

Therefore, in using the equipartition theorem m.gQ? (522 ) = kgT we can see that
integrating the displacement spectral density leads to a mode temperature of the
oscillator,

mefoEn <6£3ms>

ks

Likewise, knowing the mechanical frequency, the mode temperature of the oscilla-
tor can be expressed as an occupation number (phonon quanta) of the oscillator

T =

(3.38)

using N, = SST or Bose-Einstein statistics for small occupation numbers n,, =
m
7hﬂm - . . .
[e kT — 1} . It can be shown from the above equation for the radiation pressure

fluctuations (starting with Eq. 3.9) that the quantum backaction force power spectral
density is

3 1
Spr(Q) ~ SER () = hmeaQ(A- + Ay),

where

1
A+ = gk | — . 3.39

B <<A$Qm>2+(§>2> .
The convention of A, also allows us to express the optomechanical damping as I',,, =
A_—A,, indicating that the best scattering is achieved for the largest imbalance in the
amplitudes proportional to the anti-Stokes (ox A_) and Stokes (ox A ) scattering rates
(see Fig. 3.7). This is why the aim of a sideband-resolved cavity is important, because
the optomechanical damping is maximized. A sideband-resolved cavity implies that
sidebands generated on the cavity spectrum by the mechanical element are able to
be resolved outside of the cavity linewidth (€2, > x). Most often the cavities and
mechanical oscillators we used were on the border of this criteria (£2,, = ). Using the
energy of a harmonic oscillator E' = AQ(n + 1/2) and integrating the full expression
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of Eq. 3.20 leads to the phonon occupation of the mechanical resonator:

n = w’ (3.40)
Feff

Nenl', + xg?%'?(—ﬂ)
= g 3.41
Feff 7 ( )

ﬁthrm + ﬁcFopt

= . 3.42
I (3.42)

In other words, the phonon occupation is a weighted balance between the intrinsic
mechanical damping and the ability to cool the system using optomechanical damping
(see Fig. 3.8). Notice that for any appreciable optomechanical cooling one must have
Iopt > I'y. The minimal achievable phonon occupation under optimal detuning for
both sideband resolved and unresolved cavities is

2

Tomin (Aoptimal) = 1;? —  Sideband Resolved, (3.43)
Tomin (Doptimal) = ﬁ —  Sideband Unresolved, (3.44)

and additional details and alternative derivations (such as Fermi’s golden rule and
detailed balance equations) can be found in Appendix C. Since the optomechanical
damping is positive for a red-detuned pump and negative for a blue-detuned pump,
this implies cooling and heating of the mechanical resonator. In order to cool an
optomechanical system one needs to red-detune a pump laser and heating occurs
for a blue-detuned laser. It may be important to clarify that the sensitivity is not
enhanced due to sideband cooling because the mechanical @, drops (I'eg > I',,) as
the cooling is increased.

3.6 Standard Quantum Limit

We have done some calculations assuming an arbitrary power incident on the cavity,
however, in all reality there comes a point at which this breaks down. The pump
signal under sufficient power will begin to perturb the actual measurement of the
oscillator, known as backaction. Under low powers, there is an insufficient signal to
accurately measure the oscillator, known as imprecision. The balance of these two
processes is known as the standard quantum limit [30,44,45].

The analysis for the standard quantum limit picks up with Eqns. 3.6-3.8 and is
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COOLING AMPLIFICATION
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Figure 3.7: The experimental approach for detuning a pump laser (microwave) signal
to achieve cooling or amplification (heating). This picture has been drawn for the
resolved sideband regime where {2, > k and the non-resonant scattered frequencies
are far outside the cavity linewidth such that they are considered negligible.

written below for clarification: 8

P 4 (5a(0) + 031 () + VTdé(®),

—iQ0a(Q) = (@A - g) 5(Q) + iGad# () + v/Fedin(Q) + /Fodiac(Q),
—iQoat(Q) = (—@'A - g) 5at(Q) — iGadi  (Q) + /redal (Q) + /redal,, ().

—Q252(Q) + Q2 02(Q) — iQl,02(Q) =

At this point we can introduce input-output theory 6o (2) = 0ain(2)—/Mer0a(€2)
as well as the only non-zero commutation relationship <5din(Q)5d§n(Q’ )> = 2m6(Q2 +

V). We also consider resonant-probing of the system (i.e. A = 0) and introduce a

different notation for coupling 7. = Ho’jfn 9 which identifies the waveguide coupling

8The Fourier transform is taken here to be f(Q) = [T f(t)e™™?dt. In addition, it is
useful to note the property da'(Q) = (6a(—))T. Using these properties, one can show that
F[%f(t)} = —iQf(Q) using the transform in reverse. If f(t) = & [7 F(Q)e "*dQ, then
P8 = & (& [ F@)e91d0) = 51 [% iQF(Q)e 9 dQ,

97, is a ratio of waveguide loss to total loss, therefore the value cannot exceed 1, whereas 3 is a
ratio of waveguide coupling loss to internal cavity loss and can take arbitrarily large values.
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Figure 3.8: Theoretical ground state cooling is shown possible for a mechanical oscil-
lator at 7' = 50 mK with mes = 1 ng, ,,/27 = 100 kHz, P,, = 0 dBm, and G/27 = 1
MHz/um as a function of the electromagnetic cavity ). The mechanical phononic
occupation saturates to the level of the electromagnetic photonic occupation under
sufficient cooling parameters. The cooling power is quite large for this calculation,
however the coupling can easily be increased to reduce the incident power.

and is frequently seen throughout optomechanics:

out(©2) = Gia(©2) = — Y2 Vi*’;/z (iGa07(Q) + \/Reatin + \/Fotivac) (3.45)

In the same way that a field can be represented as a sum of two quadratures a =
X1 +1X5, we can write the phase quadrature as a sum of the real output field:

Spout (Q) = —i(dou () — al 1, (). (3.46)

out

Then, by simple definition of the power spectral density:
Qou 1 ou ou
Sppt(Q) = 9 (Sppt(ﬂ) + Sppt(_Q)) ’
26 (2 + ) S(Q) = <5pout(Q)5ﬁlut(Q’)> .
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Therefore, in solving for the phase power spectral density and using the commutators
we arrive at:

4a°G* .k
P+ (m)2)
Sz ()
S ()’

Spp () =1+ (),

where we have identified the mechanical displacement spectrum S,, and the quantum
displacement imprecision power spectral density as

02 + (k/2)?

Qim,qn 0) = .
S (0) 4a°G*n.k

(3.47)

In order to obtain the backaction power spectral density, we can look at the
radiation force as Frp = hGa'a and then plug in the solution @ = a + da. We will also
ignore terms proportional to a* because they are time-independent (i.e. static shift)
and dada’ because they are negligible:

5F7,(Q) = hiGa (3a(Q) + da’(Q)) .
In the same manner as before, backaction power spectral density is
215 (Q + Q)5 Q) = <5FTP(Q)5FJP(Q’)> ,

- 1N =2 4252 Kk
=2m6(Q + Q)a*G"h —Q2+(/f/2)2'

Just to recall, we have identified the two important spectral densities (at zero
temperature):

_ Q2 + (1/2)?
1m,qn —
Saa () G (3.48)
aba,qn — K
SH() = N o PR (3.49)

As a quick check, we can quickly see that the Heisenberg-Uncertainty principle is
satisfied:

h? h?
= >

dn., — 4

The best approach from here is to identify the intracavity field photon number at
the standard quantum limit and plug into the spectral densities. Therefore we can

S (Q)SpE™ ()
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solve for C_L%QL by considering the two mechanisms that contribute to uncertainty are
equal SE(Q) = [Xom () 2S5 (9):

24 (k/2)

asqr = mmeﬁﬁmrm- (3.50)

Recall that the photon number (for a single port cavity) is written as

.k
T c -2

a'a =|al* = ———=|5;
| | 4A2+,€2|1H|’
where the incident power is introduced as P, = hw|5,|*. Another simplification is
made when we consider driving on resonance (i.e. A = 0) — adyy = %[5, |?, which

we can use to identify the power incident on the cavity to reach the standard quantum
limit:

hWLmSQLPH

Psqu = , (3.51)
Q 4n,
2 2
= Dpfiso,— (1 + 49;”) . (3.52)
64g5n. r

The next steps (for completeness) involve deriving a relationship for the total
displacement uncertainty power spectral density. For the general case of the impreci-
sion, let us again solve the following for any frequency 2 instead of €2, as was done
previously:

S () = [ (DS (),
0+ (8/2)°
2G?kh\/n.

In plugging back in to Eq. 3.48 we have

1/2

= A3qL = me (5, — Q%)? +Q°T5,) 7.

gim,qn(Q) _ h 1
" 2N meg (92, — Q2)2 + Q202 )1/
h
= X ()]

2/

Note that on resonance €2 = €, the displacement imprecision power spectral density
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at the standard quantum limit is:

_. h
Slm,SQL Qm _
o ( ) 2\/ ncmefomFm ’
_ Q,,I
S;?SQL(QT”) _ hmef‘f mlm

2—\/%.

The final step is to solve for the total added noise at zero temperature (sometimes
denoted S2d4) by identifying that the minimum is a sum of the two uncertainties:

et (Q) = SEr () + [xm ()P Spp™. (3.53)

The total added uncertainty for the displacement spectral density (illustrated in
Fig. 3.9) in the presence of a non-zero temperature is:

St (Q) = g () + [xm (VP SEE™ + [xom () PSHp. (3.54)

Note that the added displacement imprecision due to thermal noise is S () =
X (2)]2S4. The minimum added noise in measuring the optomechanical device is
Sadd(Q) > S5AL(Q) = h|Im[x,,(2)]], in which both noise sources contribute equally
at the standard quantum limit. This can be easily seen by evaluating Eq. 3.53. A
simple ratio can be seen by considering the thermal noise peak with respect to the
displacement spectral density of the standard quantum limit:

Sea ()
In other words, the relationship between the thermal mechanical peak and the stan-
dard quantum limit is only 2 times the mechanical occupancy. Another useful rela-
tionship to consider is the amount of backaction in comparison to the thermal force
fluctuations:

Sth o 12, T n ~ 0 Ner )

FF I+ =3 Kl mTh th

where the approximation is valid for the bad-cavity limit €2,, < k and the optome-
2

chanical bare cooperativity Cy = :150 has been introduced.

3.7 Effective Mass and Thermomechanical Noise

A quick discussion of the effective mass is needed to better understand the concepts
of thermomechanical noise and cooling. The effective mass of an oscillator is best
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Figure 3.9: (A) The frequency domain representation of the total imprecision and
contributions as it relates to the observed mechanical spectrum. (B) The standard
quantum limit illustrated as a trade-off between imprecision and backaction. The
highlighted blue region corresponds to squeezing where the imprecision drops below
the SQL at the expense of increased noise in the opposite quadrature being measured.
The total uncertainty also includes the thermal noise of the mechanical resonator and
is thus raises the imprecision level.

understood as the fraction of total mass that is mechanically compliant. For example,
the mass near the frame of a tensioned circular membrane does not contribute much
to the overall motion of the resonator. Additionally, the thermomechanical noise does
not need to be obtained from the fundamental mode of a mechanical resonator [43].
If one knows the effective mass of the higher-order modes, the thermomechanical
temperatures can be extracted from those higher frequencies. While the effective
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masses for a circular membrane vary depending upon the mode of interest, the square,
or rectangular, membrane has equal effective mass for all modes and evaluates to a
simple fraction meg = m/4.

In the absence of driving the mechanical resonator experiences Brownian motion
at temperature T', a white noise force with a single-sided force power spectral density:

4/{;BTmeng
Qm

The introduction of meg is important because we are not limited to the calibrating
the thermal motion of the fundamental mode [43]. For our system, this proves to
be valuable because the spectrum is much more quiet around the higher radially-
symmetric (0,2) and (0,3) modes. We can relate this force to the displacement
S(Q) = |xm(Q)|* S¥ through the mechanical susceptibility:

Sth _

4kgT),,
.
@ (0~ 02 + (%))

Sa'(Q) =

Especially for the re-entrant cavity, the sensitivity is highly dependent upon the

gap size and decreases as the gap is increased. We use a phase-bridge microwave
circuit to detect the frequency shift (%) of the mechanical motion (%) imprinted

onto the microwave signal to generate a conversion of volts to meters,

av dvV df
W ard (3.57)
In the context of a phase-bridge discriminator circuit Spp = Cfl—}/ is referred to as the

“discriminator sensitivity” (discussed further below in Sec. 3.8) while G/27 = % is the
“frequency-pull parameter” using the language of optomechanics. The discriminator
sensitivity is found by adjusting the local oscillator phase to be phase-sensitive and
modulating the microwave frequency. Conveniently, this also accounts for changes
in cavity ) and coupling as the gap size changes. For each point measurement of
thermomechanical noise, a modulated microwave tone was applied to determine %.
The frequency-pull parameter is determined analytically for the re-entrant cavities.
Since frequency and cavity quality factors change depending on the gap spacing, we
require coefficients for both domains. Therefore, the expression we fit as detected on

the FFT machine (in angular frequency units) is
4kpTQy,

Sf/h(Q’w) = D)
man@n (0~ 02 + (m)")

(Spp(w)G(w))?. (3.58)
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3.8 Phase-Bridge Configuration

After attending Dr. Tobar’s lab in Australia, I was introduced to the simplistic, yet
powerful, concept of the phase-bridge setup to detect mechanical motion from the
microwave signal. Intuitively, an interference is made between a microwave tone that
has undergone modulation via the membrane motion and the microwave tone with
no modulation. Therefore, when the two signals recombine at a mixer, the IF output
reveals the mechanical oscillator spectrum. The phase bridge essentially detects phase
modulations of the cavity resonance arising from the mechanical resonator.

Cavity

Directional
Coupler

I

RF

3 dB Hybrid

[u-Wave Source FFT Machine

Phase Control

Figure 3.10: The microwave phase bridge circuit used to detect phase modulations
of the cavity resonance.

We consider a phase-bridge system in which the signal is reflected off of the cavity
rather than used in transmission. The two signals acting on the mixer are represented
here:

URF(t) = Uinc|T'| cos(wsyntnt + &), (3.59)
uro(t) = uro cos(Wsyntnt + 0). (3.60)

The output voltage of the mixer is an ideal multiplier of the two incident signals
with a coefficient of proportionality (i.e. includes conversion loss, etc.). Here the
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voltage is DC because the two paths share the same frequency up to a phase-shift,
Unix (t) = dkugr (t)uLo(t),
= 2kuinc|Turo cos(¢, — 6),

= QkuinCuLo Im [F] o= s
=r/2

where the last line makes use of the expression I' = |['| €. The reflection coefficient
takes the form:

11—
_ -1 (3.61)
B+1+5¢
where the variable £ is defined by
W — We
= 3.62
=22 (3.62)
and Awyg s is the loaded half-maximum at half-bandwidth Awys = 2¢. The reflection
coefficient is rewritten in polar form in the complex plane as:
= |22|6i¢27
w exp § J |arctan L — arctan L ,
(B + 1) +& 1-5 1+
where we have made use of arctan(—z) = —arctan(xz). The phase of the reflected
signal is the argument of the exponential
¢, = arctan B arctan _& : (3.63)
1-0 1+ 5
Now, to continue with evaluating the expression for the voltage signal at the output
of the mixer we need to evaluate Im[['] = I'sin ¢,.1°:
255
+ S =3 (1+8)
['sin ¢, = ,
+e ¢ 2 e )’
_6 1+ (m)
2B
['sin ¢, =
B
0The following trigonometric identities are useful: sin(arctan(z)) = =— and sin(u £ v) =

sinw cos v £ cos u sin v.
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Figure 3.11: (A) The phase bridge response as a function of pump detuning and
(B) the sensitivity of the phase bridge is optimized for a coupling coefficient of § = 1
(critically-coupled).

Furthermore, the incident power acting on the resonator is

U2

Rnc = inc,
2R

— Uinc = V 2PincR-

Here R is the characteristic impedance of the line and is typically 50€2. Therefore,
the output mixer voltage signal of the microwave phase-bridge is written as

o 2P8
Umix = H 1nc 1 +B +£2> (364)

where H = 2kupoVv2R accounts for coefficients. We can now take a look at the
sensitivity of the phase-bridge circuit. In other words, the sensitivity defines the
amount of voltage output per frequency shift, often denoted the sensitivity of the
frequency discriminator:

. dumix df
Srp = d—fa’ (3.65)
— 28 1

The analytical behavior of the phase-bridge microwave circuit is shown in Fig. 3.11.
For better performance and sensitivity a microwave interferometer needs to be built
in which carrier suppression takes place. The “dark port” is amplified by a low-noise
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amplifier, which sets the noise floor for the detection system and is much lower than
the noise floor of the mixer.



Chapter 4

Electrostatic Tunability of
Resonances

“You want to set a goal that is big enough that
in the process of achieving it you become

someone worth becoming.” — Jim Rohn

The material contained in this chapter is comprised mainly of the paper submit-
ted to AIP Advances [46] and constitutes the majority of the research because this
technique was used for subsequent experiments after the results were published. The
chapter covers three main segments of this development: 1) the physical device in con-
cept and creation, 2) the electronics developed for detection, and 3) the performance
of the tunable system in its entirety.

4.1 Physical Device

The concept of the external electrode came about in speaking with Dr. Keith Schwab.
We decided to build a bracket that adapts to the membrane to form a capacitor since
there was a metallic coating on the silicon nitride (usually 500 nm Nb or 500 nm Au).
The inspiration for this came from Keith’s old work that involved flexible diaphragms
and superfluid helium [20,47,48]. In the discussion of the created device we often used
Imperial units as was required in the machine shop and discussion with the machine
shop supervisor. Nearly all (95%) of the machine shop work was performed by the
author from vacuum flanges, to cavities, to cryogenic translation stage adapters.

An aluminum adapter plate was machined for the cavity as well as a copper elec-
trode (0.488” in diameter). The copper electrode was polished by hand on a polishing

64



CHAPTER 4. ELECTROSTATIC TUNABILITY OF RESONANCES 65

lap wheel and then sent to Caltech to coat the tip in gold. In order to electrically iso-
late the copper from the aluminum bracket, some epoxy was used that was compatible
with cryogenic use. Stycast 2850FT Black was chosen for its thermally conductive
and electrically isolating properties. A separate aluminum piece, designated the epoxy
bracket, was machined to mimic the cavity design and bond the copper electrode to
the aluminum bracket. In hindsight, there were issues once in a while with the elec-
trode shorting to the bracket; to correct this the electrode should have been wrapped
in Teflon tape before bonding the two pieces together as a better design.

Figure 4.1: Left: The original design of the external sensing electrode adapter with alu-
minum bracket before bonded together. Grooves were machined into the aluminum bracket
inner slot and copper electrode to have the epoxy maintain a firm grip on both surfaces.
Right: The assembled design with cavity that was placed into the dilution refrigerator.

Not long after this was put into place did we decide to put in a second, smaller
electrode to drive the membrane into resonance rather than simply sensing motion
(seen in Fig. 4.2). The second electrode was smaller (0.393”) and placed off-center
at a distance roughly half of the membrane radius. Another fact was that the drive
electrode had a less stringent requirement to be close to the membrane, therefore it
was placed roughly 300 pym away from the membrane. The electrodes were arranged
to ensure that the distance to the membrane was much closer than the separation
between the two electrodes. In this manner, the stray capacitance and pickup noise
are drastically reduced.
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Figure 4.2: The aluminum adapter for the cavities with two electrodes. The center
electrode is closer to the membrane and is typically used for the electrostatic actuation
and sensing whereas the off-center electrode can be used for driving.

4.2 Membrane and Capacitor - Electromechanical
Model

Consider the following setup in Fig. 4.3 where a charged electrode is brought near to
the surface of the membrane. We begin by analyzing a small displacement, x, in one
plate of a capacitor where the capacitance is written

C':defxz%O—%)ECo(l—%). (4.1)

Then, by looking at the potential energy of the capacitor and assuming there is a DC
bias voltage with an AC (oscillating) component such that V' = Vpc + Vac:

=—-Cp (1 — 3) (Vy + Vi coswt)? . (4.3)

| — DN
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A 4

ox

Figure 4.3: The external capacitor that is made on the outside of the cylindrical
microwave cavity.

The force is then calculated to be,

dU  1C,
F = = 570(%+‘/Scoswt)2, (4.4)
_ 1 Co 2 2 2
=—— [ Vi"cos” wt + 2V, V,coswt + V,* | . (4.5)
Force at 2w Driving term Static

We will only focus on the driving terms and neglect the oscillating force at 2w and the
static forcing term. Meanwhile, for a damped simple harmonic oscillator the equation
of motion with the external force arising from the capacitor is

C
MegZ + Megl @ + kx = FOVSVI, coswt (4.6)
and we assume a solution of the form x(t) = zoe™*. In addition, the forcing term will
be written as an exponential with a reminder that only the real portion contributes
(coswt — e™'). The displacement amplitude can be obtained by plugging in the
assumed solution:

_ VG 1

Meged (wo? — w?) + iwly, (47)

zo(w)
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Now, we can look at the current flow through the capacitor!:

alt) = C -V, (4.8)
=C, <1 — ?) (Vo + Vie™') | (4.9)
=Cy (Vb + Vsei‘”t) — %Vbxo(w)ei‘“t. (4.10)

The product of Vie™! - zo(w)e™! oscillates at 2w and was therefore ignored. The
current is obtained via derivative of the charge:

iWC’o% CQ% 1
d Megrd (wo? — w?) + iwly,

I'=q= [z’wCo - Ve, (4.11)
where we have inserted the expression for zg(w) from Eq. 4.7. This equation can
be considered with the perspective of an electric circuit with I = V/|Z|. Using this
frame of thought, the impedance appears to be a parallel combination of a capacitor
(first term) and LCR circuit. To illustrate this point we will take a quick detour to
examine an LCR circuit in series. Let us write the equation for the voltage drop
around a loop:

q dal
_IR-L_ 1% —p 412
c c Ya T (4.12)
d*q dq ¢
L— +R2 4 L ¢ 41
72 +Rdt + c € (4.13)

Again, assuming an oscillatory forcing and response at frequency w (q(t) = goe™") we

can write the following
1 €

w)=— : 4.14
() L (wp? — w?) + iwk (4.14)
The current running through the LCR circuit is,
w 1 .
I=¢=— ee™t. 4.15
1 L (w02 — w2) + zw% ( )

Remarkably, we can now begin to identify the mechanical oscillator as an electric
circuit. Let us closely compare the forms of Eq. 4.11 and Eq. 4.15 using the immediate

! Note that the dielectric layer of SiN can be ignored in the capacitance and we only look at

the conductive, metallic layer C = —— ~ C. This is completely valid even though the relative

o ter
permittivity of SiN is seven times larger than air.
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useful conversions I',,, = R/L and wy® — 1/(LC), we will also let ¢ — V;:

meﬁdQ .
Ly=—— Mechanical Inductance, (4.16)
Co™ Vb
C 2v2
Cppo=—2 0 Mechanical Capacitance, (4.17)
wo?megd?
Meefr d? Wo . .
R, = CVEQ Mechanical Resistance. (4.18)

As a reminder the parameters are d = distance between capacitor plates (oscillator
to electrode), Cy = bare capacitance of stationary membrane and electrode, V, =
bias voltage, wy = resonant frequency, () = quality factor of the oscillator. Therefore,
the electromechanical model of a mechanical oscillator and capacitor placed closely
together can be modeled as a series LCR circuit in parallel with a capacitor (see

Fig. 4.4 (c)).

4.3 Condenser Microphone Circuit

In order to detect the vibrations of the circular membrane, a common technique
was adopted from the microphone community known as the condenser microphone
circuit [49]. The method of approach is to charge up the capacitor and observe the
voltage fluctuations arising from the motion of the membrane. Therefore, a pull-up
resistor is used with resistance typically on the order of 100 MS2 to 1 GS2. Following
the resistor is a capacitor large enough to block the voltage bias on the pull-up resistor
before entering the pre-amplifier stage.

One of the difficulties we had was impedance matching the op-amp to the external
capacitor. Apparently, for the op-amp we were using, this became an important
issue for input impedances less than 300 pF. One of the important sources of stray
capacitance is the SMA cable capacitance for UT-85 cables, which is approximately
30 pF per foot. Since the device was at the lower stage of the dilution refrigerator
and including cable windings we estimated the length of SMA cable before the pre-
amplifier. The total source capacitance ended up being around 250 pF, of which only
about 7 pF is due to the external capacitor. This results in an effective signal loss of
approximately 35 by %

Later, Dr. Keith Schwab helped us develop a better pre-amplifier stage with a
voltage noise floor of 1.5 nV/Hz/? at /27 = 10 kHz. The new circuit was comprised
of junction field effect transistor (JFET) amplifiers instead of an op-amp stage and
this reduced the complexity of balancing the op-amp arms for input impedance. The
specifics of this amplifier are not discussed any further due to the intellectual property
of this circuit that Dr. Schwab’s company, Sierra Op Amps, now sells to consumers.
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Figure 4.4: (a) Image of the SRF cavity with the silicon nitride membrane. The
antennae are anchored to the niobium body with copper adapters. (b) Image of
the electrodes epoxied to the aluminum bracket. The sensing electrode is 8.7 mm
in diameter while the driving electrode is 12.5 mm in diameter. The bracket flips
over and attaches to the body of cavity with corresponding threaded holes. (c) The
electrical model [20] of the mechanical resonator (C,,, L,,, and R,,) and capacitance
C, formed between the copper electrode and the membrane with source voltage V.
(d) Geometric model of the cylindrical cavity. (e) Electric field multislice of the TE;;
mode. (f) Magnetic field surface plot of the TEgy; mode.

4.4 Mechanical Detection

The initial measurements of the mechanical oscillator and detecting the modes of a
circular drum using an electrostatic approach are presented in Fig. 4.7. The membrane
is charged up by some bias voltage Vpc on a pull-up resistor while a lock-in amplifier
sweeps a smaller, probe voltage Vac(f2), in frequency. As the membrane oscillates
the external capacitor generates a voltage proportional to the displacement of the
oscillator, thereby observing resonance as 2 = €2,,. The resonance appears to be a
Fano-lineshape and has excellent agreement with the fit to the equation:
Vo

Vmeas - + i‘f" 4.19
1= 2iQ, 252 (4.19)
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Figure 4.5: The electrical circuit model for the condenser microphone. The micro-
phone is charged up with a resistor while the front-end capacitor blocks the large DC
voltage to avoid damaging the amplifier. After the blocking capacitor, the signal is
amplified and filtered in subsequent stages (not shown).
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Figure 4.6: The sensitivity to detect the mechanical signal is shown to rise for the
(0,2) niobium membrane mode with an increased DC bias on the pull-up resistor.

We have used the notation that Vj is a scaling factor, €,,/27 is the mechanical
resonance frequency, @Q,, is the mechanical quality factor, and e’ is an offset that
leads to the Fano-lineshape.

The membrane quality factor was measured as a function of air pressure (mbar)



CHAPTER 4. ELECTROSTATIC TUNABILITY OF RESONANCES 72

o

)

e
£y

— i
0.15
Z, 3
3 ~—
Q
© 0.05 5 0.1
; || E
2 0 > i A =
el | %
5-0405 <
<
0.1
0.06
|
o5 7T == : : : !
0 2 4 6 8 10 8.916 8.921 8.927 8.932
Frequency /27 (kHz) Frequency /27 (kHz)

Figure 4.7: The initial measurements as seen on a lock-in amplifier with a polynomial
fit to the background subtracted. The resonances take on a Fano-like lineshape as
seen on the right-hand side for the (0,2) mode.

and can be seen in Fig. 4.8. We noticed the quality factor of the membrane saturated
to a pressure of about 1.2 x 1073 mbar. The quality factor of the (0,1) mode was
typically around Q,, = 1 x 103 whereas the (0,2) mode was Q,, = 12.5 x 10, nearly
an order of magnitude higher. Cooling the membrane resulted in a further increase
of about five. The (0,2) mode was measured several times to possess a quality factor
between Q,, = 6.5 — 7 x 10* at cryogenic temperatures.

1r

T,,/27 (Hz)

(e]6) (6]
0.2 L~ : : —
103 1072
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Figure 4.8: The decay rates are shown for the (0,3) mode of the niobium membrane.
We can see the Q = Q,, /T, saturates at a pressure around 1 x 10™2 mbar.
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4.4.1 Displacement Estimates

We can get a rough approximation of the rms displacement of the membrane by
considering the voltage generated at the input of the pre-amplifier:

Q
V —
Q €A
V(t) = —+—= Cs(z) = ;
)= G a@ @)= G+
Q G
0V=———-=—9
(CotCo2d "
ov Cs ox
— = —
Vbe Co+Cs) d
We made the approximation that ﬁ&v ~ %(Sx. The signal loss due to stray
capacitance can be identified as the factor of cocfcs? which happens to be about 35.

Secondly, we can see that the sensitivity to observe a smaller displacement can be
done in two ways (assuming the cable length remains unchanged): 1) increase the DC
bias voltage, or 2) reduce the gap between the electrode and the membrane. However,
these displacement estimations are rough approximations simply because the effective
mass of the oscillator is an estimation.

4.5 Calibrating the Electrostatic Force

This section investigates the capacitance between the electrode and the flexible mem-
brane. We first start with the potential energy of a capacitor:

1
U= §C($)V2.

Here V2 represents the AC-voltage within the cavity. We approximate the capacitor
as a parallel plate capacitor and that the total actuation is much less than the distance
between electrode and membrane, © < d:

€A €A x

C(x):d—x:d@—g) :C"(HE>2'

1

7 ~l+xforx<d

2Use a Taylor expansion
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We let A = mr? be the overlapping area between the electrode and the membrane.
Now the force can be written down:

oUu
Fcap: %a

1. ,0C(x)

ZV od "’

C(]Vz 1 2x

2 d d?
Experimentally, this is observed by looking at the shift in the mechanical resonance
frequency known as “spring softening” (aka “pull-in”) since the membrane wants to

be pulled into the electrode. The real data is shown in Fig. 4.9. Mathematically, this
can be derived by looking at the Taylor expansion of the fundamental resonance.

km + ke
O = ) im T He. (4.20)
m
[k k
~ =1 ). 4.21
m ( * 2k, T > (421)
We can also identify the electrical spring constant k. by considering the forces above.

Re-written slightly differently, the total force acting on the membrane (only consid-
ering electrostatic and restoring spring forces) is

C 2
Fiotal = v22—§ (1 + %) — ko, (4.22)
C C
— VQQ—C(; + <V2de - km) . (4.23)

If we define the effective spring constant be the sum of two terms, electrical and
mechanical: k = k. + k,,. We let the electrical spring constant be denoted as
eVimr?

ke - —T (424)

Therefore?, the first order shift in the resonance frequency is expressed as

0, 1k emrV?
—_— —— = — S S — . 42
Q. 2k, 2d302 meg (4.25)

3T used the approximation v/1 4z ~ 1+ %x + -
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The frequency shift has a cubic dependence upon the distance. The room temper-
ature mechanical quality factor for the (0,2) membrane mode was @Q,, ~ 1.1 x 10* at
a low DC driving voltage and drops linearly to @,, ~ 8.9 x 10% at the largest applied
DC voltage.
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Figure 4.9: (A) The mechanical frequency shifts seen as a function of DC voltage
bias. (B) The percentage shift of the quality factor and mechanical frequency as the
DC voltage is increased. These effects are analogous to “spring-softening” typically
seen in MEMs devices.

4.6 Superconducting Cavity Experiments

4.6.1 Superconducting Frequency Tunability

The room temperature electrostatic frequency shifts were a success for the membrane,
however, we needed to test the cavities at cryogenic temperatures to see how the
electromagnetic frequencies behaved. At room temperatures, the niobium cavities
have Q ~ 3 x 103 for a w./2m = 10.3 GHz, which means the bandwidth is fairly
large (=~ 3.4 MHz) and any small frequency translation was not able to be observed,
especially in combination with the limiting resolution of the network analyzer (100
kHz per point). This highlights the importance of the superconducting cavities with
increased () because smaller frequency adjustments can be observed (using a Schottky-
diode for microwave detection). The transmission of the cavity is sent to a high-
electron-mobility transistor (HEMT) amplifier at the 4K plate and further amplified
at room temperature by two, smaller, post amplifiers.

We performed measurements on two different cavities [46] denoted CR2 and CR5
with respective loaded quality factors of Q@ = 1.1x 10° and @Q;, = 2.5x 10°. Referring
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the reader to Fig. 4.10, we observed an SRF resonance shift of almost 35 kHz for
cavity CR2, slightly over three linewidths while cavity CR5 displayed about 25 kHz,
or six linewidths, of frequency translation. In addition, the measured frequency-pull
parameter of our cavities is G = (dw/dL) = 27-3.2x 10" Hz/m. The color bar depicts
250 V as the maximum DC driving voltage, but it should be noted that the furthest
resonance shift for cavity CR2 was performed at 255 V. The full range of tunable
bandwidth is slightly different between the two cavities due to small cavity geometric
variations, machining imprecision, and the use of different membranes. Upon cooling
down the fridge, there is a negligible frequency shift of the cavities’ resonance, aside
from the superconducting transition, over the course of a week. There is also no
observable heat generated in the tuning process when we monitored the base fridge
temperature.

This work has demonstrated non-contacting tunable superconducting cavities with-
out sacrificing () or generating heat through compression or strain induced by the
more common method of tuning bulk cavities with piezoelectric transducers [50-52].
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Figure 4.10: The superconducting cavities of CR2 (left) and CR5 (right) showing
electrostatic tunability of the superconducting resonances.
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4.6.2 Driven Superconducting Experiments

The static measurements led to interesting superconducting observations in the con-
text of dynamic measurements, or the microwave response with a driven membrane.
The work was never published but certainly deserves future effort and investigation.
In keeping a small AC voltage Vac(Q2 = €2,,,) we can see some interesting dynamical
effects manifest on the microwave resonance the electrostatic response along with a
small V¢ is shown in Fig. 4.11.

The disappearance of the central peak in Fig. 4.11 can be described by the me-
chanical oscillator shifting the cavity frequency by an amount dw > k. The reason
this only occurred for a particular DC voltage range is that the electrostatic shift also
affects the membrane. Therefore the AC voltage is only resonant for Vyc(€2,,) before
the membrane is pulled out of resonance for 2 < €2, and Q > €,,.
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Figure 4.11: The divergence from the normal microwave transmission response be-
comes apparent in the highlighted blue box. The red dashed line shows the electro-
static shift of the cavity frequency.

Eventually, the system reaches a maximum splitting of ~ 70€2,, /27 for a given DC
bias and probe voltage which is shown in Fig. 4.13. The maximum splitting can be
extended to a larger span under the influence of a stronger probe voltage or stronger
coupling (see Sec. 5.2 below). We will see similar behavior like this, but on a much
larger scale in Sec. 5.2 where we used re-entrant microwave cavities and increased the
coupling by a factor of Guew/Gol ~ 5 x 10* and the frequency separation reached a
peak value of 1.88 GHz, or 7.5 x 10° - (Q,,/27).
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Figure 4.12: As the DC bias is increased, the electrostatic shift of the membrane
brings the small probe voltage into resonance with the membrane Vpc(Q2 = Q,,),
thereby increasing the “splitting.”

Notice that this effect would not have been observable for the room temperature
cylindrical cavities because of the low coupling rates. The splitting, or microwave
mode hopping as described later, are two in the same effects wherein the cavity fre-
quency is modulated by the membrane. The difference is that the low coupling to
the membrane with the cylindrical cavities prevents any modulation beyond the cav-
ity bandwidth, which is why this effect was only observed when the bandwidth is
significantly decreased (high-@Q)) under the effect of superconductivity. In the end,
the observed effect is commonly referred to as frequency modulation (FM), but is
rarely mentioned in the community of optomechanics because of the extremely small
mechanical displacements. The different responses can be explained by various mod-
ulation indexes for a given carrier frequency.

An alternative design for tunable cavities was developed for the coaxial A/4 stub
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Figure 4.13: The maximal splitting shown for Vpc = 150 V bias and small probe
voltage (~ 50 mV ).

cavities in which a dielectric material (sapphire) was inserted to adjust the resonance
frequency. We purchased a device from Janssen Precision Engineering for a cryogenic
linear translation stage, however, the minimum movement was a few microns, which
correlated to a resonance shift of around 0 f = 150 kHz near the stub. An adapter
stage was designed and machined to house a smaller piezoelectric transducer for better
control. The completed stage was never fully used because the research goals were
redirected to focus on stronger coupling, however, the room temperature proof-of-
concept was completed and is shown in Fig. 4.15. Coarse tuning was provided by the
main translation stage with the fine-tuning provided by the PZT. One drawback to
this tuning capability is the current draw from the translation stage that heats the
fridge and requires some time before settling back to base temperature.
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Figure 4.14: The upper panel shows the RF spectrum in the undriven (left) and
driven (right) mode under the influence of an acoustic voltage at the membrane fre-
quency. The lower panel shows the acoustic spectrum and the effect of optomechanical
amplification using a blue-detuned microwave (GHz) pump source at -20 dBm (or-
ange/brown) and 0 dBm (blue) with a clear difference between the two. Here we have
shown two distinct methods of inducing mechanical motion.
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side with the room-temperature data displayed on the right hand side.



Chapter 5

Narrow Gap Re-entrant Cavities

“Only those who dare to fail greatly can ever achieve

greatly.” —John F. Kennedy

The majority of this chapter has been adapted from the submitted paper titled,
“Casimir spring and dilution in macroscopic cavity optomechanics.”

5.1 Room Temperature Experiments

The primary importance of optomechanical coupling is focused on optimizing the cav-
ity () and coupling G to the membrane. Since we did not see any major improvements
with the cavity @) in the last couple of years, we focused our attention towards the
coupling parameter. The optomechanical coupling does not require a superconduct-
ing cavity and this allowed us to make quick changes to design configurations and
rapid progress. Furthermore, if we could simply conduct room temperature measure-
ments this would drastically reduce the experimental time. A vacuum chamber and
pressure goal of 1 x 1073 mbar were required to observe the mechanical resonances.
This pressure was chosen as a good saturation level where air pressure is no longer
the limiting @) factor in the big membranes according to Fig. 4.8.

Never having experience in machining a vacuum testbed before the author took a
bell jar in the lab and machined an aluminum faceplate for the bottom with a double
O-ring seal, a threaded valve, and six SMA ports. As we should have expected,
this did not work very well because the threaded valve (with Teflon tape) does not
provide a great seal. We went back and copied the designs of the vacuum flanges
on the dilution refrigerators and made a custom aluminum flange to house a rubber
O-ring. The system achieved 5 x 10~ mbar on the first try. Now, rapid progress with

82
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room temperature measurements was possible because the bell jar reached pressures of
1 x 1072 mbar within 10 minutes. To compare the speed up time, a room temperature
measurement within the dilution refrigerator (pumped out, no cooling) would take
roughly 8 hours to reach the same vacuum level — nearly 50 times longer for the same
experiment. Lastly, a miniature mounting system for the cavities was made on the
aluminum faceplate and any potential optical equipment by drilling sixteen 1/4”-20
holes.

Figure 5.1: The custom vacuum chamber made to perform room temperature exper-
iments and reduce time needed to pump down.

Over half a dozen different prototype re-entrant cavities were made by trial and
error to achieve the strongest coupling possible. The best device is pictured in Fig. 5.2
with the three pieces that comprise the re-entrant cavity: the cavity body, the mem-
brane, and the electrode adapter. The cavity was constructed using traditional ma-
chining methods on a lathe, CNC, and milling machine. The tolerance of the machines
did not allow for the manufacturing of gap sizes of less than 10 um. Instead, a cylin-
der of 6061 aluminium was cut on a horizontal band saw, faced-off with a lathe,
and polished on a polishing lap wheel with water for several hours starting from fine
sandpaper and ending with felt. Afterward, the aluminium cylinder was bored out
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on a lathe taking care never to touch the center of the polished aluminium with a
tool. The final reduction of the gap to ~ 1 ym was achieved by iteratively measuring
the cavity resonance frequency with a network analyzer and performing light surface
removal of the outer ledge using Scotch-Brite on a lathe.

Figure 5.2: (A) The bare re-entrant cavity shown with cone and loop antennas. (B)
The SiN membrane (gold underneath) acted as the cavity boundary and determines
the resonance frequency. The bronze spring washer was pressed against the mem-
brane and held it securely in place. A thin (1 mm) aluminum washer created the
space needed to bring the electrodes close to the uncoated membrane surface. The
cavity was mounted in a vacuum chamber on an optical table. (C) The center gold-
plated electrode for actuating the membrane. The electrodes and mounting bracket
were flipped over and placed above the bronze spring washer. The smaller, off-center
electrode was traditionally designed to “drive” the membrane with the center elec-
trode originally created to “sense” the vibrations, however for these experiments the
second electrode was not used and the center electrode was purely used as an active
device.

The gap size was numerically obtained as a function of the applied electrostatic
force using the measurement of the re-entrant cavity frequency and the well known
LC model (see Fig. 5.4). Based upon the starting resonance frequency we estimated
the smallest gap achieved for the gold membrane to be x = 585 £+ 61 nm. Numerical
estimates yielded a frequency-pull parameter of G /27 = % = 1.66—0.57 GHz/pum for
the range of resonances presented in this paper. The intrinsic microwave cavity quality
factors ranged between 20 < )y < 300 at room temperature, which is expected due
to a small geometry factor of the re-entrant mode.

For the mechanical oscillator we used Silicon-Nitride (SiN) membranes (Norcada)
of diameter of 38.1 mm and total thickness of 800 nm (500 nm SiN and 300 nm of
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metal deposited on the underside). Two different membranes were used, one with a
gold and the other with a niobium coating. The fundamental frequency of the gold
and niobium membranes were Q,,, /27 = 2.51 kHz and €,,,/27 = 4.3 kHz, respectively,
with effective masses of mqg = 2.3 mg and mqg = 1.3 mg, respectively. An external
gold-coated copper electrode was placed near the uncoated surface of the membrane
forming a capacitor. This electrode actuated the static mechanical motion of the
membrane through a DC bias [46]. The whole re-entrant cavity-membrane system
was held in a vacuum chamber with microwave and DC voltage feedthroughs attached
to allow control, measurement and characterization at a pressure of about 1 x 1073
mbar.

Outside the microwave cavity, there was an aluminum bracket that housed both
of the copper electrodes. An additional adapter (not shown) was created to set the
distance between the electrodes and the membrane. The copper electrodes were
epoxied to the aluminum bracket using Stycast 2850, which is electrically insulating
and thermally conducting. We used a 1 mm thick aluminum washer to raise the entire
electrode adapter and position the electrodes below the plane of the membrane frame.
The distance of the electrode to the membrane was calibrated by fitting a quadratic
function to the electrostatic frequency shift (outside the thermal Casimir region) of
the fundamental mode, as shown in Fig. 5.3. The fit has a parabolic shape, and from
a Taylor-expansion of the resonance frequency under the influence of an electrostatic
force is given by [46, 53]:

0 1k €A

Qm - §kmech B _stkmech

Via. (5.1)

The uncertainty in the model (from Eq. 2.30) for the microwave resonance fre-
quency according to the post top radius is shown in Fig. 5.4. The points in the figure
are the initial (unperturbed) resonances for varying gap sizes and Vpc = 0.

After moving the experiment to Australia and setting up the voltage power supply
it became clear that the high-voltage supply was noisy and driving the membrane,
which was observed as fringes around all mechanical modes. As such, Dr. Eugene
Ivanov helped create a passive, two-pole, low-pass filter (see Fig. 5.5) that attenuated
the voltage noise by at least 60 dB and gave a clear mechanical, undriven spectrum.
The resulting transfer function for the passive, two-pole, low-pass filter, assuming
R; = Ry and C = (5 is written as:

B 1
n ‘ 1+ 3jwCR + (jwCR)?|

‘/out
Vi

|Hrz\

The room temperature measurements in the vacuum are solely devoted to the
re-entrant cavities because of the strong coupling to the mechanical resonator G /2.
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Figure 5.3: The gold membrane frequency shift of the (0,1) mode due to the electro-
static force, which allowed the calculation of the approximate distance of the electrode
to membrane, to be 195 um using Eq. 5.1.

Alternative experiments that make use of high-() require cryogenic temperatures for
the superconductivity. However, the quality factor doesn’t increase several orders of
magnitude for the re-entrant cavity as it does for the cylindrical cavities, therefore,
the vacuum chamber and room temperature setup are ideal for the re-entrant cavity.

5.2 Casimir Spring and Dilution

The Casimir force was predicted in 1948 [54] as a force arising between macroscopic
bodies from the zero-point energy. The force arises from the unequal pressures exerted
by quantum vacuum fluctuations on the inside and outside boundaries of a cavity.
This occurs because there is a discrete energy spectrum within a cavity, while outside
the electromagnetic energy spectrum is continuous. Thus, an inward pressure exists
on the cavity because the vacuum energy density is larger outside than inside. At
finite temperatures, it has been shown that a thermal Casimir force exists due to
thermal fluctuations of the electromagnetic field rather than zero-point fluctuations
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Figure 5.5:  Two-pole low pass filter (R = 75092 and C' = 10uF) made to reduce
voltage noise at least 60 dB near the fundamental frequency around 4 kHz.

and there are a growing number of experiments that characterise the effect at a range
of temperatures and distances [55—60]. This thermal modification increases with
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temperature and thus increases the range of separations between two objects where
Casimir forces are observable [55,61,62]. The Casimir force is now not just solely of
academic importance, but has been recently drawing more interest in the arena of
sensors, switches, amplifiers, and photonic sources [63-67]. This work significantly
adds to the tool kit available for such applications and opens new avenues for device
manipulation as well as a new way to investigate the Casimir force.

In this work, the ability to sense the Casimir force was achieved by realising a
small gap (~ pm) between a cm-scale microwave re-entrant cavity post and 38 mm
diameter SiN metal-plated membranes. A calibrated force varied the re-entrant gap to
tune the microwave resonator and transition in and out of the Casimir regime, which
revealed extra stiffening of the membrane (Casimir spring). Importantly, we have de-
termined that a spatially-localised Casimir spring may act as a lossless non-contacting
boundary (pinning effect), which was verified with finite element simulations of acous-
tic mode frequencies. Our results have shown that this “Casimir boundary” created
“Casimir dilution” and significantly increased the acoustic Q-factor of the acoustic
mode. Dilution has been used as an engineering technique to reduce phononic losses
through the addition of strain [27,28,68]. Thus, this technique has allowed us to
create a new way to engineer non-contacting boundary conditions in a lossless way
using only thermal photons, where decreasing the gap increased both the strain and
@-factor in the membrane. These new techniques presented in this work have high
potential to create new “in situ” agile programmable devices, engineered to manip-
ulate mode structures and improve resonator losses as needed at room temperature,
which could have far-reaching consequences. Furthermore, we also observed a new
form of acoustic non-linearity near the gap spacing where the Casimir and spring con-
stant force were equal, allowing the measurement of bistability and other enhanced
non-linear effects.

A microwave re-entrant cavity is a type of 3D lumped microwave resonator, which
consists of a post enclosed in a cavity, with a gap, x, between the end post and
end-wall boundary as shown in Fig. 5.6, and discussed in more detail below [38,
40]. The cavity resonance frequency, w/2m, is primarily determined by the gap and,
classically, the sensitivity of the frequency shift with respect to displacement, dw/dz,
is inversely proportional to the gap. The structure acts as a reliable transducer
between frequency and gap size with the microwave resonance governed by a lumped

-1
LC circuit model w = [\/ LC’} [40,69] where the re-entrant cone acts as an inductor,

L, and the gap behaves as a capacitor, C. Thus, if the end wall is constructed as
a mechanical oscillator, the system may be configured as a sensitive optomechanical
device [30], increasing in sensitivity as the gap becomes smaller. For example, if the
end wall vibrates or is displaced, a frequency shift of the microwave mode is produced.
From this effect very sensitive devices have been realised previously for a range of
applications, such as the readout for a resonant-mass gravitational wave detector
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[69,70], transducers to read out induced displacement at high sensitivity [71-73], and
the realisation of tuneable microwave cavities for a variety of applications [46,74,75].

Our system was constructed with a membrane as the end wall and by applying an
electrostatic force we achieved exquisite positioning of the re-entrant gap [46]. The
gap size was numerically obtained as a function of the applied electrostatic force using
the LC model. When the re-entrant gap was sufficiently large so it did not experience
the Casimir force, we observed normal behavior as expected for a macroscopic cavity
optomechanical system (denoted as the “free” state) and the acoustic membrane had
an unperturbed static spring constant of kg. For small gaps, inside the Casimir region,
the Casimir force became large compared to the membrane restoring force, causing
reduced motion directly under the re-entrant post with an effective spring constant of
kc(z) (Casimir spring), which effectively “pinned” the membrane at this point due to
the attractive nature of the force. This “pinning” changed the acoustic mode shape
of the membrane and hence state of the membrane (denoted as the “pinned” state).
This change in mobility is similar to the “buckled up” and “buckled down” states
seen in micromechanical oscillators [76]. Interesting features were also demonstrated
when the gap was spaced such that the Casimir and the spring force were of equal
magnitude. Here we observed the existence of a region of increased force sensitivity
for the re-entrant microwave cavity readout of the mechanical motion. These results
show the most sensitive re-entrant cavities may not require the smallest gap sizes, but
rather a careful balance of forces to gain the best sensitivity at room temperature.
Other non-linear effects also occurred around this region, such as modifications to
the driven microwave mode and optomechanical bistability indicated by the effect of
mode hopping (see below for more experimental and device details).
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Figure 5.6: (A) Diagram (not to scale) of the cross-section of the electromechanical
elements of the re-entrant cavity and associated electric, £ and magnetic, B field
of the re-entrant mode. A bias voltage, V', on the electrode produced an attractive
electrostatic force, F', that pulled the membrane, increasing the gap size x and shifting
the microwave resonance frequency, w/27. (B) The left-hand image is a simplified
model of the setup illustrating the Casimir spring, ko (z), and the normal restoring
spring, kg, intrinsic to the membrane. The right-hand image shows the influence of
the Casimir spring acting on the membrane in the vicinity of the re-entrant cone. (C)
Microwave cavity resonance frequency, w/27, versus applied electrostatic force, F', for
a range of initial gap spacings labeled a-o (smallest gap of 0.59 um to largest gap of 3.9
pum). For the smallest values of initial gap spacing (a-c), the membrane experienced
the thermal Casimir force significantly reducing the actuation and producing a pinned
state. As the gap spacing increased (d-l) a transition to non-linear behaviour was
observed. For the largest initial gap spacings (m-o) the membrane was in the free
state where the Casimir response is negligible. The labels a-o correlate with the same
labels in Fig. 5.7.
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An advantage of this macroscopic system over many other micromechanical sys-
tems used for Casimir force sensing is the capability to achieve a large dynamic range
of membrane gap sizes. To understand the response of the membrane as a function of
its distance from the tip of the re-entrant cone, or gap size (z), a thin metallic spacer
was inserted on the outer edge of the cavity and a static DC voltage ranging from
0 to 250 V was applied between the external electrode and membrane. Labeled as
“a-0” in Fig. 5.6C, the measurements were repeated for various spacer sizes in order
to build a map of the cavity response. The frequency shift as a function of the elec-
trostatic force applied by the external electrode is shown for each experimental run
of voltage sweeps with splines shown for clarity. The applied force of the electrode
to the membrane was calibrated by measuring the electrostatic mechanical frequency
shift outside of the Casimir regime [46,53,77].

The calculation of the thermal Casimir force for the given geometry is challenging
due to several factors [61,64]. The 3D re-entrant cavity deviates from the typical ge-
ometric configurations of sphere-plate, sphere-sphere, or plate-plate as the re-entrant
microwave mode occurs in a sub-wavelength gap size between the membrane and cone.
Additionally, we note that the skin depth (1.76 — 1.17 pm for w/2m = 2 — 5 GHz)
of the electromagnetic field exceeds the layer of gold roughly by a factor of five and
interacts with the SiN dielectric layer. These considerations change the magnitude of
the thermal Casimir force and should be considered in future investigations, but the
scaling of the force as a function of gap size is preserved, and we use this scaling to
unequivocally identify its nature.

Figure 5.7 shows the observation of the inverse-cubic power law dependence (z73)
of the force with respect to the cavity gap size, demonstrated in the form of the
effective Casimir spring. The effective static spring constant, keg, was obtained by
considering small displacements dx around the static value of the gap spacing, xo,
caused by the application of a small applied electrostatic force, 0 F', with the setup
illustrated in Fig. 5.6 (see below for the niobium membrane data). From this mea-
surement the effective spring constant was calculated by,

S _OF o

keg = — = )
T oz Ow 07 lzmay

(5.2)

Here, we used the well-determined microwave cavity frequency shift, dw, to cali-
brate the position shift of dx. Only the initial linear regime corresponding to smaller
applied electrostatic forces around x = xy were considered for the calculation of keg.
This was to prevent possible distortions of the membrane, which could occur on the
application of a large force under the influence of the Casimir pinning mechanism.
Any such distortions would be very minimal under a small applied force of § F'.

In Fig. 5.7, the highlighted portions of the graph designate areas of non-linear
behaviour and defines the gap region where the spring constant of the membrane was
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the same order as the Casimir spring constant. Outside this regime, for smaller gaps,
spring hardening takes place (x < 1.5 pm for the gold membrane and x < 1.2 pm
for the niobium membrane) due to the dominance of the Casimir force where the
effective spring constant increases sharply as =% as the gap decreases. For larger gap
spacings outside the non-linear and Casimir regimes the value of the measured static
spring constant was the same order as the dynamic spring constant of the fundamental
frequency of the membrane. Because the niobium membrane was stiffer than the gold
one, it required a larger Casimir force to enter the non-linear regime, and thus occurs
at a smaller gap compared to the gold membrane.

10°

kepr = ks

05 15 2 25 3 35 4
Gap Size x, (um)

Figure 5.7: Thermal Casimir force graph showing effective static spring constant with
inverse distance power law showing z~ for the gold membrane cavity (gold points)
and niobium membrane cavity (gray points), corresponding to 73 in force. The
dashed (orange) and dash-dotted (gray) flat lines represent the fundamental dynam-
ical spring constant for the gold and niobium membranes respectively, as determined
by the fundamental mode of the mechanical oscillator. The letters coincide with the
lines in Fig. 5.6C. The gold and gray shaded regions embody the non-linear zones of
the mechanical resonator for the gold and niobium membranes, respectively.

The dynamical response of the acoustic modes was also strongly modified due to
the Casimir force. This is illustrated from measurements of the mechanical modes of
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the membranes using two techniques. The first was by strongly driving the acoustic
modes and observing the microwave mode hopping, and the second was through the
measurements of the non-driven acoustic spectrum due to Nyquist thermal fluctua-
tions.

Mode hopping effects were observed by measuring the response of the microwave
resonance while applying to the external electrode a DC bias voltage, Vpc, combined
with an oscillating drive voltage, Vac(€2), of frequency €2/27. The membranes were
electrically driven into motion at its acoustic mode frequency, €2,,, when 2 = Q,,.
Measurements were taken for a range of gap sizes and the maximum product of the
two signals F/(Q2) o VpcVac(£2) was held constant to preserve a steady oscillating
applied force. This was a very good approximation because the external electrode
gap spacing was of the order 200 um, so there was minimal change in the electrode
gap over the dynamic range of the measurements.

Fig. 5.8 shows the behaviour of the microwave resonance as the gold membrane was
electrically driven into motion at frequencies close to €2,,/27. As shown in the insets
(a)-(c), the resonance separates in two as the applied force increases. This is because
the membrane oscillates much faster than the acquisition rate of the network analyzer
and appears as a separation. We describe this separation as “mode hopping”, which is
distinct from normal-mode splitting. There are three distinct regions characterized by
the position of the membrane as it is electrically driven [76]. In our configuration, the
region at which the cavity displays the largest mode separation does not occur for the
smallest gap size due to the presence of the Casimir force. The maximum separation
reaches 1.88 GHz, which is 43% of the unperturbed cavity frequency at a gap size
of xg = 3.3 £ 0.4 pm. This data and the observation of mechanical bistability (see
Fig. 5.10 below) are analogous to previous results of a micromechanical oscillator [78]
by considering the gap size and the maximum frequency separation as a measure of
oscillator amplitude.

The Casimir force tensioned the mechanical oscillator, making it stiffer so dimin-
ished microwave mode hopping was observed as shown in Fig. 5.8 inset A. This is
because the gold membrane is in the pinned state. Conversely, we observed the lowest
threshold of mode splitting due to F(2) around 3.5 GHz, shown in inset B, which is
in the middle of the non-linear regime (even though the splitting is not maximum).
This low threshold is a key sign that the mechanical oscillator is more susceptible
to a small applied force and thus exhibits increased force sensitivity. An asymmetry
is observed, shown in inset C, which is explained by considering the region of the
Casimir force. The lower frequency branch represents a smaller value of x and is
thus perturbed more by the influence of the Casimir force compared to the higher
frequency branch.

For the niobium membrane, we acquired the acoustic mode spectrum through
the use of a microwave phase-bridge read-out circuit. In the demodulated microwave
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spectrum, we distinguished the mechanical resonances from residual noise peaks by
sweeping the frequency of V5 (€2) on the external electrode and observing the modes
which exhibited microwave mode hopping. The multitude of mechanical resonances
were not as easily characterised or observed in the company of the Casimir force
due to the pinned response. However, we observe driven microwave mode hopping
for acoustic frequencies of 4.85 kHz, 10.44 kHz, 16.06 kHz, 21.66 kHz, and 27.29
kHz confirming they were membrane modes. Interestingly, these modes were not
defined by the traditional modes of a clamped circular membrane. Under further
investigation, we verified through finite element analysis that these resonances were
radially-symmetric modes, pinned in the middle of the membrane, and justified by the
frequency shifts in the acoustic spectrum as they transitioned into the Casimir force
region. In contrast, as the gap size moved beyond the Casimir region (w/2m > 2.8
GHz), into the free state, the mechanical modes were confirmed to be well-defined by
the expected frequencies of a clamped, circular membrane and identified in both the
microwave and acoustic spectrum (see Fig. 5.12 below for data regarding the acoustic
spectrum).

The discovery of the aforementioned effect has allowed us to utilise the Casimir
force to strain engineer an acoustic membrane via dissipation dilution, enhancing the
mechanical resonator Q-factor [27,28]. This is illustrated in Fig. 5.9 by the niobium
membrane shifting upwards in frequency while the acoustic Q-factor, @),,, increases
as the gap size becomes smaller for both (0,2) and (0,3) modes. The increased tension
is non-contacting, which reduces clamping losses commonly seen in mechanical res-
onators. Initially, as the gap size became smaller and transitioned into the non-linear
and Casimir regimes, the mechanical spring first softened and then hardened as the
Casimir force increased, consistent with the microwave data taken for the static gap
spacings. The mechanical modes also varied in quality factor between the pinned
and free states. We have identified that @), undergoes large swings in the non-linear
shaded area. Outside of the non-linear region, (),,, saturates to a single value for large
gaps, but continues to increase under the influence of the Casimir force for small gaps.
Considering the point of least stiffness there is an improvement in (),, by factors of
14.5 and 13.1 for the (0,2) and (0,3) modes, respectively. Moreover, the quality fac-
tor was improved by an order of magnitude beyond the bare membrane @), for the
(0,2) mode, and continues to rise for smaller displacements. Thus, @,, is expected to
improve as a result of increased dilution if the gap size was further reduced. We were
limited in our capability to measure smaller gaps, as in the pinned state our readout
cavity is in proximity to a node of the acoustic mode shape. The addition of a second
resonator sensing at the acoustic anti-node, but with a gap large enough to avoid
pinning, would allow improved measurements at smaller gaps, and the possibility of
measuring a higher @),,.
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Figure 5.8: Five separate experimental runs of the gold membrane, showing the value
of the maximum mode hopping separation of the driven microwave mode as a function
of unperturbed microwave cavity frequency (lower x-axis label) or equivalent initial
gap spacing (upper z-axis label). For every point the membrane experienced the
same, maximum applied electrostatic force, F(f2), and represents the maximum fre-
quency separation between the two resonance peaks illustrated in the insets A-C. The
insets display the microwave transmission (dB) of the cavity as the electrostatic force
was increased, leading to mode separation in three distinct regions, A the Casimir
dominated region, B the non-linear region and C outside the Casimir region.

Fig. 5.9 also shows good agreement of experimental data with the frequency shifts
calculated from a COMSOL model of the membrane under the influence of the Casimir
force, which is approximated as a variable-spring at the point below the re-entrant
post. We chose a point spring to approximate the presence of the Casimir force
because the ratio of re-entrant cone radius to cavity radius is only 1%. The lower
arrows in both panels show the points of the (0,2) and (0,3) bare mode frequencies
without a spring and the upper arrows are locations at which the mode frequency
appeared to saturate for an arbitrarily-large spring (see Fig. 5.13). The inset images
display the mode shapes for both pinned (Casimir) and free (non-Casimir) states.
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In summary, we have tested the narrowest gap re-entrant microwave cavities cou-
pled to a mechanical resonator to date and observed that the Casimir force gives
rise to a plethora of interesting phenomena. For example, we have made the first
observation of the Casimir spring and dilution effect in a macroscopic optomechan-
ical system. The Casimir spring was observed by examination of the power law of
the Casimir force as a function of gap size between the SiN metallic-coated mem-
branes and a re-entrant post. This was possible because the re-entrant post formed
a microwave cavity, which allowed self-calibration of the gap from the readout of
the microwave frequency. Casimir dilution was also witnessed from the creation of
an effective non-contacting boundary condition due to the localisation of the Casimir
force under the re-entrant post, pinning the movement of the membrane at that point.
This caused the acoustic mode of the membrane to change from a “free” state to a
“pinned” state as it transitioned into the Casimir region for small gaps. Mechani-
cal frequency shifts occurred for all radially-symmetric modes during this transition,
which also increased the mechanical quality factor by over an order of magnitude as
the Casimir force was increased. The transition of the mechanical modes from the
traditional circular drum model, to a mode with a pinned boundary in the middle of
the drum is in excellent agreement with finite-element simulations.
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Figure 5.9: The effect of Casimir pinning and dilution on the (0,2) and (0,3) niobium
membrane modes. The filled circles are the membrane frequencies and the filled
diamonds are the corresponding mechanical quality factors. The inset images on
the left show the pinning in the center of the modal structure which gives rise to
the frequency shift. The inset images on the right show the mode in the free state,
where the center is allowed to move. The lower arrows on both panels are the starting
resonances from simulations for the (0,2) and (0,3) modes. The upper arrows for both
graphs correspond to the frequency at which the simulated mode frequency saturate
due to increased pinning force, in good agreement with the data. The shaded regions
are areas of mechanical non-linearity, which divides the pinned state (on the left) and
the free state (on the right).
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The observation of a new way to engineer non-contacting dissipation dilution and
boundary conditions creates a path forward to realise unique, topological mechanical
oscillators while also increasing the acoustic (Q-factor. We anticipate this effect will
have a large impact on the field of cavity optomechanics and the hybrid integration
of optical, electrical, and mechanical systems [9, 10,28, 79]. For example, recently
invented multiple post re-entrant cavities utilising posts and rings [39,73,80] could be
coupled to an acoustic membrane in a similar way as described here. This would allow
the manipulation of many degrees-of-freedom and the coupling of multiple photon
resonances for membrane manipulation and readout. These systems could also in
principle be configured to strongly couple the acoustic membrane to spin systems
such as magnons [81,82] and defects in diamonds [83], as the multiple post re-entrant
cavity has produced the strongest such couplings to date.

Furthermore, we established the existence of a very interesting non-linearity when
the Casimir and membrane spring constant are of similar magnitude. Future work
will further seek to explore this non-linear phenomena of the mechanical resonator
and its relation to the thermal Casimir force [84,85]. Moreover, this work could be
developed for a system, which utilises the non-linearity generated by the thermal
Casimir force to enhance force sensing [66,84]. Additional avenues for this particular
research intersect with the active field of searching for the axion particle as well as
a candidate for a possible fifth fundamental force [86,87] because of our ability to
transition in and out of the thermal Casimir regime.

5.3 Supplementary Methods

5.3.1 Mechanical Bistability

In conjunction with the microwave mode hopping presented in Fig. 3 of the main text,
the bi-stability of the membrane was recorded in Fig. 5.10 through the observation
of the microwave mode hopping. The bias voltage was kept fixed and the frequency
of the acoustic drive Vac was swept through the fundamental mechanical resonance
of the gold membrane. The maximum frequency separation of the two modes was
tracked as V¢ passed over the resonance and “traced” out the non-linear mechanical
response.
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Figure 5.10: Mechanical bistability of the gold membrane observed using the strength
of microwave mode hopping as V¢ was swept through the acoustic resonance. Both of
the lines were acquired from the maximum separation distance of the two microwave
resonances.

5.3.2 Niobium Membranes and Acoustic Response

Figure 5.11 shows the similar static Casimir spring experiments for the niobium mem-
brane as was shown for the gold membrane in the main text. The cavity experienced
a smaller transition between the pinned and free state when compared to the gold
membrane, but occurred at a lower frequency of w./27 ~ 2.8 GHz. The reduced non-
linear transition at a lower microwave frequency can be explained by the fact that
the niobium membrane was stiffer than the gold membrane, so the balance between
the Casimir spring constant and the membrane spring constant occurred at a larger
value and hence at a smaller value of the gap spacing.
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Figure 5.11: Similar Casimir spring behavior was observed with the niobium mem-
brane cavities as was the case with the gold membrane cavities. Some of the curves
do not extend to 250 V because the same voltage power supply was not available as
the other curves that extend further. The red line represents a gap size of x = 1.2
pm and the point at which the frequency experiences a large shift.

The microwave phase-bridge circuit pictured in Fig. 3.10 allowed us to detect the
phase modulation of the cavity resonance. The sensitivity of the phase-bridge circuit,
C;—V, was measured using a known modulation when the phase bridge was tuned to the
resonance frequency of the cavity. This was repeated at each point of the tuning that
the acoustic quality factor and frequency were measured. The direct measurement
of the sensitivity naturally accounted for changes in coupling and electromagnetic
Q-factor of the microwave cavity, and any other variations in frequency response as

the gap spacing was tuned.
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Figure 5.12: (A) Experimental results of the spectrum at the output of the microwave
phase bridge in Fig. 3.10 for the niobium membrane for two different re-entrant cavity
gap sizes, where the top orange curve is in the pinned state while the bottom green
curve is in the free state. Here, the re-entrant cavity frequencies were measured to
be w./2m=2.51 GHz (xy = 0.92 pm, orange) and w./27=3.15 GHz (2o = 1.50 um,
green) respectively. (B) The mode displacement profile as modeled by COMSOL in
the strongly-pinned state as a function of radial position for the (0,1), (0,2), and (0,3)
modes of the membrane in blue, green, and red, respectively. (C) The same modes
as modeled by COMSOL in the free state. Here, the re-entrant post was modeled to
exist at the radial position equal to zero, equivalent to the real cavity implemented in
experiments. Because the pinned state measurements were made at a displacement
node, while in the free state measurements were made at a displacement anti-node,
there is a large discrepancy in signal to noise ratio between the two measurements. For
example, in the free state, some modes are 50 dB above the noise floor wherein for the
pinned state only a few modes were detectible with significantly reduced sensitivity.

Fig. 5.12A shows the acoustic spectrum as measured by the phase bridge technique
in the “free” state and “pinned” state. There was an increased signal amplitude (up
to 50 dB for some modes), frequency shift, and appearance of additional circular drum
modes as the membrane transitioned from the pinned into the free state. This was
because in the pinned state, the microwave re-entrant cavity measured the acoustic
mode near a node, while the free state was near an anti-node, as indicated in Fig. 5.12
B,C.

The modes of the niobium membrane were identified from the driven response
of the membrane, that is, from the observation of microwave mode hopping. This
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Table 5.1: Tabulated list of the experimental measured acoustic resonance modes
of the niobium membrane in the pinned and free state, identified as acoustic modes
using the microwave mode hopping technique. We only show measured modes of up
to 27 kHz for the comparison, even though additional modes of up to 50 kHz were
found when w./27 ~ 3.15 GHz. The resonances in parentheses were obtained with
the COMSOL simulation for comparison with experimental results.

we/2m =~ 2.50 GHz (Pinned), we/2m =~ 3.15 GHz (Free),
Measured Resonances ,,,/27 (kHz) Measured Resonances ,, /27
(kHz)
4.830 (4.851) 4141
10.442 (10.501) 4.187
16.064 (16.150) 4.258
21.661 (21.728) 4.348
27.291 (27.478) 4.480
9.806
9.890
12.393
12.550
13.525
14.921
14.969
15.421
17.981
18.207
20.655
21.043
23.560
23.871
26.185
26.300
26.690

27.478

allowed us to distinguish between the real mechanical modes and other forms of nar-
rowband interference. The identified mode frequencies are documented in Table 5.1.
There was a big difference in the acoustic spectrum for the two gap sizes with mi-
crowave resonance frequencies of 2.50 GHz (pinned state) and 3.15 GHz (free state).
Only five modes of up to 27 kHz were observed due to the reduced sensitivity for
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our configuration when in the pinned state. By modeling the membrane with COM-
SOL, we verified these to be radially-symmetric (0,1) to (0,5) modes. The COMSOL
modeling revealed that under the influence of a strong Casimir force, each mode was
shifted by an asymptotic amount in the limit of a large Casimir spring (see Fig. 5.13)
Q0,n),cas /27 — Q(o,n)/ 27 + 0(0,n). This asymptotic approach is only a manifestation
of the fact that the pinning site does not exceed the area of the re-entrant cone. The
notation of €, signifies that only the radially symmetric (m = 0) modes in the
Casimir region were able to be observed.

A finite-element model in COMSOL was created to see if the Casimir modification
to the membrane agrees with the observed mechanical frequency shifts during the
transition from the free state to the pinned state for the (0,2) and (0,3) modes as
shown in Fig. 5.13. The simplest approach was to model the Casimir pinning effect
as a variable spring at the center point of the membrane. The power law curve of
z~* from Fig. 2 of the main text was used to generate a conversion for k.;; <
in the Casimir region to compare with the COMSOL simulations. The modeled
COMSOL data was statically shifted up in effective spring value by identical amounts
(kcomsoL.et = kcomsor, + 2350) for both modes to see the same relative increase in
effective spring constant due to the Casimir force. From here, the point at which the
membrane frequencies deviated in the Casimir regime for both simulation and real
data becomes easier to observe. Good agreement was found with the simulation and
measurement for the transitional frequency shifts of the two modes. There appeared
to be additional modes near the (0,1) mode fundamental frequency, perhaps global or
coupled modes, that made the measurement of the frequency shift and determination
of @),,, more difficult, which was why the higher-order modes were chosen.
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Figure 5.13: The mechanical resonance frequency shift for the niobium membrane as
a function of effective spring. The black line represents the COMSOL model for a
variable spring attached to the center of the membrane. The calculated resonance
frequency shifts for both (0,3) (upper panel) and (0,2) (lower panel) modes agreed
well with increased pinned tension. The shown inset images illustrate the pinned
states of the membrane. The shaded region represent regions of non-linear behavior
of the membrane.



Chapter 6
Outlook

“If we did all the things we are capable of doing, we would literally
astound ourselves.” — Thomas Edison

Cavity optomechanics remains an incredible platform for studying metrology, in-
formation technology, and quantum science with promising future applications in
frequency conversion [8], photonic sources [16,67], non-reciprocal devices [10], and
much more. Optomechanics entails the interaction between radiation, photons, and
vibrations, phonons, within a confined space. Future platforms are emerging known
as hybrid systems in which multiple methods of coupling are assembled, such as an
opto-electro-mechanical [9] system and can be used as an efficient mechanism for fre-
quency conversion. As mechanical resonators continually evolve [13,27,28, 88] and
electromagnetic cavities are enhanced [15,44,89,90], an exciting new frontier of ap-
plied technology is about to unfold!

6.1 Summary

This work is best summarized as cavity prototyping and optimization in an attempt
to see macroscopic cavity optomechanics, but has resulted in great experimental out-
comes. The first of which was the complete ground-up development of a tunable super-
conducting system with a custom microphone circuit to detect mechanical oscillations
in a SiN membrane. This gave rise to the implementation of lossless, non-contacting
tunable superconducting cavities as well as a dynamic approach to manipulate the
electromagnetic modes inside the cavity. Quality factors as high as @) = 17 million
were reached with the large-scale membrane in the cylindrical geometry. Additionally,
proper treatment (chemical etching, annealing, etc.) of the cavity in addition to a

105
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good galvanic connection [91] (perhaps wire bonding) could result in drastic increases
in . Calculations for our cylindrical geometry cavities put theoretical upper limits
on () well above 1 billion. Therefore, there is great potential for increasing the cavity
() with a cm-scale mechanical resonator.

The second important development originated in the attempt to create strongly-
coupled (large GG) microwave cavities and resulted in the creation of re-entrant mi-
crowave cavities. Eventually, we stumbled upon experimental evidence of the Casimir
spring and dilution using the thermal (blackbody) Casimir force in the pursuit of ex-
tremely narrow-gap cavities. The aid of Dr. Tobar and Dr. Gorychev helped realize
the theoretical understanding of the cavity response as a manifestation of the Casimir
force at room temperature. This work demonstrated the capability to create artificial
boundaries using increased (non-contacting) tension. The outcome of this work will
evolve into creating arbitrary, re-configurable mechanical oscillators with increased
mechanical quality factors (), using the Casimir force as a non-contacting boundary.

6.2 Next Steps

Future graduate students would benefit from the investigation of two main experi-
mental observations in this work that were not pursued in-depth either due to time
restriction or a refocusing of efforts: 1) driven high-@Q, coupled, superconducting cav-
ities and undriven coupled microwave cavities in which the optomechanical effects are
enhanced in comparison to single, non-resolved sideband cavities and 2) using the
thermal Casimir force as a demonstration of the ability to create artificial resonators.

6.2.1 Coupled Cavities

In regards to the driven membrane-cavity system, it would be interesting to consider a
double-cavity configuration. One of the initial goals was to construct a double-cavity
system in which two cavities are electromagnetically separated by a membrane. If
one cavity is capable of performing work on the membrane, it would be fascinating
to observe the resulting physics on the second, unperturbed cavity. Experimental
endeavors of this setup include: squeezing, microwave amplification by stimulated
emission of radiation (MASER), and attempting to reach the standard quantum limit.

While the natural motion of a mechanical resonator and it’s interaction with the
electromagnetic field is a worthy pursuit, the driven membrane also provides a dif-
ferent experimental outcome such as active devices. For example, positioning two
microwave resonances nearby in such a way that the scattered signal drives the me-
chanical resonator into motion could create phononic MASER-like action. Another
such implementation could be stimulating the membrane itself and allowing the scat-
tered microwave mode to be resonantly enhanced within a secondary, coupled cavity.
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Figure 6.1: A coupled cavity example in which one cavity is coupled to the membrane
and the second cavity couples subsequently to the first cavity. An example imple-
mentation of such a system is shown on the right-hand side involving a re-entrant
and cylindrical cavity.

One such possibility for a room-temperature setup involving a strongly-coupled
cavity and a high-Q) cavity is shown in Fig. 6.1. A re-entrant microwave cavity is
coupled to a cylindrical cavity or even a sapphire whispering gallery mode (WGM)
resonator cavity [92-94] for room temperature experiments, which can exhibit ¢ on
the order of several hundred thousand at room temperature and exceed 1 billion at
cryogenic temperatures.

One of the challenges with the large mechanical resonators is the low resonance
frequency. Often it is the amount of detuning from the cavity resonance or the
regime in which the mechanical frequency is larger than the cavity bandwidth that
cavity optomechanics starts to become noticeable (i.e. the resolved-sideband regime).
Therefore, for the ease of incorporating macroscopic mechanical resonators within the
electromagnetic cavity, a good choice of investigation would be to test bulk acoustic
wave (BAW) resonators. Such resonators have a low effective mass for the modes in
addition to their high frequency (MHz to GHz) and robust nature, which makes them
suitable for integration within microwave cavities. Furthermore, many of the BAW
devices are made of quartz, which is a piezoelectric material and makes them much
easier to couple to the mechanical modes by applying a high-frequency AC voltage.
One of the foreseeable challenges with integrating a re-entrant microwave cavity and
a cylindrical cavity or WGM resonator is aligning the electromagnetic frequencies
close together. Perhaps the higher-order re-entrant modes would be preferred in this
situation with only slightly reduced coupling.

Additionally, coupled cavities with a mechanical resonator have been proposed
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as a means to avoid the problem of requiring a sideband-resolved single cavity to
observe optomechanical effects such as squeezing and cooling [95-97]. The general
principle is that the interference of the two electromagnetic resonances creates a
Fano-like lineshape in the spectrum, which is used as an artificial means to create
a sideband-resolved system. In other words, with the interference dip there can be
a large asymmetry between the two scattering rates I'opy = A- — Ay > 0, which
would not occur for a “bad” cavity. One such experiment that would benefit from
this is sideband cooling a strongly-coupled mechanical resonator within a microwave
re-entrant cavity.

6.2.2 Thermal Casimir Investigations

The next steps with the observation of the thermal Casimir force include a few new ex-
periments: 1) create a second readout microwave post, 2) manipulate the mechanical
resonator to create a new, artificial resonator, 3) create multiple-coupled resonators
(resonator array) on a single membrane, and 4) inject microwave noise at cryogenic
temperatures to stimulate the thermal (blackbody) Casimir effect.

The implementation of a second readout post (off-center) and out of the Casimir-
regime is made to enhance the sensitivity of the microwave mode because of the main
cavity post that acts to “pin” the membrane at the center. Therefore, this might
allow the off-center structure of the membrane to oscillate more — much like the
(0,2) mode of a circular drum. Under the influence of the central pin the thermal
Casimir effect would act to reduce the sensitivity of the re-entrant cavity, which is
observed as a reduction of the membrane thermal peak, whereas the off-center pin
would simultaneously see an increase in the membrane thermal response.

The observation of an intentionally designed topological mechanical resonator us-
ing the thermal Casimir force would be an ambitious, yet rewarding project! In
particular, the individual would have successfully manipulated the phonons using
thermal blackbody photons to create a new mechanical structure for higher ) and
desired mode profile. The success of this experiment leads to the development of
coupled mechanical resonators using the Casimir force. For example, creating two
ring structures underneath the gold (niobium) membrane would allow the existence
of two, higher frequency circular drums. Such configurations can lead to phonon-
phonon coupling and mechanical bright /dark states.
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Figure 6.2: The square membrane is partially transformed into a circular membrane
under the influence of twelve simulated posts in COMSOL. The mode shows signs of
confinement within the post structure.

As an example, Fig. 6.2 shows a square membrane as modeled in COMSOL with
twelve nearby posts that begin to show signs of a changing mode profile. If the posts
were made to be a continuous structure (i.e. ring), the new mechanical resonator
would be a circular drum — trapped within a square membrane! The mechanical
resonance frequencies would increase as well as the quality factors with the strong
pull of the thermal Casimir force (e.g. dilution).

The last example experiment would be the demonstration of the appearance of the
thermal Casimir effect at cryogenic temperatures. Since the zero-temperature Casimir
effect scales as 1/d*, it would be an incredible observation to develop a system that
has sufficient gap size as not to see the Casimir effect at cryogenic temperatures, then
inject microwave noise to witness the 1/d? scaling of the thermal Casimir force appear.
In this case, a force would appear that would (ideally) cause sufficient frequency shift
and @ increase to clearly demonstrate the appearance/disappearance of the thermal
Casimir effect.



Appendix A

Rotating Wave Approximation

A.1 Rotating Frame

In this section we explicitly solve the frequently-stated, but seldom demonstrated
problem of the rotating wave approximation. The rotating-wave approximation can
be viewed as moving in a frame at the same frequency of the dynamics of interest
(which is near the cavity resonance) and assuming other higher order terms (w > 2wy
or w < wp) are so far off resonance that they do not contribute to the dynamics
(wop = we). For the reader, perhaps the best way to solve this problem algebraically is
to consider the Baker-Campbell Hausdorff theorem. We would like to transform
to a rotating frame that captures the physics around the resonance of interest:

H — U'HygU — A (A1)

with
H = hwoala + hQu,bTb + hgoata(b' + b), (A.2)

and
U=e W A= hwdla. (A.3)

This setup for the equation presents itself as f(s) = e*ABe~*4. The simplest approach
to solving this problem is to just take a Taylor expansion,

f(s) = f(0) + f'(0)s + %f”(o)s2 .
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Using this information, the series expansion is represented as
f(0)=H,
F1 = AN A= iAYR _ GiAE A fro—iAt/h eiAt/h[A H]e—iAt/h
f// eiAt/hA[A, H]e—iAt/h _ eiAt/h[A, H]Ae—z‘At/h _ eiAt/h[A, [A, H]]e_iAt/h,

From this point it’s easy to show that [A, H| = 0, therefore the equation simplifies to
H =H — A: o o
H' = —hAa'a + hQ,,b'b + hgoa'a(b' + b), (A.4)

where we have introduced the detuning parameter A = w;, — wy. This is essentially
very similar to the Baker-Campbell Hausdorff theorem:

ABe A = Bt [A, B+ A 4B+ (A5)

It may be too simplistic at first in looking at the Hamiltonian and the A term, but
the exponential dependence of the rotating frame shows itself when one expands out
the interaction Hamiltonian and throws away non-resonant terms such as ab and a'b'.
This is the rotating-wave approximation. Then, the leftover terms abt and a'b
will have the rotating frame dependence of e~ #“=A)  An explicit example is given
below regarding the intracavity field amplitudes.

Let us introduce the unitary operator U (t) = ™' that represents the frame we
want to rotate into, in this case the laser frame at frequency wy,

a(t) — Utal,

1
=+ [iwatat, a] + Sliweatat, [iweatat, a] + - -,

(\V]

1
:a+pﬁwwa+§¢4f@%@@fa+”.,

= qe” et

A.1.1 Alternative Method:

In a different approach, one can identify that if

B(\) = eMBe™, (A.6)
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then, under the condition that B()) is central (i.e. commuting with both B and A),
one can write:

B(\) = [A, B
Therefore, if a(t) = UtalU, then we can solve and integrate for the general solution:

a(t) = iwa'a, a] = —iw,a,
= a(t) = ae ™.

A.1.2 Additional Methods:

One can look at the quantum mechanical state approach. Applying time-evolution
via a unitary operator to a state, the transformed state can be derived as:

[Ur(t)) = e [(t)),

0 0 i H't
= ih [Vn(D)) = ih (7 (1))
iH'

" v 0
= in (e ) + T 00) )

= —H'Mh () e H (1))
" -~ ~ N——
(t)) =e—iH /Ry (1)) ih g [)=H|)
= —H'|pp(t)) + ™M H e M pp(t))
Again: \1/;(t)>:e_iH/t/h|¢R(t)>
= [eHh e Y H 1g(t)
= Hp |Yg(t)),

where, Hi has been identified as the new Hamiltonian in the rotating frame.




Appendix B

Intracavity Field Expressions

In this section we identify the expressions for the intracavity field to first order in a
couple of various manners. The first is a simple perturbation approach while the sec-
ond uses the Jacobi-Anger expansion. The goal behind this is to develop an expression
that yields the familiar resonance-with-sidebands picture.

B.0.3 Simple Perturbative Approach

For the simple, straightforward approach we shall start with the Heisenberg-Langevin
equation of motion for the intracavity field,

i(t) = i(A + G2)a(t) — Zalt) + v/Fexitn + y/Fottac. (B.1)

(O =5

From here we will begin the perturbation analysis such that a(t) = > €"a,(t) with
x(t) =), €"x,(t). This expansion yields z(t) = zo+e€x(t)+. .. and we shall assume
sinusoidal motion such that z1(t) = cos(2,t). In addition, I will neglect the small
vacuum fluctuation term:

ao(t) +ear(t) =i (A + G(xo + ex1(t))) (ao(t) + €ai(t)) — g(ao(t) + €ay(t)) + /Kexin-
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We now equate similar powers of € (to only first order),

ao(t) = (ZA . g) ao(t) + iGwoao(t) + /Fextin,
(ZA' - —) ) + /et (),

(ZA - —) ) + iGwoay (t) + iGay (t)ao(t),
(m/ ) ) + iG1 (t)ao

A new detuning term is defined A" = A 4+ Gxy. Since there are no time-varying
components for ag and xy is a constant, we know that ay = 0, which leads to the
familiar steady-state expression for the optical field:

o — \/ FexQin
0T i 4+ k)2

If we consider the modulus-square of the last term n. ~ |ag|?, this gives the approxi-
mate intracavity photon number, neglecting the sidebands. Following along with the
derivation, we take the Fourier transform of the equation of motion for the first-order

perturbation,

—iway (w) = (iA’ — g) ai(w) — iGry(w)ao, (B.2)
1Gry(w)ag 1Gry(w ag)
=a;(w) = —— G (w) al(w) = G (w) (B.3)

—i(w+ A) +k/27 —i(w—A) 4+ k)2

If one now looks at the intracavity field photon number to first order (recall a(t) =
ap + €aj + -+ - ), one has

= la(t)?, (B.4)
= |ao|* + afas + aoal, (B.5)
_ 2, 2 1 B 1

= laol” + iGa1 (w)ao| <—i(w—A’) Yr/2 —iwrA)+r2) (B.6)

= |a0|2

A — w A +w
1+ Gz (w) ((w — A2 4 (K/2)2 + (w4 A2+ (’f/Q)Z)

iwry (w)G K/2 B k)2
e <<w — AP+ (k)27 (W A)+ (H/2)2> ] ' (B.8)
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B.0.4 Jacobi-Anger Expansion

A second, perhaps more elegant approach, is to consider Jacobi-Anger expansions
42,44, 98,99]. To start, we shall consider the equation of motion for the field inside
the resonator without the rotating wave approximation (dropping hats for simplicity):

alt) = |i(—we + Ga(t) = 5| a(t) + Vo (?), (B.9)
= [i(—wc + Grosin(Q,,t)) — g] a(t) + v/Kexin(t). (B.10)

The same expression was used before for sinusoidal motion of the membrane, x(t) =
2o sin(€2,t). The solution to this equation is a(t) = a,(t) + ax(t). The homogenous
solution can be solved by taking out the driving term and integrating the equation
with the simple exponential form,

an(t) = |i(—w. + Grosin(Qut)) — g] an(t), (B.11)
= ap(t) oc el T B cosOmt) (B.12)

The mechanical component of the motion has also been integrated. Now to solve for
the particular solution, we recognize that because a; is exponentially damped due to
k/2, as time goes to infinity the solution converges to a(t) — a,(t). We assume an
ansatz of the form a(t) = a,(t) = C(t)an(t). Therefore, C(t) = a(t)/an(t) and the
time derivative is now taken:

a(t)an(t) — alt)an(t)
ay(t) ’
1

= —t){ |:i(_(JJc + G sin(Q,t)) — g} a(t)an(t) + /Fexin(t)an(t)

C(t) =

aj, (
_ [i(—wc + Grosin(Q,t)) — g] a(ﬂ%(ﬂ}»
\/H_exain@)

ap, (t) ’
iG

- /K_exaine(fm+g)t+ S0 cos(nt).

The detuning from cavity resonance was applied here with the driving term a;,(t) =
Gine~ " where A = wy — w, as usual notation. If we make this equation look like a
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Jacobi-Anger expression, we can immediately expand the solution:

o0

piBcost _ Z Z-an(B)eiHG‘ (B13)

n=-—oo

Then, by observation we have £, = 2% and 0 = Q,,t,

=0,

iG

C’(t) = w/,%,axoiirle(_iAJr%)te T cos(@mt)

[e.e]

N C(t) = /Rappmel#2+e/2) Z Z(AZ Jnlggm)) - _ it
% —i(A =00, + 5

n=—0o0

The final solution is expressed as

o0

_ Zan(ﬂm —i(we—n —48m cos
a(t) = C(t)ap(t) = \/Kexlin Z ZilA — ) ))—I— %/26 (we=nQm )t=iBm cos(Qmt)

(B.14)

n=-—0oo

[e.9]

_ in_me(ﬂm)‘]n(Bm) —twyt ,i(n+m)Q,t
= v/ RexQin Z —Z(A — an) T 5/26 ‘e . (B15)

n,m=-—o00

Each term represents a mechanical sideband of the optical field at £nf2,,. This can
be linearized for small modulation values of 3,, < 1. For a simple back of the hand
observation, let us assume the modulation in the cavity’s frequency is much less than
the mechanical resonance. To obtain an approximate expression of the solution! let’s
expand to first order (in frequency modulation £€,,). As such, we willusen =m =0

2m—+ta

!The solution to the Bessel function is Ju(z) = > o°_, % (% where the gamma

function is I'(n) = (n — 1)!. Another useful expression is J_,(x) = (—1)"J(z). Also note the
following was used e #4080 = $°° =1 ] (B)e™f.

n=—oo
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and n, m = £1 for the series:

o= 1)+ (5 45+

m=0 m=1 m=2
W Eg T
= 1(5) 5+ 45
m=0 m=1 m=2
3
:5; ﬁ16+3684+”

Realistically, we are only considering the expansion for Jy(5,,) ~ 1 and J1(B,n) =
+0,,/2. Therefore, the expression now reads (for notation a,, ,)?,

A/ q Jg(ﬁm)e_n%t ZJl(Bm)JD(ﬁm) ~Hwe=m)t
1) = exWin N
CL( ) Rex@ { _ZA n R/Q + _ZA - K}/2
(5m)J0(ﬁm) —Hwrt )t ijo(ﬁm)Jl(ﬁm)@—i(we—ﬂm)t
—iA + /2 —i(A = Q) + K/2

N Z'JrlJO(Bm)J_l(Bm)e—i(wngQm)t
—i(A+ Q) + K/2 ’

ap,—1

_ \//f_ex(lin{ Jﬁgim—)i_e;z/ﬁ;et n |:ZJ1 (6m>=]0(6m) ZJO(Bm)Jl (ﬁm) :|e—i(we—9m)t

—iA+ K/2 —i(A = Q) + K/2
T iJ-1(Bm)Jo(Bm) 4 iJo(Bm)J-1(8m) o~ iwetQm)t
—iA+ K/2 —i(A+ Q) + K/2
As an aside, we can factor out a common factor to simplify things a bit:
1 - 1 A = R[2—i(A = Q) + R/2
—iA+K/2  —i(A = Q)+ K2 (—IA+E/2)(—i(A = Q) + K/2)
i

T (CiA + R/2)(—i(A = Q) + 1/2)

2Recall that i1 = —i.
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Now, re-writing and combining terms we arrive at the following equation:

—iwyt —i(we+m )t
alt) = \/n—exam{ AT w2 _?Z%ﬁiz [—@'(Ae ) + 12 (B-16)
= ilwr—m)t
TS0 f@/z} } (B.17)
—iwpt —i(we+Qm )t
- Kexain{ —iZ + k)2 N xozG —iA iu K/2 [—i(z + Q) + K/2 (B-18)
= ilwe—m)t
(A= Q)+ /4:/2} } (B-19)

Finally, the output field coming from the cavity is (recalling some input-output the-
ory),

Gout (t) = @in(t) — V/Kexa(t), (B.20)
—IA+K/2 = Kex i
= in€ " B.21
—iAt 2 ¢ (B.21)
IOG efith eith
1 — ) B.22
X{ Ty {—@'(A+Qm)+n/2 —i(A = Q) + K/2 (B-22)
a;gB a;gB

Note that this derivation can account for higher modulation values and it is likely
the case that this method would need to be adopted to consider the large modulation
that we saw during the cryogenic experiments in Chapter 4. The power (in photons
per second) for upper and lower sidebands is easily identified from the expression as
proportional to |aysp|* and |arsg|* respectively.



Appendix C

Optomechanical Cooling Extended

The following will be a detailed derivation of the useful concepts related to cooling
in the context of optomechanics [100]. In order to begin understanding the cooling
rate for an oscillator, the expressions for the transitions must be derived from Fermi’s
Golden Rule (perturbation theory in quantum mechanics). To begin, we consider only
the dynamics of the interaction picture, specifically the energy exchange between the
bath and the system. The Schrodinger equation in the interaction picture can be
represented as

L0
i 0(0)r = V(D)) (1)

We can relate the time evolution of the interaction state with |1(t)); = U;(t, to) | (t0))s
and plug into the Schrodinger above,

D31 o) (o)) = V(DD (1 o) (1)

Since this equation must hold true for any state |¢(to));:
L0 - ~
zhaU[(t,to) = Vi(t)U(t, o). (C.2)

Now we integrate the LHS from ¢ to ¢ in order to arrive at,

t
il / dt’%fh(t’,to) = il(U(t, to) — 1). (C.3)
to
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In this expression we used the boundary condition Uy (to, to) = exp(—iH (to—to)/h) =
1. Insert this expression back into Eq. (C.2),

t
ROyt t0) — 1) = / AV (VT 1), (C.4)
to
.t
Uit to) =1 / AV o). (C.5)
to

Now is time for the iteration process to introduce the perturbation. Equation (C.5)
is inserted back into itself:

- N
Up(t,to) =1 — %/ dt'Vi(t') []1 - %/ dt”I/I(t”)UI(t”7t0)] T

to to

.t N\ 2 gt t/
=1 723/ dt'Vi(t') + <_%> / dt/VI(t’)/ dt"Vi(t")Ui(t" to) + -+ .
to

to to

Hence, the iteration process can be summarized as

Uit 1) = nf% <—%)n[ dtl---/t:nl At Vi(t1) -~ Vi(ty). (C.6)

If the system is prepared in an initial state |i), then after some time ¢ the system
will have evolved according to Uj(t,t,)|i). Then, insert a fancy factor of 1,

1(t,to) i Z\n n\UI (t.to)]i) . (C.7)
()

In other words, ¢,(t) are the coefficients of the perturbation process (¢, (t) = cg)(t) +
(2)
Cr (t) 4+ ... )’

Cn(t) = 0pi — i.i/to dt’ <n“/[ / dt’ / dt” TL“/[ )VI( //)’ >U[(t" tO) ’

(C.8)
P h/t d (Vi (#)]i) / dt// " ) Sl Vi ()l (ml Vi () i) Ot t0) + -
(C.9)

Before this gets any uglier, recall that the interaction picture is defined as V(t) =
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e /MY (1)e~ M and therefore,

(nlVi(O)m) = (nle ™Y (1) jm).
= (n[V () m)e B B,
= (olV ()mpetent

The term in the last line is defined w,,, = . If the second-order perturbation
is considered to be too small to include, then to first order correction

(En—FEm)
i

Lt
D)=~ / 4 cemnt (1), (C.10)

to

The state of the interaction picture will now be introduced as |n, k) denoting the
oscillator state as |n) and the bath state as |k). The coefficient for a transition
occurring from an initial state to a final state P;_,,(t) = |c$11) +eP 4 | assuming
the oscillator begins in |n) and transitions to |n + 1) as well as the bath going from

) to [k) is

.t
coas(®) =~ [ e+ LRVl ), (1)
to
.t
? 1 _iQt! ~ r AYIE
:_ﬁ/ At (4 1)dsln) (| Fy (0)]5), (C.12)
to
. t
= _T/ dt'e™ (n +1]at + aln) (K F1()]5), (C.13)
to

ZIZP””* /dt’ 9 Er()]5). (C.14)

Since we are only interested in the state of the oscillator and unable to determine
the state of the bath, we sum over all bath states for a given oscillator state. The
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probability for the oscillator to transition from |n) to |n + 1) is

n%nJrl Z ‘Azﬁf

n -+ g iQ(t" Z
:prT/ [ e S Gk R,
to Jto

g Fw)

22 (n+1) [t 1t NI .
_ zpf( . ) / / dt/dt//em(t —t )<Fl(t/>FI(t//)>,
h to Jto
22 (n+1) [t [t A X .
= —pr( D) ) / / dTldTQBZQ(T2_T1)<F]<7'1)F](7'2)>.
h’ to Jto

For ease of readability and without loss of generality, the last line switched variables
" — 7 and t — 7. This probability expression assumes the force is Hermitian
(FT = F). The expression is only valid for short time scales P, ,,;1 < 1 because it
only considers the first order perturbation. The substitutions 7, =t + 7 and 7 =t/
are introduced here,

Py = ) pr ntl) / dt / U (B (¢ 4+ 1) Ey (7)), (C.15)
_ %/0 dt' Spr(—0), (C.16)
- pr(;;;_ 1)‘ SFF(_Q)' (0'17)

The expression in the second line above results from the definition of the power
spectral density for an arbitrary operator

Soo(w) = /_Oo dre“m (O (t + 7)O(1).

o0

The time derivative of Eq. (C.17) yields the upwards transition rate:

2

xZ
Vnosnt1 = hgf(n +1)Spp(—=9Q). (C.18)

Similarly, for the downwards transition rate we arrive at,

[)32
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Using Bose-FEinstein statistics, the probability can be expressed as

p(n) = exp (;’3”) {1 — exp (%)] , (C.20)

whereas the average is shown to be

n=(n)=>Y np,= {exp <IZ—QT) - 1} B . (C.21)

Therefore, the ratio of probabilities between n + 1 and n is:

hQ(n+1)
pin+1) P (_ kT )

p(n) exp (_m;_n> - &P (_kB_T) : (C.22)

kT

Now, consider the transition probabilities in thermal equilibrium (known as a detailed
balance equation):

p(n+1) Vs Srr(—9Q) (—hQ)
= = = — ). C.23
p(n) Tnt+1-n SFF<Q) exp ]{?BT ( )

We have now arrived at an expression relating the power spectral densities and the
mean phonon number:
S F F(—Q)
Srr(Q)

or perhaps solving for the mean phonon number,

Srr(—)
Spr(Q) — Spr(—Q)

In addition, instead of substituting the exponential factor, but expanding it there is
a nice relation involving the temperature of the mechanical oscillator;

P (S o

1
=1+, (C.24)

n =

(C.25)

Going back to the transition rates, define v, n41 = (n + 1)y and v,n—1 = 17y, s0
as to introduce the familiar optomechanical damping as

1.2

Popt =7 =% = 25 [Srr(Q) = Srr(-9)]. (C.2)
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In order to get a better expression of the optomechanical damping, let us go back to
the power spectral density. Consider the quantity

Srr(Q)
Spr(Q) + Spr(—Q)  Spea) T 1

Srr(Q) — Spr(—) B Si%(—g{%) —1
1+2+1
1+1 -1

2+ 2

I

Si|=

=2n+ 1.

In fact, the two quantities are generally taken to be a definition as displayed in the
last step. Expanding the LHS and equating to the previous RHS yields !:

SFF(Q) - SFF(—Q) N hQFm/ZEgpf7
29rr ($) =20 + 1,

h?Fm/xiﬁ__
Srp(Q) = — 7
FF( ) ZIgpf

h?T,,
2n+1),
=S (Q) = meghQT,, (20 + 1).
Notice that in the limit of kgT" > RS2, this result collapses to the classical thermal
force power spectral density Spr(€2) = 2I',mkgT. In order to determine the mini-
mum phonon occupancy for optomechanical cooling, we use the quantum backaction
spectral density derived earlier in Eq. (C.27) and express the effective damping rate

IThis expression is usually derived in considering the quantum thermal Langevin force 6 Fy), =
mCH\/I‘méth(t) and then using the relationship for thermal noise operators <5§Ath(ﬂ)6éf(9’)> =

216(Q + Q) hmegQ (coth (QI?ST) + 1) to obtain the thermal power spectral density Si.(Q) =

7 e <§f(t+t’)6é(t)>dt’ = <5fth(Q)5éT(Q’)>. From here the symmetrised power spec-

tral density is then computed. The symmetrised power spectral density is defined Spo(Q) =
Soo()+Soo (=)
5 .
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as the following

Feﬁ = 1_‘m + FOpt7 (C28>
Igpf qba qba
=T+ e [SFF () — SFF(_Q)} , (C.29)
x2 1 1
= 1_‘m 2 h2 2_cav Iy A :
- B s | e~ G (O
1 1
=T, +gia’k | = — — C.31
+gﬂf€LA+4D2+(m@P us—sn2+<may]’ (C:31)

In this previous expression we have defined the average number of intracavity photons
as Neay = a° and A = A+G7 is the static displacement due to the average intracavity
pump field. We also introduced the scattering rates

1
Al = ¢?aKk— .
=T MR F Q)2 T (520

(C.33)

For optomechanical cooling, A+ does not have the exact same definition as in the
OMIT derivation (Appendix D), but does represent the Stokes’ and anti-Stokes’ scat-
tering modes contributing to the cooling/heating of the oscillator. For cooling one
would have A_ > A, and vice-versa for heating. Now with the new convenient defi-
nitions of the optomechanical damping as I',,y = A- — A, the symmetrized quantum
backaction spectral density is

ba e qua 0) — qua —0
Si(0) mSg (0, = S S ),
— Mo h (A + Ay).

The approximation of 2 ~ ), was made as a means to linearize the mechanical
susceptibility. The approach from here is to evaluate the displacement of the oscillator
in terms of average energy and equate that to the average energy of a simple harmonic
oscillator (using the equipartition theorem (E) = (Eyin) + (Epot) = kpTes). For small
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displacements of the oscillator,

. > . ds)

65 = [ @) (S0 + S82@) 5 (C31)

> : caba ) A9
=2 [ P (S}(@) + SER) 5 (C.35)

0 m

1 > ,d<)
= |2meT (74 5 ) B+ Bmes(A-+ 4| [ QP (C36)
_ (m+3)h (T, h A+ AL

B mefom Feff * 2TTLeffgzm Feff ‘ (Cg7>

In this integral, the effective mechanical susceptibility was found in Chapter 3.3 [42]
to be
Kaba(£2)

Mefr

Xetr(2) = myg KQE” + ) — 02 — i (T + Dapa(Q)) Q] B .

Since (E) = megQZ, (62%) = hQ,, (R + 1), we can write down the average phonon
occupation

_ho, <ﬁ + %) (C38)

(i +2) R (T, L b A+ A,
" Mefr Qm Feﬂ 2TnfeﬂQm 11eff
_ 1 A+ A B 1
Pm Nm —+ 5) + T-’_ = nFeff + §Feﬁ‘, (039>
L' + A
p=tmimt Ay (C.40)
1—‘eff

For clarification, the term 7, as 7, has been written slightly differently to make

9,
clear the Bose-Einstein distribution 7y, = (e*s7 — 1)~ We re-express this equation
for the steady-state thermal occupancy to represent a contribution to both normal
damping and optomechanical damping;:

_ gl + AL
= m T C.41
Fm + 1—‘opt ( )
x2 a
_ Tl + SR (=) C42)
I-‘m + I-‘opt ’ '
'ﬁftth + ﬁcropt

= ) C.43
I_\m + Fopt ( )

This expression is essentially a weighted average of the mechanical and cavity phonon
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occupancy. In the limit that I',pe > Ty, one can see that the mechanical occupation
approaches the cavity occupancy. For a microwave cavity resonant at 10 GHz at a
temperature of 7" = 50 mK, this corresponds to a cavity occupancy of roughly n, ~
0.1. Going back to Eq. (C.40), we can approximate the majority of the optomechanical
cooling (for significant cooling) as arising from the sideband asymmetry rather than
the intrinsic mechanical damping, i.e. I'eg > n,,I',,,. This approximation should make
intuitive sense in that without the optomechanical cooling, none of the interesting
physics occurs. Let us now derive the minimum achievable phonon occupancy for a
single cavity under the influence of optomechanical cooling:
252 _ 1
nmAA)z£?'= R oS U (C.44)
e oy L L e R
(A + Qm)* + (1/2)”

= — _ C.45
B0 — B+ (C.45)
(A+ Q)%+ (k/2)?
— . ) C.46
4AQ,, ( )
To minimize the occupation number, we evaluate d—ZZﬁ = 0:
- 1 (20840, (A+9,)2+ (%)

n_ — ( _'__ ) + ( _) (2) — O, (047)

dA 49, A A2

A=—iy/02 + (g)2 (C.48)

In order to identify the correct solution, one takes the second derivative to determine

concavity of the function:
2AA+ Q) (A+9Q,)2+(5) }

Phgin d 1 N

dA2  dA | 4Q, A A?

(A+Q,)2+ (5)° L1
202, A3 2A2°

In order for this second derivative expression to be positive, therefore demonstrating

a minimum, the negative solution for A must be chosen due to the first term —%,

where C'is a constant. So,

Aoptimal = —1/ 02, + <g>2 (C.49)
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Using this expression, we continue with the evaluation of the minimum phonon oc-
cupancy:
(A ) A%+ 2AQ,, + Q2 + (k/2)?
Nmin| Aoptimal ) = — Iy )
primal AAQ,,

% G S (C.51)

20,0/02, + (87 2
2
—% 1+<%) ~1]. (C.52)

If we are to assume we are within the resolved sideband regime such that 2, > k,
then the expression can be reduced even further with the taylor expansion relation
(1+z)* =327 (%)2", where (%) = —=

n=0 " (a—n)!n! :

. 1 1/ &\ K2
nmin(Aoptimal) =~ 5 1 + 5 m —1 = 1692 . (053)

In the same reasoning for a “bad” cavity with x > €),,, the minimum phonon occu-
pancy due to optomechanical cooling is:

(C.50)

x K
ﬁmin(Aoptimal) = E (C54)



Appendix D

Optomechanically-Induced
Transparency

Optomechanically-induced transparency (OMIT) is a phenomenon similar to EIT
[101] in which a two-photon resonance condition gives rise to a window of trans-
parency in the middle of an absorption spectrum. This can also be used to prevent
transmission in the midst of a transmission measurement. The basic principle is that
the weak probe and strong pump drive the mechanical oscillator at the beat frequency,
which destructively interferes with the probe photons. OMIT has been proposed as a
means to delaying, slowing light, and storing light for memory purposes [7]. We con-
tinue with some of the derivations done earlier in Chapter 3.3b,c, the two equations
we now have are:

ba = (iA — K da + 1Gadxr 4+ \/n.kda;y, D.1
2

0z + Doz + Q2 0z = nG a(da + da'). (D.2)

Meft
In order to solve these equations we will now “identify all operators with their expecta-
tion values since the drive fields are weak, but classically coherent” (i.e. y(t) = (y(t))).
We assume an ansatz of the form

da = A"e "M 4 At (D.3a)
Sa* = (A+)*e—iQt + (A_)*6+igt, (ng)
o = Xe MM 4 X, (D.3c)

The variable Q = w, —wy represents detuning from the probe frequency (which should
be centered upon the static cavity resonance frequency). For +€, this implies the

129
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anti-Stokes scattering mode (hence amplitude A~) and vice-versa. I will derive two
of the six equations that arrive from these solutions (only three are needed). Three
equations arise from the frequencies at the probe (e~**) and the other sideband (e**).
Inserting Eqgs. D.3a and D.3c into Eq. D.1 and introducing da;, = a,e™** and taking
only the e™*¥ terms,
—iQA e = (iA - g)A’e’mt +iGaXe ™ 4 \/meraye M,
(—i(A+ Q)+ k/2)A” =iGaX + \/n.ka,.

We also need to expand Eq. D.2,

hGa [, .
(A +@a7y),

X = hGa((A*) + (A+)*>.

02X — i, X + Q2 X =

The mechanical susceptibility is introduced at this point and familiarly defined as
X = [meg(Q2, — Q2 —iQr,,)] . Going through a similar derivation with the ansatz
in Eq. D.3b and combining with the two previous equations we have:

(—i(A+ Q)+ k/2)A” =iGaX + \/n.ka,, (D.4
(+i(A = Q) + k/2)(AT)* = —iGaX, (D.5)
X = hGa (A* + (A+)*>. (D.6)

Plug Eq. (D.5) into (D.6),
I iGax
XX = hG“<A a0 +n/2)>’
(14+if(Q2)X = hGaxA™.

We have defined (yet again) a new term only to make the math easier for writing,
f(Q) = %. Now insert Eq. (D.4) (in terms of X) into the last expression,
1+if(Q -
%_() [(—i(A + Q)+ k/2) A" — \/neka,| = hGaxA™,
iGa

- (1+if(€))
A= —i(A+ Q)+ Kk/2+2AF(Q) VR ay.

If we are to consider the transmission of the probe amplitude signal, we need to utilize
input-output theory [102]. The standard input-output relation of signals entering and
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leaving a cavity is written as

aout<t> - CLm(t) - nc'%a(t%
tout(t) = (i — \/TeRa)e ™" + (a, — \/RA™)e WD — g Ate (e,

In the second line we have inserted the previous ansatz in full form as a(t) = a +
A=e % 1 Atet R [ooking at the exponential terms one can conclude the physical
origin for each term. The first term in the output signal is the strong drive field,
the second term is the probe field (input) and anti-Stokes scattering mode, and the
last term is only the Stokes scattering mode because there is no input field at that
frequency. The transmission of the probe field is the ratio of output signal to input
signal at the probe frequency, then

tp = %7 (D?)
_ (1+if(©) D)

TR+ Q)+ r/2 1 2Af(Q)

The equations can be re-expressed if we “linearize” the mechanical susceptibility by
introducing the variable A’ = Q — Q,,. By linearizing x, we assume the quantity A’
is small and therefore ) ~ €}, simplifying the equation:

meH(Q?n . il Q) = meg [(Qm +Q)(Q2,, — Q) — iQFm},
= —meﬁer(QA' —|— iFm)7

where we approximated that A’? ~ 0. Therefore, we can now go back to Eqgs. D .4,
D.5, D.6 and obtain new expressions for the anti-Stokes scattering mode. In addition
to the above simplification, we assume the system is within the resolved sideband
regime €2, > r and (in that case) the Stokes scattering mode is far off-resonance
(AT ~ 0). Using this information,

(—i(A+ A"+ Q) +K/2)A” = —iGaX + /n.kay, (D.10)
Mg (—2A" — i) X = —hGaA™, (D.11)
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where we have our new equations. Now solve for the anti-Stokes field amplitude,

A (—i(A+ A+ Q) +£/2) = —iGame&Qm(h_C;(Z}_ T + \/MNekay,
Mgy (—2A" — il ) /MRy,
Mot U (=247 — il ) (—i(A + A + Q) + £/2) — ihG2a?’
A — VeKay

X 252
—Z(A+A’+Qm)+ﬁ/2+HA‘gi—Fm/2)

A_:

Y

where we have introduced gy = Gz,pr and @, = 4 /ﬁ. If we detune the laser to

be resonant with the static-shifted cavity resonance (A = —£2,,,), then the anti-Stokes
scattering mode (the probe field) is

A = VIRt (D.12)
—IA" + K/2 + #tlrm/g
The transmission of the probe field can be found again through the use of equa-
tion (D.9). The amplitude of the transmission signal is found via |t,|>. In order
to simplify the expression further, we shall introduce a weak coupling approxima-
tion (¢ = goa, I'yy < k) as well as iA" + k/2 ~ k/2. Therefore, rewriting the last
expression,

g N ' 2(—iA"+T1,,/2)
- 252 o 9
5/24_#%/2 2(—iA"+T1,,/2)

 A(—A + T /2)/MeRay,
© 2k(—iA +T,,/2) + 4g2a>

Now, turning back to the transmission of the probe field, the expression is ex-
panded:

/MeRA™
t,=1-— Y
ap
dn.k(—iAN' + T, /2)
2k(—iA + T, /2) + 4gta®’
81.g5a°
—2iA'k + kT, + 4g2a®

Y

—1-

=1-2n.+

It is now useful to introduce a modified transmission that only takes into account
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the spectrum of the probe field:

Here, t, is the residual on-resonance transmission with no coupling laser (i.e. ¢, =
t,(A" =0, goa = 0)), which simply yields ¢, = 1 —2n,. This means that the numerator
corresponds to the total probe transmission (laser on) and the denominator is the total
transmission (laser on). Weis et al. [7] mention this expression evaluates to saying
that n. = 5 and leads to:

o 4gda’
P —2iN'k + kT, + 4g2a®’

with transmission (divide through my ) as

|t/ |2 _ 1690614/’%

P ( +4g2 2//<;) +(2A7)2

FOMIT

The peak-value on-resonance (A’ = 0) transmission is:

16gga*/K*
(T + 4g3a2/r)"

|t (A" =0)” = (D.13)

For final s1mpliﬁcations the optomechanical cooperativity is defined C' = Cya?, where

Cy = —0 is the single photon cooperativity. Using this information the final OMIT
express1ons for the transparency window and transmission are:

Comir = Tin(1+ C), (D.14)

(A = 0) = (H%f (D.15)
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Figure D.1: Experimental approach (left) to observing OMIT. A stationary pump
(denoted wy) is placed approximately one mechanical frequency away and destruc-
tively interferes with the sweeping probe signal that gives rise to the graph on the
right. Various pump powers can give rise to stronger transparency dips. Chosen
parameters are within experimental feasibility using a re-entrant cavity and thin-film
membrane with G = 2 GHz/um, mez = 100 ng, Q,,,/27 = 100 kHz, I',,,/2m = 1 Hz,
wp/2m = 3.5 GHz.



Appendix E

Coupled Cavities

In this section we present the problem of two coupled cavities with one cavity con-
nected to a mechanical oscillator. This derivation has been adapted from some the-
oretical papers proposing coupled cavity systems to enhance optomechanics [95-97,
103-105]. The motivation for this scheme is that a low-@) cavity with a mechanical
mode coupled to a high-@) cavity will experience larger optomechanical effects than a
single low-() optomechanical cavity. Let the reader note that this derivation considers
any abstract geometry and therefore the notation is slightly different here regarding
go = ‘;—‘;xzpf, which ultimately, does not have any meaningful difference because the
negative sign can be absorbed by the derivative. We start with the Hamiltonian for
two coupled cavities (denoted J) with one cavity coupled to a mechanical oscillator

(90):

H = hwyalay 4+ hwsabas + Qb0 + hgoalay (0 + b) + hJalas + hJ*alay  (B.1)

Vv Vv
Hfree Ho—m Hofo

+ih (Q’fe“‘““tal + Qle—wnta{) +ih (Qgewnt@ + 926—%%;), (E.2)

N -~ >

Hayrive

i cxP . .

where Q; = /==, The terms above represent (in order) the photons in each each,
mn

the phonons in the mechanical oscillator, the optomechanical coupling, the photon-
photon coupling between cavities, and the driving laser. In the rotating frame at the
laser driving frequency a;, = a;j,e™n! we can re-write the Hamiltonian in terms of the
detuning:

H = —hAjala; — hAyabag + hQ,bTb + hgoalay (b1 + b) + hJalay + hJ*aba
+ih (Q’{al + QlaD +ih (Q;a2 + Qza;) .

135
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We have written the detunings for the i*" cavity according to A; = wi, — w;. Going
through the standard approach of obtaining the Langevin equations via a; = —¢[a, H]
and introducing cavity loss and noise terms we write down,

a] = (ZAl — %) ap — igoal(bT + b) — iJ(LQ + Ql — \/Ii_laiml, (E3)
o = (mz - %) az — iJ*ay + Qs — /Faains, (E.4)
b= (—ZQm - %) b— igoaJ{al — /Vbin. (E.5)

Now we use a transformation such that there is a strong drive with some perturbations
a1 = aq + a1, as = as + as, and b = 5 + b. By solving for the steady-state case first
(@ = 0 and no noise), we can then plug in the solution for the dynamical equation
afterwards:

’iJOéQ Ql
M= TR A
1J o — QQ
Y2 = m’
1900y

where A} = Ay — go(B8" + ). Then, the dynamical equations become

a, = (ZA/ — %) a; — igo(ozl + al)(bT + b) —1Jag — \/H'_lain,la
Gy = (z‘AQ — %) ag —iJ a1 — \/Kalin2,

h = (—iQm — %) b— g (a“{al + aia1> — igoaJ{al — /7bin.

Under strong driving conditions, the nonlinear terms can be ignored igoa; (b' + b) and
igoaJ{a because they are considered small. Therefore, the final linearized Langevin
equations take the form:

a1 = (zA' - ﬂ) a1 — igoon (0 +b) — iJay — /K1,
ag = <'LA2 — KQ) as — ZJ a; — \/_am 2
b= (=i~ 2) b~ igo (afar +alar) — b
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This form can be also be represented by the linearized Hamiltonian:
Hp = —ihNalay —ihAyaba, + hgo <oz1a1 + oﬁal) (b +b)+h <Ja];a2 + J*agal) .

The linearized optical force acting on the membrane can be derived from the linearized
Hamiltonian:

F = 55 = —hG|al?, (E.6)
- —Zg;) (o +al) (a1 + ar), (E.7)
= _Zgo (aja; + alaJ{), (E.8)

zp
_ _;; (¢"a1 + gal). (E.9)

The multi-photon optomechanical coupling g = goa has now been introduced. Now
we will switch to the frequency domain via a Fourier transform (F[a(t)] = —iwa(w)).
The equations of motion can be re-written now (first for ay):

—iJ a1 (w) — \/Faain2(w)
= X2(w) (—iJ% a1 (w) — /K2ain2(w)) . (E.11)

az(w) = : (E.10)

I have defined the cavity susceptibility for the jth cavity as x;(w) = [—z’(w + A+ %]}
Using this information, we dive further into the math with the equation for a;(w):

—iwag (W) — (ZA'I — %) a1 (w) = —ig(b'(w) + b(w))

—iJ [x2 (=i a1 (w) — VK20 2(w))] — VK181 (W),
ar(w) = x1 [—ig(b(w) + b(w)) — iTx2(—iT a1 (w) — /K2t 2(w)) — V/E1am1 ()],

(XQ|J|2 n Xi) a1 = —igb' () + b)) + iy Faima(s) — v/Fama (),
a1 (w) = x [—ig(bT (w) + b(w)) + 1T X2/ Fatin2 (W) — /K11 (W)] -

—1
The variable y = [% +|J |2X2] has been defined to simplify the equations. Now,

we can approach the equations for the mechanical mode. The roadmap of this
derivation is to obtain all the expressions for the cavity and mechanical modes,

-1
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then solve for the quantum noise force power spectral density. The authors intro-
duce the mechanical susceptibility in a similar manner to the cavity susceptibility

Xm(W) = [—i(w— Q) + %]_1 (rather than using mechanical equations of motion)

and also has the property [x(w)]* = x*(—w). We write the down the mechanical
mode in the frequency domain (only keeping mechanical modes b and not b'):

b(w) = Xom | —ig"a1 () = iga}(w) = yAbin(w)]
= Xm{ —ig*x [=igb + iJx2v/K2tin2 — /K1Gin,]
gx [zg bt —iJ Xz\/’f_2ain,2 \/ﬁ_lain,l] }v
_ xm{ (@b + g () Tx (@) Xe) VRgtins + g (—) (@) /AT
Hg1° X" (—w)b — gx* (—w) T (—w)x(—w) Viaal, 5 + igx* (—w)y/Faal, | — ﬁbm}-

Before this gets uglier, let’s define some terms. Looking at the \/ky terms and as-
suming J is real (J* = J), let

43 = J | () (@)xa(@)ama — 9X (—)x3(-w)ahs | Via, (E12)
Likewise, looking at the |/k; terms, we let
A =g (—w)x(w)am1 + gx*(—w)ajnvl. (E.13)
Therefore, the mechanical mode is condensed in the following manner:

b(w) = xm {19*X" (=w)b(w) = [g°x(W)b(w) + Rz Az + iy/E1AL = /b (w) }

Now we define a familiar term in the optomechanical community known as the “op-
tomechanical self-energy”:

S = —ilgP (x(w) — X" (~w)). (E.14)
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Continuing with the algebra and expanding the notation of the mechanical suscepti-
bility:
(—uw—gmy+%+4z)mwy:v%;h+¢¢aAl—vth
b(w) _ ﬁbin(w) — Z\/Ii_lAl(a)) — \/I{_QAQ((U)

iw—i(Qy +X) — 3

Now let us turn our attention to the quantum noise force power spectral density
given by

Srr(w) = /dTei“’T (F(t+T1)F(t)). (E.15)

First, we note the following commutation relationships, which will help in analyzing
the integral.

(a1 (Dl (#)) = (ama(®al,o(t) ) = ot — ), (

(ah(Dama®)) = (o o(Dana()) =0, (
(BB (#)) = (na + 1) (¢t~ 1), (B.18

(

<%@m4w>:m@@—fy

These relations can be understood fairly well when considering an empty cavity
(a'a) = 0. The general commutation relation reveals [a,al] = 1, which leads to
aa' = a'a+ 1. Therefore, one can see where the extra factor comes from for an empty
cavity and as well as the mechanical oscillator, which has a nonzero initial phonon
occupation. For now, we assume a weak mechanical coupling to the optomechanical
system so that the mechanical operators drop out of the equations. In addition, we
only be keep the nonzero terms:

Serle) = [ (F@PW)

i} pis
1 [o¢]

= [ ({IoPI P () Pran () o)
zp J —00

, dw
9P () P (@)l (— >}>

Ea
2
:w?[m+@uM@Wy

zp

Now we shall obtain expressions that link the double cavity system to an effective
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single cavity. This is basically saying we need the derive the interaction between the
mechanical mode and high-@) mode, known as the “Dark Mode.” We begin with the
time-domain equations:

an(t) = (m’l - %) a1 (t) — igoony (b1(£) + b(t)) — iJas(t) — \/Rramy.  (E.20)

An integrating factor u is chosen to solve the differential equation u = e~ / (’A/l_%l) b —

e_(mll_%>t. Multiply through the entire equation for a;(¢) by w and then one recog-
nizes the LHS as a single derivative, then integrate:

/0 t L [y (24207 ar /0 t [~ igoan (81() + b())
—iJag(r) — mam,l(f)] e~ (1= )

ar(t) = ap (0)e(21=3)t 4 (181- )t /0 t [ —igoo (bY(1) +b(7))
—iJas(T) — mam,l(f)] e~ (=) g

The same derivation can be used for the second cavity and the mechanical mode to
obtain

as(t) = az(0)e(2=F)t 1 e(i2=3)0 /t dr [—iJ"ay(7) — /Ratin (7)) e (22~ F)T

0 7
Ain,?(t)
(B.21)
t
b(t) = b0}~ 4 (1 =3) / dr | ~ig'ay(7) — igal(r) = b ()| (M),
0
Bt
(B.22)

where we have identified A, 2(t) and Bi,(t) as additional noise terms. Now, we insert
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the expressions in to a;(t) for an awful equation:

() = n (0l 4 23 [ ar{ ~ ig [po)e 02 B ()]

0

We shall now assume Ay > Ag, k1 > Ko, 7y, which allows us to say the other terms
have negligible contribution within the integral and can be effectively pulled out as
constants.

a1(t) = a1 (0)el21= ) 4 p(i21=5)t { —ig (b(t) + b(t)) — iJas(t) — w?lam,l(t)]
« [;e(—m’ﬁ?)t _ ;1

S A/ K1 —_ A/ k1
—iA] + 5 AVIE S

1

N ! K1
—ZAl + 7

= a, (0)e(d1=F)r 4 ( ) {— ig (b1(t) + b(t)) — iJas(t) — \//i_lam,l(t)}

A
—iA] + 5

. /

p(ini="3 )t
_ <—) [— ig (b'(t) +b(t)) —iJas(t) — ﬁain,l<t)1>

Decays E;I:onentially
—ig (b'(t) +b(t))  iJag(t)

- / K1 . / K1

R~ a1(0)6(m17%)t + + Aina (1).

One of the terms was ignored because it decays exponentially with the pre-factor of
oc /2. In addition the noise term is represented by Aj,;. This can be plugged into
the expression for as(t):

0 —ir [—zg (b)) +b(t)  iJas(t) (£.23)

—iA; + 5 —iA; + 5

+ a1 (0)eB1 =) 4 A ()| — VRzama(t). (E.24)

We can now identify the effective parameters by grouping a, and mechanical terms
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and comparing with the single cavity case:

, iAL T Ky K J|? . 1
iy — % 5" ?1% & (B A =5 (R ),
Af+ (%) AP+ (%) e e
J*g
— 27 | gen]-
A, — | |gen

The coupling term is defined:
/1
9 K1) 2
(Al + (?) )

which leads to |¢g°| = ng. Notice that for A} > r; — n ~ ‘Aill . This result leads to

U 73 (E.25)

the effective quantum noise force power spectral density

e fieff|geferff(w) |2
Sl (w) = o , (E.26)
zp

where the effective susceptibility has been defined xes(w) = [—i(w + Aeg) + %2 | -
Likewise, the effective optomechanical damping rate is expressed as

4 2
Py — Herl” (E.27)

Reff
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