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Quantum “weirdness”

“... nature isn't classical, dammit, and if you want to make a simulation of nature, you'd better
make it quantum mechanical, and by golly it's a wonderful problem, because it doesn’t look

SO easy.” — Richard Feynman, last line of his lecture, “Simulating Physics with Computers,” International Journal of Theoretical
Physics, 1982.

- Entanglement
- Superposition
- Measurement

- Classical World - Quantum World

Behaviour 1s Behaviour 1s
independent of fundamentally altered
measurement. by what is measured,

and how it is measured.
Theory for measurement of a mechanical system: Braginsky, Thorne, Caves, Khalili, ...




Cavity-OptomechanicCs: quantum back-action
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Cavity-Optomechanics: scale and geometry

Cavity Optomechanics: Back-Action at the
Mesoscale

T. J. Kippenberg, et al.

Science 321, 1172 (2008);

DOI: 10.1126/science.1156032

canonical “mirror on a spring”




Cavity-Optomechanical Circuits

J. Chan, et. al, Nature, v478, pg. 89-92 (2011)

. “printable” circuits for photons and phonons formed in the thin-film surface layer of a microchip
. Independent routing of acoustic and optical waves
. Strong localization of acoustic and optical energy leading to large radiation pressure effects



Optomechanical crystal (OMC)

Eichenfield, et al., “Optomechanical Crystals”, Nature

(2009)
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1D nanobeam OMC: state-of-the-art
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Ground state ... within months!

Researchers Race to Put the
Quantum Into Mechanics

Machines that make the slightest possible motion could lead to wild new technologies and
help reveal why the weird rules of the microscopic realm don't apply to our everyday world

Like fidgety 3-year-olds, tiny objects simply
cannot sit still. Atoms, molecules, and other
minuscule particles must constantly flit
about because of a law of nafure that savs if _
you know precisely where sol
can’t know where it’s going,
The Heisenberg Uncertainty
unavoidable nuisance; expet
cists have observed countles:
smallest bits of stuff in natur
wriggle whenever they try t
pin them down. However, n
one has directly observed th
ineluctable quantum quiver
ing—or zero-point motion—
of a larger, humanmade objec
That may soon changc
Exploiting recent advances in
nanotechnology, physicists are
racine to fashion vibratine ¢iz-

I 3 JANUARY 2003 VOL 299 SCIENCE www.sciencemag.org

ble motion. At
groups hope to reach the quan-
tum limit of motion within
months. The feat could open
the way for tiny, fingerlike
force detectors
highest possible sensitivity,
says Andrew Cleland of the
University of California (UC),
Santa Barbara. Such detectors

might enable researchers to quickly decode
DNA and other large molecules, and some-
day they might serve as the guts of superfast
anantum comnufers

least four

tht even help solve
lantum mechanics
ct like an electron
it once, whereas a
a person cannot?

with the

Vibrating

Electric
field

“We don’t see quantum behavior in our
macroscopic world, so in some sense we're
protected from quantum mechanics,” says
Miles Blencowe, a theoretical physicist at
Dartmouth College in Hanover, New
Hampshire. “What protects us?” To find out,
he says, experimenters might try putting pro-
gressively bigger mechanical devices into
here-and-there “superpositions™ to observe
what, if anything, goes wrong.

First, though, physicists must reach the
quantum limit of mechanical motion. That will
require overcoming serious technical chal-
lenges, says Michael Roukes of the California
Institute of Technology (Caltech) in Pasadena:
“This is just damned hard stuff to do.”

A subtle vibe

The biggest hurdle is heat.
Thermal energy makes large
objects wiggle, and at any
achievable temperature those
vibrations overwhelm the zero-
point motion. For example,
according to quantum mechan-
ics, a tuning fork can gain or
lose energy only in discrete
dollops whose size is propor-
tional to the fork’s frequency of
vibration. Because the frequen-
cv i low (440 eveles ner cac-

beam



Quantum ‘“fuzz balls”

E(1)

C. Caves, PRD, v23(8), 1981

(b)

(c)

H. Jeff Kimble Mechanical Resonator

Xz [from “Light of Darkness”, E&AS, 1993]
vibrational frequency

zzpr = (h/2Megnm )2

motional mass

~ 1 femtometer (10~1° meter)

charge radius of a proton = 0.87 fm




Quantum zero-point motion

- Classical - Quantum
e Absorbs energy - Doesn’t Absorb energy - Absorbs energy

* Emits energy - Doesn’t Emit energy - Doesn’t emit energy



Motional sideband spectroscopy
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Quantum back-action and force measurements

PHYSICAL REVIEW A 86, 033840 (2012) .
The nents is

Quantum back-action in measurements of zero-point mechanical oscillations
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Quantum back-action and force measurements

PHYSICAL REVIEW A 86, 033840 (2012)

Quantum back-action in measurements of zero-point mechanical oscillations

Farid Ya. Khalili,' Haixing Miao,” Huan Yang,2 Amir H. Safavi-Naeini,’ Oskar Painter,’ and Yanbei Chen?
! Physics Faculty, Moscow State University, Moscow 119991, Russia
2Theoretical Astrophysics 350-17, California Institute of Technology, Pasadena, California 91125, USA
3Thomas J. Watson, Sr. Laboratory of Applied Physics, California Institute of Technology, Pasadena, California 91125, USA
(Received 8 June 2012; published 25 September 2012)

Sgtot /SE\QL

Ky

frequency range

tablef—top

relevant to
experiments gravitational-wave
detectors
Wm
SZP =2h SSQL — 2n — 2 2 22 2.2
F = MKy Wy F = = <shim (w - wm) + K@



Beyond the quantum ground-state?

“...I turned my collar to the cold and damp

When my eyes were stabbed by the flash of a neon light
That split the night

And touched the sound of silence...”

The Sound of
Silence
Simon and
Garfunkel




The Quantum Internet

H. Jeff Kimble, “The Quantum Internet,” Nature (2008)

Distribution of quantum Quantum 2 r
entanglement Node F A (/‘r c

Teleportation of quantum states \
between quantum nodes Jeff Kimble
Relies on an efficient “quantum
interconnect”

" Quantum Channel




Wiring up quantum systems with mechanics

=

e

microwave -
transmon circuits
qubits 3_&@“
o ks mechanical optomechanical
trapped ion qubits oscillators cavity

This works very well for classical signals...
Surface

 Acoustic Wave : lll)T

Piezoelectric Substrate Metallised Path




Linearized cavity-OM system...

Can boost interaction by using a strong beam:

A =w,
xn+1lyg xn YOM g
: Cavi
’ . 1 Vawt mechanical
Pump w W cavity
Optical Bath 0 Yi
. . G = go\/1
* Interaction becomes /inear Yo ¢
* Interaction is funable and can be time-
dependent.
* System is described by state-transfer eFor G <k the mechanical mode sees
Hamiltonian: anew loss channel with yop = 4G?/k

* Cooperativity: C = vom/i

Hrwa = hG(t) (aTB + aiﬂ)



Optical-to-optical |]—co nversion

Safavi-Naeini, A. H. et al., NJP 13,013017 (2011); Wang, Y. and Clerk, A., PRL 108, (2012); Hill, J. T. e al., Nat. Commun. 3, (2012)
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Optomechanically Induced Transparency (OMIT)

A1 ~ 1460 nm Ao &~ 1545 nm
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Optical-to-optical [][-conversion: noise
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S1 H-bar: microwave package/circuit
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S1 H-bar: under the microscope




S1 H-bar: under the microscope




Si H-bar: OMIT spectroscopy 7y =211 mK
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Outlook and Next Steps

Efficiency, noise, bandwidth, scalability of quantum optomechanical
interface to superconducting circuits

SOI looks to be an excellent material for (microwave) electro-opto-
mechanical devices

Monolithic integration of phononic+photonic crystals with transmon-
like qubits in SOI (in progress)
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Back-up slides




V. Braginsky

K. Thorne

LIGO Hanford site o
Precision

measurement

S. Chu

LIGO mirror http://jilawww.colorado.edu/bec/

AFM;
Rohrer and Binnig Laser and

Atomic Physics

D. Wineland

D. Rugar, single spin detector
microtoroid

Nichols and Hull  www.lehigh.edu/~influids/ i T- Hanseh



Optical (Laser) Forces

IEEE JOURNAL ON SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 6. NO. 6, NOVEMBER/DECEMBER 2000 841

- History of Optical Trapping and Manipulation of
Small-Neutral Particle, Atoms, and Molecules

A. Ashkin, Life Fellow, IEEE

TWEEZERS TRAP




scattering versus gradient forces

Mo

Jo= L

cavity length (mechanical mass) and per-photon force are decoupled



Cavity-Optomechanics: dynamical back-action

Cavity Optomechanics: Back-Action at the
Mesoscale

T. J. Kippenberg, et al.

Science 321, 1172 (2008); A
DOI: 10.1126/science. 1156032 red

Amplitude

¢ Cavity length Optical spectrum
dx

Cavity optomechanical cooling

Vi(a)

o Laser cooling of ions

V(x)




Continuous position measurement perspective

Laser noise in cavity-optomechanical cooling and A " . 2G -~ A

thermometry I(t)|A=wm = _Zain(t) + Zain(t) + ﬁ(b(t) + bT(t))
Anzir H. Safavi-N'at?inil, J.asper Charfl, Jeff T. Hill', Simon SII =1 + const x <1A:2> <
Gréblacher'?, Haixing Miao®, Yanbei Chen®, Markus S o 1 t ~
Aspelmeyer!, Oskar Painter! SZF # O — I = “+const x <n>

25

ar\'ti-squasi'\ing

a ' ' squashing

(o — com)/yI (o — oam)/yI



1D-OMC experiments...

e Electromagnetically

e Ground-state cooling [2]

%1]

induced

transparency/amplificatio

N ((n)min = 0.85 +0.09 sJow
light [1]

— Optical delay ~50 ns
(advance ~1.4[]s)

[2] Chan et al., Laser cooling of a nanomechanical
oscillator into its quantum ground state, Nature 2011
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vat/on of quantum motion of a nanomechanical resonator, Phys. Rev. Lett. 2012

[3] Safavi-Naeini et al.,
[4] m@timqm ngth conversmn via cavity- optomechan/cs Nature Communications 2012
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Optical-to-optical [|[-Cconversion: conversion
efficiency
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e Inter-conversion
of photons with
difference
frequency of 11
THz using 4GHz
mechanical mode

e Maximum
quantum
(external)
conversion
efficiency is 93%



Microwave-to-optical conversion
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Optical fiber coupling in a DF

Lens%
optical Tfiber :

etched sample edge

l 3-axis “slip-stick” stages ‘

° fiber lens: w.d. = 14 um, spot size = 2.5 um
[ on-chip tapered waveguide for mode matching




Optical fiber coupling in a DF

acoustic
radiation
shield
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Pulsing and phonon counting set-up

dilution fridge

pump pre-filtering
TCSPC
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Pulsed measurements

pump pulses, Az = 0.1-3 pus; pulse period, Tper = Sms
time bin (resolution) ~25 ns, much shorter than both thermal and back-action time
constants

e x/2m =443 MHz

® K./2m =221 MHz
e go/2m =0.71 MHz
e w,,/2m = 5.6 GHz

® Ncon — 45

EOM circulator mn
I Mo e * YOM.on/2T = 205 kHz
J m Lo A M .
sideband filter ® neof ~4.5 %10

optomechanical cavity




Pulsed measurements

pump pulses, Az = 0.1-3 pus; pulse period, Tper = Sms
time bin (resolution) ~25 ns, much shorter than both thermal and back-action time
constants

c

E
continuous Wais€cedpdidebexciigtiomgimgon = 45, nc,Qff =,
A H

T.(n)
A B 1N R\ b0,

1C [

__10%

7] T I

§ 2,

5 1C @ 10

c L L

S L I
)

§ §510%

[} 8 [

10 I

10%




Pho

non occupancy calibration

10%—
f‘ short time [no back-action or
heatin
i\g I()gt][cqal—absorption OM back-action
w101 ;;fF;‘ ing YoM =2m0.2
X T
\‘.\i‘:n"‘o'.e..eﬂo,OPlW"“"'..
10°5 0.2 0.4 06 08 1
t (us)

1015'

<n>min = 0.021 +-
0.007 0 02 04 06
t(us)
0.5 1 1.5 2 2.5

3

W, Wy
Iy o« (n)
Ar'dzwm .
Wy w,

'y = sideband photon
scattering rate for A = +w,,

Iy oc(n)

.o (n)+1

E=T_/T, -1

heating, no back-action: £(t) = (n)~1(¢)

back-action, ny, > 1: £(0) =ny ' ~ 0




(n); / (n)

Mechanical damping (in the dark)

0.8+ 109 { . 0 |
0.6 = %
| e 10
5
04r T (ms)
I 10°6"05 1 15 2 25 3
0.2+ t(us)
B o
% i 2 3 4 5
T (ms)
per

e /27 =328+ 14 Hz (Q,, = 1.7 x 107, f-Q ~ 10'7)

o 7in = (Yo(1+ (n)min)) " = 475 £+ 21 us

Frequency jitter of the mechanical
mode makes spectral measurement
of the energy damping rate
difficult

Optical absorption heating also
adds an additional damping bath

(yp)

Pulsed ring down measurements
solve both problems as:

<n>i = e~ Y0 Tper <n>f

with mechanical damping occurring
during pulse-off period




Optical-absorption-induced bath

o (1) = —v(n) +pnp(l — dpe™ ")
® v=7mM+ "%+

e 0, = 0.79 £0.08

o /2w =215+ 29 kHz

0 02 04 06

. - ° Ceft = C/nb
] ybnb = yOnf + ypnp ; yb = Y0 +
10"k Yp

Ceff

° Ceff > 1 for tpulse < 300ns
10% ie Pulsed phonon-to-photon
- = — conversion and high fidelity
10 10 10 mechanical state preparation

tpulse (HS) possible



Sideband photon counting

A =wp, 0
,,,,,,,,,,,,, =
xn -+ ]_ ‘ xXn f—; 10°
: g
H € 10
N 3"
Pump w w 104
0 -1
t(us)
° Optical filtering and photon counting of motionally generated sidebands can be used to
measure either phonon emission or absorption process
° Vacuum noise not detected
° Absolute thermometry can be performed by measuring sideband asymmetry
o Creation and heralding of non-Gaussian mechanical states (one-phonon state),
entanglement of mechanical systems, etc.
Challenges:
] Requires extra filtering of pump beam (cavity not enough)
[ ]

Still susceptible to technical laser noise (excess sideband photons)




S1 H-bar: mechanical design
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S1 H-bar: back-action cooling Ty = 211 mK

y o At Tf = 211mK behavior of back-
3 action cooling is well behaved.

Wy wy.

Intra-cavity drive photons, 1, . 0 =5x105 at Tf=211mK.

10* 10* 10° 10° .
<1000 ’ ‘ ' . At nd > 106 we see heating of the
= ° n, = 453 ” resonator, and for nd > 107 the LC
; B 200 g resonator goes normal.
< 100 =
=) 100 e There is a saturation in the back-
g g action cooling at high power that we
o 120 2 don’t understand yet.
< 2
S )
g 10 L Py 5 % . For Tf = 11mK we see anomalous
Gl T3 “heating” even at nd ~ 10 photons.
o —
E 2 3
S 1 g
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Si H-bar: mechanical ring down Ty =11 uK |

i T n

blue-sideband
pump (-9dBm)

scaled phonon number
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S1 H-bar: cavity-to-WG coupling
log10 scale of radiated cavity field

Ae = 1550 nm
Qe=Bex 10°

Qo,par =9 X 105




S1 H-bar: fiber-to-WG coupling

optical power (normalized to input)

1600 1650
optical wavelength (nm) = 0.85.




