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Trapped Particle




Quantum regime of

massive resonators

Access a new realm of experimental physics

Quantum Foundations
macroscopic quantum superposition involving up to 1020 atoms

- Is there a limit to the size/mass of Schrodinger cats?

Mechanical Sensing

present performance: zeptogram, zeptonewton, attometer, etc.
- What are the quantum limits to mechanical sensing?

Quantum Information
e.g. potential for hybrid quantum information architectures on a chip

; ‘fl | > Can mechanical systems serve as universal quantum bus?

Rabl et al.,
Nature Physics 6, 602 (2010).



Mechanical Systems

IN the quantum regime

6 GHz piezo vibration Cleland/Martinis Micromechanics, 2x10'3 atoms
->n~0.07 @ 20 mK groups (UCSB); m ~ 10-12 kg = 7x10% AMU

April 2010
Ax ~ 101 m (~101% its diameter)

Quantum ground state and single-phonon
control of a mechanical resonator

A. D. O'Connell’, M. Hofheinz', M. Ansmann’, Radoslaw C. Bialczak', M. Lenander’, Erik Lucero', M. Neeley",
D.Sank', H. Wang', M. Weides', J. Wenner!, John M. Martinis' & A. N. Cleland’
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Versatility of mechanical resonators
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Images from
S. Groblacher et al., A. O’Connell et al., D. Rugar et al., D. Hunger et al., O. Romero-Isart et al.,

Nature Physics 5 (09) Nature 464 (10) Nature 430 (04) PRL 104 (10) PRL 109 (12)



Minimizing Decoherence

Solid-state mechanical quantum devices
(clamped):

J
—/V\N\(- % 1010 — 1016 atoms

Coherence time 1. 1012 - 108 sec

o 20 40 60 80
Delay time, 7 (ns)

O‘Connell et al., Nature 464, 697 (2010)

Matter-wave interferometry (free-fall):

@ 100 — 10% atoms

Coherence time 1,103 - 10° sec

LS o Juffmann et al., Nature
‘ Nanotech. 7, 297 (2012)
10 nm

A: Quantum control of levitated mechanical systems!

@ e Quantum control of a trapped massive object >> 101° atoms
£ e Long coherence times (up to seconds) through free fall dynamics
e Exceptional force sensitivity



1619 Johanr]eé' Kepler, De éometis*-

. ‘solar repulsion of comet

““tails because of mechanical -
light force'(radiation . . |
pressure)” R




Radiation pressure as propulsion

LightSail-A (32 m?)



Radiation pressure in the lab

1901 Lebedev, Ann. Phys. 6, 433
Nichols & Hull, Phys. Rev. 13,307
experimental demonstration of
radiation pressure
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Trapping and Cooling

Particles by Optical Forces

1970  Arthur Ashkin et al. ,Acceleration and Trapping of Particles by Radiation
Pressure” Phys. Rev. Lett. 24, 156 (1970)

1986  Chu, S. et al. “Experimental observation of optically trapped atoms,”
Phys. Rev. Lett. 57, 314

Optical Trappir;;”;;;:;anipulation of Ex pe rimental Observation of

Neutral Particles Optically Trapped Atoms (1986)
Using Lasers

A Reprint Volume | *
with Commentaries

-

Arthur Ashkin

~ 500 Na Atoms
~ 10 mm diameter

10-20 pum-sized Silica Spheres and Silicon QOil
-6 .

drops of @ 10™mbar, Calc. Energy Decay: days Steven Chu, J. E. Bjorkholm, A. Ashkin, and

Ashkin and J. M. Dziedzic, Appl. Phys. Lett. 28, 333 (1976) A. Cable Phys. Rev. Lett. 57, 314 (1986).




Trapping and Cooling

Particles by Optical Forces

1970  Arthur Ashkin et al. ,Acceleration and Trapping of Particles by Radiation
Pressure” Phys. Rev. Lett. 24, 156 (1970)

1986 Chu, S. et al. “Experimental observation of optically trapped atoms,”
Phys. Rev. Lett. 57, 314
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Optical Trapping and Manipulation of Experimental Observation of

Neutral Particles Optically Trapped Atoms (1986)
Using Lasers

A Reprint Volume | *
with Commentaries
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Arthur Ashkin

~ 500 Na Atoms
10-20 pum-sized Silica Spheres and Silicon Oil ~ 10 mm diameter
drops of @ 10® mbar, Calc. Energy Decay: days

Ashkin and J. M. Dziedzic, Appl. Phys. Lett. 28, 333 (1976) A. Cable Phys. Rev. Lett. 57, 314 (1986).

Steven Chu, J. E. Bjorkholm, A. Ashkin, and




Optical Tweezers QB

70nm silica sphere in optical trap,
Gieseler et al., PRL 109, 103603 (2012)
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Trapped ions: quantum physics with phonons (Cirac & Zoller, PRL 74, 4091 (1995))
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IBM Millipede (2005)




Gravitational wave detectors

Three stages of maraging
steel blades for vertical
isolation

Fused silica
Z fibers

Yaw -
@ 40 kg fused -7
Roll silica test mass

X Pitch Y

https://www.ligo.caltech.edu/LA/
page/research-development



Quantum Noise in Massive Systems

Position Sensitivity: Standard Quantum Limit

Gravitational wave detectors Braginsky, Manukin: Measurement of Weak Forces in
Physics Experiments (1977)

oe ()

—

=

measured noise (log scale

L 3

laser power (log scale)

Phys. Rev. Lett. 45, 75 (1980)

Quantum-Mechanical Radiation-Pressure Fluctuations in an Interferometer

Carlton M. Caves

W. K. Kellogg Radiation Labovatory, California Institute of Technology, Pasadena, California 91125
(Received 29 January 1980)

The interferometers now being developed to detect gravitational vaves work by measur-
ing small changes in the positions of free masses. There has been a controversy whether
quantum-mechanical radiation-pressure fluctuations disturb this measurement. This
Letter resolves the controversy: They do.



Mechanical Resonator

displacement X
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Normalized Amplitude

Mechanical Resonator
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Brownian Force Noise
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Characterizing an optical trap
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Modes of mechanical resonators
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Towards room-temperature QOM @

““‘;w\\ﬁ‘ a3
Reinhardt, Miller, Bourassa, Sankey

Phys. Rev. X 6.021001

. Magrini, Aspelmeyer Ashkin & Dziedzic, APL 28, 333
-8 Direct
3D Feedback (10 °mbar ————  etal.(2016) (1976)(20um Si oil - projected)
Direct Measurement of 10w I I I B B B I B B i 1 1 1 11 17 1 1 1 T1
Photon Recoil NEMS pe MEMS MACRO @
Vijay Jain et al. B} ! = 10 mb 7
! p= mpbar '
PRL 116, 243601 (2016) 10° 4 ® i i
ea O -
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Vovrosh, J., M. Rashid, : _ :
D. Hempston, J. Bateman, 1 @ Magnetomotive | ]
and H. Ulbricht i) | Diamond i |
arXiv:1603.02917(£2016) .' - & Q _ @,
Norte, Moura, Graphene ‘ | Yo
S'g)l_bl‘la’]%her’ 100 11 | I I B | i | 1 1 1 1T 1T 1T 1T1 1 1 |
147202 (’2016) . 10-26 10—23 10-20 10—17 10-14 10—11 10-8 10-5 10—2

Volume [m’]
M. Imboden, P. Mohanty, Phys. Rep. 534, 89 (2014)



Cavity Optomechanics

l« | =l
disp/g_gement X

Change in cavity length
leads to a

a change in resonance frequency and
g therefore in intra-cavitypower
]
length L
Mechanical motion much slower
Intracavity power responsible for force acting than cavity lifetime
on the mirrors force F,

2P(x) 2 dP(x)

~

& ¢ dx

X.

force F,

N

time t

Fl x)=

displacement x

—> Position Dependent Force
creates an additional harmonic potential

R+ Y X+ > 2_dP(x) X = i
) m* m cm dx | m

displacement x

OPTICAL SPRING o,



Cavity Optomechanics

Mechanical Period comparable to
cavity lifetime
Phase delay in intracavity power

force F . . oy
| relative to mechanical position:

Light field acts with/against motion
of mirror

displacement x
force F,
displacement x
force F,

time t time t

Work is done by the
light field / mechanics

Heating / Cooling

> €« displacement x

riﬁ I:l (_xX‘I_ r> (). / [ﬁ I‘i (x)d.\' - O.

cooling heating
the mech. oscillator



Cavity Optomechanics

1983

2003

2005

2006

Walther group: “Optical bistability and mirror confinement induced by
radiation pressure” , Dorsel et al. PRL 51, 1550 (1983)

Karrai group: ,Optically tunable mechanics of microlevers®

Favero et al.,APL 83,1337 (2003)

Vahala group: “Kerr-Nonlinearity Optical Parametric Oscillation in an
Ultrahigh-Q Toroid Microcavity” Kippenberg et al.,PRL 93, 83904 (2004)

Aspelmeyer and Kippenberg group, Selfcooling by Radiation Pressure
S. Gigan et al. Nature 444, 67—70 (2006), O. Arcizet et al. Nature 444, 71-74 (2006).




Cavity Optomechanics

190
Radiation pressure induced:
180
- modification of frequency iy
=3
Optical spring &
o
160
70 :— '.'A;‘\
60 I~ ,'h,ax‘\
) [ Ee W
. . i L 50 I~ ”;". ..*\‘
- modification of damping o L i T B
. . N 40 i ”! IJ ‘%\\.\\\\
-H:: :’ \\ ‘\\\
Optical damping : wf Ao
20 %8 * %
10 | TR
i
Or I TR Y T A T Y M A

: . 0 50 100 150 200 250
Theoretical dependencies:

Genes et al., Phys. Rev. A77, 033804 A2n [kHZ]



single-photon coupling rate g, / 2r [HZ]

/8: 25 :% s ® microwave
o x4 7 A photonic crystals
, 9 ' 4 ~ w nanoobjects
/ P & R microresonators
s 43 P < mirrors
o » cold atoms

10° 10’ 10° 10"
cavity decay rate «x/2n [HZ]
Rev. Mod. Phys. 86, 1391 (2014)



Optomechanical Systems @
ol
.

Rev. Mod. Phys. 86, 1391 (2014)



Optomechanical Systems

(Hz)

frequency

%o

07

Y0, Yo, Yo, %05 %o,

. = o . P mass
SAIENSIING (kg)

N
Quantum Optomechanics - M. Aspelmeyer. P. Meystre, K.Schwab - Physics Today 65 (7), 29 (2012)




Particle in a cavity




Particle in a cavity

3.x1079}

* Nanosphere moved in steps of 50 nm

ul

5 2.5%1077}
2.x107°}
1.5%107%}

1.x 1079t

Coupling to cavity mode [a

5.x 10-10 L

600 700 800 900 1000
! | | Stage positior [nm]

' Linear Square
coupling coupling

PSD [dBm]

=105

400 000 500 000 600 000 FOO 000 200000
Frequency[Hz]



Particle in a cavity

Original mirror:
diameter d=12.7mm
Cut mirror:
width=4mm




Particle in a cavity

TEMOO mode
(cavity scanned)

nanosphere



Levitated Cavity Optomechanics

Romero-lsart et al. NJP 12, 33015, (2010)

Chang et al., PNAS 107, 1005 (2010)

P. F. Barker et al., PRA 81, 023826 (2010)

Millen et al., Phys. Rev. Lett. 114, 123602 (2015)

Cavity cooling of levitating mesoscopic
particle proposed since

Horak et al. PRL 79, 4974 (1997),
Vuletic et al PRL 84,3787 (2000)



Our Experimental Setup

PD2

Nd:YAG Laser

we + A
+FSR ] %o _Position x>

- Kiesel, Blaser, Delic, Grass, Kaltenbaek,
COOIlng Aspelmeyer, PNAS 110, 14180 (2013)
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Choose your interaction
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X Interaction
) s
5 Iy
E 0.04 : \ .
[ ] \
E f & !
E- 0.02 I’ “ =
<< / \
/ A+ L\ A_
0.00 === " I e
0-—0, O o+o,
-100 ' -.":0 ' (IJ ' 5|0 ' 100

Frequency [arb. units]

Squeezing Interaction



High Q / Qf

Subkelvin Parametric
Feedback Cooling of a
Laser-Trapped Nanoparticle
Gieseler et al. Phys.

Rev. Lett. 109, 103603.

Direct Measurement of
Photon Recoil
Vijay Jain et al.
PRL 116, 243601 (2016)

Q

mechanical quality factor

10’

microwave

photonic crystals
nanoobjects
microresonators
mirrors

cold atoms

29 28
> >

10° 10° 10’ 10°
mechanical frequency Q_/2r [Hz]

Jiang, Lin, Rosenberg,
Vahala, Painter,,

Opt. Exp. 17, 20 911.
(2009)

Norte, Moura,
Groblacher,
PRL 116,
147202 (2016)

Reinhardt, Muller,
Bourassa, Sankey
1 Phys. Rev. X 6,

10" 021001

Aspelmeyer, Kippenberg, Marquardt, Rev. Mod. Phys. 86, (2014)



Quantum Optomechanics

Ideal case:
resolved sideband regime, RWA

box

mitanakomand-cont ol
Teufel et al., Nature 2011 ftates
Chan et al., Nature 2011* |
>

Groblacher et al., Nature 2009

full guantum optics tool

% Ht—ff X atb—}-(lbi

_&[\._ beam-splitter
(cooling)

I ,(0
Teufel et al., Nature 2011 S \
Verhagen et al., Nature 2012 chanical states
Hpp o x X, (eg ground state)
—[\& Quantum non- + o
demolition QND Strong cooperativity
, e upling
£ oavit @ Brooks et al., Nature 2012 ecay
o Safavi-Naeini et al., Nature 2013* | damping
b
N Purdy et al., PRX 2013 on number )

Hepp o a'b’ + ab

squeezer
(entanglement)

Palomaki et al., Science 2013 ]0
Riedinger et al., Nature 2016 13808 (2003)

Aspelmeyer, Kippenberg, Marquardt, RMP 86, 1391 (2014)
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cavity (Opump



Optomechanical Sideband Cooling

Analogue: sideband-resolved cooling of ions

heating

cooling

F. Marquardt et al. PPRL 99, 093902 (2007)
L l. Wilson-Rae et al., PRL 99, 093901 (2007)
A- od A+

C. Genes et al., PRA 77, 033804 (2008)

In>
hot
> |n+1>mech Phe
1> |n mech
In mech
. 2 izw] T
Cooling rate F=A_ —A, ~ 102 3l n H.;~a'b+ab’]
.E. 1
_ 8 1
Thermal coupling / T 5 . o
decoherence) rate thepmal — “hg 5 '
E i
Effective mode (n)  Tinermai+As Lé o e
occupation mech — r - j '
- A A
+’[ - N -
S NTETE K \2 - 0 i o m #2 - ~——
<”'>mech ~ (—%Jm) <<1 for sideband- P ——

resolved regime

Frequency [arb. units]



Optomechanical Sideband Cooling

Analogue: sideband-resolved cooling of ions

First proof-of-concept via photothermal forces

heating Karrai (LMU) 2004: Hohberger et al., Nature 432, 1002 (2004)

cooling

First demonstrations of
1 a i’ Laser-cooling via radiation pressure...
A- 0 A+

LI |n> Vienna (Aspelmeyer): S. Gigan et al., Nature 444, 67 (2006)
In+1>_ ., phot Paris (Heidmann): O. Arcizet et al., Nature 444, 71 (2006)
Munich (Kippenberg): Schliesser et al, PRL 97, 243905 (2007)
In'1 >mech MIT (Mavalvala): Corbitt et al., PRL 98, 150892 (2007)
Yale (Harris): Thompson et al., Nature 452, 72 (2008)

n H~a'b+ab’

T T T

0.06

0.04 +

0.02 + \ -

Amplitude [arb. units]

-100 50 0 50 100
Frequency [arb. units]



Cooling to approx. 50 K

Kiesel, N. et al., PNAS 110, 14180 (2013)

Optomechanical Coupling Optomechanical Cooling
A 300 o=
80 -"
N \
+ 200 |,
> BN S
< 100 |— ™ §I
_ TR
0 1 | 1 | 1
0.0 0.2 P 04 0.6
M= P,pl P,,, constant
Cooling rate effectively Pressure range for ground state cooling
up to approx. 40 kHz ' p<10-" mbar

Rates were already comparable typical MHz- Cavity Optomechanics

Pressure Limited — Cooperativity ~ 107




Vienna Cooling Experiment

ermal Radiation Shield

ptomechanical Cavity

PBS

-
O ]

=t )\/2

[ PBS

k=2p X 793 kHz

W,,=2p X 945 kHz

Grdblacher et. al, Nature Physics, 5, 2009



Vienna Cooling Experiment

20 pm

£
dielectric mirror pad (Ta,Os/ SiO,) on SiN,
dimensions: 100s x 50 x 6 mm3

Quality factor: Q=30000 @ 5.3 K
Reflectivity > 0.9999

Grdblacher et. al, Nature Physics, 5, 2009



Ultracold optomechanical systems

1E-27
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T=1.3mK, <n>=32 \

Noise Power Spectrum [rn? Hz"‘]
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76-34 |'i ]I I [ ?_.G mw

1
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1 mK i ' | . ; ; ; : | 1E-3 4 heating!
<neff> ~32 Iﬂ.'.-' 0.8 0.9 1.0 1.1 100 1000
Frequency [MHz] v /x[HZ]
eff
o] T T T T T T T T
= cavity locked .
o —— cavily urlocked noise floor ~ 2.6 X 1017 mHz1/2

4x above the shot noise limit

<+« relevant modes identified via FEM

Noise Power Spectrum [dBm]

T T T T T T T T T 1
1000000 1500000 2000000 2500000 3000000

Frequency [Hz] Groblacher et. al, Nature Physics, 5, 2009



Ground State Cooling achieved

1x1019
1x10°
1x10°
1x10”
1x10°
100000
10000 [

o

=

1000 foeo.. 3
100 R " MIT 2011

10

1

0.1

0.01
0.001
0.0001
0.00001

MIT

™ Boulder 2011

EPFL 2011

&
Q=P Cornell 2010

phonon number

0.01 0.1 1 10

Boulder 2011: Caltech 2011: MIT 2011: EPFL 2011:

Teufel, Donner et al. Chan et al., Nature Schleier-Smith et al., PRL Riviere et al., PRA 83,
Nature 475, 379(2011); 478, 89, (2011) 107, 143005 (2011). 063835 (2011)
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Ground-state laser cooling of a

nanomechanical resonator
» Optomechanical crystal (photonic & phononic bandgap structure)
* 3.5 GHz mechanical mode at 20 K (<n> ~ 100)
*m ~ O(pg), N ~ O(10'° atoms)
* main limitation: absorption effects

100_ T T T TrrT T T T T TTT7T T 1 TTTT L -  wmavw
- @ ¥ 103 . = &- '1 “ ! Laser
- mam% = 3A00~| T T T -x T |~ 1 ! - “ i
i ® L 208 =24 o4 WM RFS.G.
- oa@ Ez.%: 44 p ofl
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: DC RF
® 292 : FOM "
10
C ® —
. |Iock in | RSA
w
Ic
Xl10-l31 T T T T T T T
Chasl =780
L 160 .
16 Easst
C §1.so-
I 1.45 IIIIIIIII ] ]
-200 -100 O 1'20 200 1
(o —o,)/2n (kHz) T < > 0 8
n ~
B T n
b .
0-‘| 1 1 1 II\\II 1 1 1 IIIII* 1 1 1 \IIIIl 1 Caltecthenna May 2011
1 10 100 1000
n

C

J. Chan, T. P. M. Alegre, A. H. Safavi-Naeini, J. T. Hill,A. Krause,
S. Groblacher, M. Aspelmeyer, O. J. Painter, Nature, 478, 1 (2011)



Cryogenic Ground State Preparation

First: Meenehan et al., PHYSICAL REVIEW X 5, 041002 (2015)
Data: R. Riedinger*, Sungkun Hong?*, .., M. Aspelmeyer, S. Groblacher, Nature 530, 313-316 (2016)
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