Levitated optomechanics
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Cavity optomechanics

Control and cooling of
oscillators with light

Enhanced by optical
cavity

Engineered systems

Can be cooled to
ground state

Quantum limited
sensing

T. J. Kippenberg, K. J. Vahala, Science 321, 1172 (2008)
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http://science.sciencemag.org/content/321/5893/1172#aff-1

Chan et al. Nature 478 89 (2011)
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Levitated optomechanics

Uses tools developed for atomic physics and and
optical trapping community

Field insulates the particle from environment
Tunable spring constant/ trapping freq.

Can be released « QM of macroscopic
systems

* Non-classicality

* Superposition

« Collapse
* Force sensing

 Grav. waves

« Grav. at small scales




esfing superposition for massive

particles
* Trap and cool

« Switch off the
levitating field

« Record position
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Near-field interferometry of a free-falling
nanoparticle from a point-like source

James Bateman!, Stefan Nimmrichter?, Klaus Hornberger? & Hendrik Ulbricht!
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Matiter-wave interferomeiry

PRL 111, 180403 (2013) PHYSICAL REVIEW LETTERS | NOVEMBER 2013

Matter-Wave Interferometry of a Levitated Thermal Nano-Oscillator Induced
and Probed by a Spin

M. Scala,' M. S. Kim,” G. W. Morley,” P.F. Barker,' and S. Bose'

PRL 117, 143003 (2016)

PHYSICAL REVIEW LETTERS

week ending
30 SEPTEMBER 2016

Free Nano-Object Ramsey Interferometry for Large Quantum Superpositions

C. Wan,' M. Scala,' G. W. Morley,”> ATM. A. Rahman,>* H. Ulbricht,* J. Bateman,’

P.F. Barker,” S. Bose,” and M. S. Kim'
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Is gravity quantum?

A Spin Entanglement Witness for Quantum Gravity

Sougato Bose,! Anupam Mazumdar,? Gavin W. Morley,> Hendrik Ulbricht,* Marko Toros,*
Mauro Paternostro,® Andrew Geraci,® Peter Barker,! M. S. Kim,” and Gerard Milburn™?

epartment of Physics and Astronomy, University College London, Gower Street, WCIE 6BT London,
2Van Swinderen Institute University of Groningen 9747 AG Groningen, The Netherlands
% Department of Physics, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, UK
* Department of Physics and Astronomy, University of Southampton, SO17 1BJ, Southampton, UK
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Spin Correlation Measurements Certifying Entanglement




MAQ RO - Macroscopic quantum resonators

deep space (3K)

optical bench (ZERODUR®)

top surface,
and components (quartz glass)

detector chip
gold coated

aluminum shield,
black painted

titanium fittings between
optical bench and strut

shield MLI,

T gold outer layer
titanium fittings between

shield and strut
<«—harness

~— preprocessing chip
loading mechanism

titanium fittings between
spacecraft and strut hollow GFRP struts,

black painted

spacecraft ML,
spacecraft (20°C)  black outer layer

SUn rays



Force sensing

week ending

PHYSICAL REVIEW LETTERS SSEDENBER 3

PRL 105, 101101 (2010)

Short-Range Force Detection Using Optically Cooled Levitated Microspheres

Andrew A. Geraci,* Scott B. Papp, and John Kitching

Time and Frequency Division, National Institute of Standards and Technology, Boulder, Colorado 80305, USA
(Received 2 June 2010; published 30 August 2010)

week en¢

PHYSICAL REVIEW LETTERS 15 FEBRUAI

PRL 110, 071105 (2013)

Detecting High-Frequency Gravitational Waves with Optically Levitated Sensors

Asimina Arvanitaki
Department of Physics, Stanford University, Stanford, California 94305, USA

Andrew A. Geraci

Department of Physics, University of Nevada, Reno, Nevada 89557, USA
(Received 18 July 2012; published 14 February 2013)

We propose a tunable resonant sensor to detect gravitational waves in the frequency range of
50-300 kHz using optically trapped and cooled dielectric microspheres or microdisks. The technique
we describe can exceed the sensitivity of laser-based gravitational wave observatories in this frequency
range, using an instrument of only a few percent of their size. Such a device extends the search volume for
gravitational wave sources above 100 kHz by 1 to 3 orders of magnitude, and could detect monochromatic
gravitational radiation from the annihilation of QCD axions in the cloud they form around stellar mass
black holes within our galaxy due to the superradiance effect.

Levitated optomechanics with a fiber Fabry-Perot interferometer

A. Pontin* ! L.S. Mourounas,® A.A. Geraci,? and P.F. Barker!

1 Physics Department, Unwersity College London, London, UK
x e-muazl:  a.pontin@ucl.ac.uk

2 Physics Department, University of Nevada, Reno, NV, USA
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Coupling phonons and photons =

optical ™ mechanical
cavity mode
laser
, Weav, K Qm,F
a
~

Aspelmeyer et al.
Rev. Mod. Phys. 86 1391

Eichenfield et al. Nature (2009)

Devices with masses that span 18 orders of magnitude



Driven optical cavity

éL — g& + 1Aa + \ ’{/em&in + \ K/Ofin




Mechanical resonators

Equation of motion for mass m, damping rate I,

ma(t) + mlpma(t) + mQ2 x(t) = Fope(t)

Useful to express as a function of frequency

r(w) = /+OO z(t)e™tdt

— o0

Linear response theory gives where the susceptibility is
0r(w) = Xaz(w)Fegt(w) Xaz (W) = (m(Q7, — w?) —imlpw) ™



Mechanical resonators

Position as a function of time

x 1/

0 > Aspelmeyer et al.
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A gquantum phonon picture

Assuming harmonic motion, the Hamiltonian for the oscillator is

A A

H = thI;TlA) + %hﬂm where Phonon numberis: 1 = (b”)}

~ ~ ~ ~

and where T = Lzpf (b + bT)aﬁ — imﬂmxzpf (b — bT)

The extent of the ground state (zero phonon fluctuation) is

TV ama, 2, = (0|2%[0)



Heating due to a thermal bath

If the oscillator is coupled to a thermal bath, the heating rate is

= —Ip((n) — A

For low initial occupancy

AF = i \

The average thermal occupancy is

EBTbath
hQ,,

Ny =

Lo x)

E; ITI fien

E, == hao

= £ hw
by =3 hw

.- -
]

“Qf” product

Qo
nthF




Cavity + Oscillator

Unperturbed Hamiltonian (cav + osc)

Hy = hw.a'a + hQ,, b0

Cavity resonance perturbed by radiation pressures
we(T) = we + 0w, /0x + ....

Modifies the cavity Hamiltonian Where G is the coupling

hwe(z)ala ~ hlw. — GE)a'a

~ ~ ~

Hipe = —hgoata(b+ b") go = GTopy



Cavity + Oscillator

In the rotating wave approximation (RWA) and assuming the field undergoes
small fluctuations about mean

a=a+da (a) = «
The approximate Hamiltonian is

H ~ —hiAsaTda + 5Q,,bth — hgov/ma(dat + 6a)(b + b1

mechanical oscillator  driven optical cavity

Aspelmeyer et al.
Rev. Mod. Phys. 86 1391

K



Equations of motion

The following equations of motion can be derived

0a = (iA — k/2)0a + ig(b+ b1) 4+ \/Kez0in (t) + /Fo fin(t)

b= (—iQm — T /2)0a + ig(6a + 6at) + /Qumbin ()

Which we can derive the classical equations

~

a =&+ da (a) = &
0 = (1A — k/2)6a + iGax

mi = —mQ2, — ml,i 4+ hG(a* 0o + ada™)



Equations of motion (frequency),

We can take the Fourier transform to get

—iwda(w) = (1A — k/2)da(w) + tGax(w)

—mw?z(w) = —mQ2 2(w) + iwml,z(w) + hG(a*da(w) + ada™ (w))

Which allows us to find the optomechanical susceptibility

Xzxz\W) = mQ2 —Z(JJ(SQm —wz—iw Fm+FOt -1
m P
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Mode Density (a.u.)

Mechanical Mode

- laser
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Aspelmeyer et al.
Rev. Mod. Phys. 86 1391
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Frequency shift

2Qm[ A+ w N A —w |
w (A+w)?Z+kr%2/4 (A—w)?+k2/4

vV effective mechanical potential

increasing
laser power

bistabik

.

position I ’

circulating intensity

e —_—
laser detuning A




Optical Cavity

T

For a point like nanoparticle
P(r) = a,BE)d(r—r)

This leads to a non-linear frequency shift
3V, n?—1
2V, n?+2

But the coupling can be made linear

3V nz—lw
oV, n2+2 -

ow =

cos? (kx)wr,

go = Ow(x)/0x|z=r/8 =

B

1 [ d°réP.E(r)

2 | dreoE3(r)




Scatitering out of cavity
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Scatitering with size




Coupling with size
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Equations of motion for levitation

Fluctuation in laser phase Cavity and scattering losses

~ }

b= —(k+i(A — Vi — ikgosin(2ka,)dos + /2(Re + fige)d"

+ V2K (0" + €) + V2k,a0"
\ \
Cavity input and output losses

| | P = —hkgoa'asin(2ki) — ymp + ¢
Detuning as a function of particle

position R
X p
T = —
m
Mechanical damping (gas

+photon)




Optical trapping

i
<F> — CL_ R % &'_” Gieseler et al. Nat
2 Z e[E/ VE;| + P Z: Im[E;VE|] ature Phys. 9 806 (2012)

i:Ifylz .
l:;\f,yrz

- Fgrad(r) + Focart (1),




Optical trapping
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Detection of motion

105 . . SLD‘coollng
[ ~—Z @ 2.1 mbar
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Magnetic trapping

U= mgy
1 49 "

Bradley R Slezak et al 2018 New J. Phys.20 063028
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Magnetic trapping

N
T

galvo "
LP1 beam blocker
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Electrical trapping — Paul trap

3-D potential for charged particle
P
¢ = 3% (o + By? + 2%

Vp=0—=a+B+v=0

a b electrons




Linear Paul trap

a=1,8=0,v=—1

<I>
¢ = 2% (2 — 2°)
7“0 https://youtu.be/XTJznUKAmIY

(I)O U+ V coswt

\\\\\\\\ \\Y

.\\

T+ (U + Vecoswt)r =0 %/2
O z y -
Z mr% (U—I—Vcoswt)z:() ‘i



https://youtu.be/XTJznUkAmIY

i1+ (a — 2qcos27)n =0

__ 4eU
G = mr2w?
0
= 2eV
q = mr%wQ
_ wt
T =7

Stability
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Secular approximation time serias
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Electrospray loading

Reduction

Oxidation
(N
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PR ‘— >
s ~ ‘_e‘ o
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Electrons

—
Electrons

High voltage
power supply




Linear Paul trap

10
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A levitated particle in a cavity

Frequency changes measured for > 6 days

250+ - -
Stable when vacuum/:-"
gauge turned off -~
P
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Decoherence — gas collisions .,
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Decoherence — black body .

160 R3ES e — 1
Stibh = — ——2Im—
FIb T cAht T e + 2

T6




Decoherence — black body

Internal temperature: determines gas collision effective temperature

Low pressure
High power

Cooling dominated by
blackbody emission

NEED TO WORK IN THIS
REGIME!

Log[ Power (W) ]

-10

-12}

=18}

=20}

~1a 12 ~10 -8 -6
Log[ P(mbar) ]

Optical trapping is often not option
Other noises needs to be very low

High pressure
Low power

Cooling dominated by
Gas collisions




Decoherence — photon recoil

1 Pscatt Wo

F1“ecoil
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Cooling in a electro-optical trap 1)

Combined potential

i

x(](t)

N=1
) ¢ weak cooling
N>1 > Coupling
Strong cooling T
w
A= '«
Equations of motion 2V.€0

P (t) = —hkA|a(t)|? sin 2(kz) exp[—(2° + y*)/wi] — T pps — wex cos wt
a(t) = iAa — iE + iAacos® (kx) exp|—(2* + y?) /wg] — ga



Hybrid trap

|




Cavity cooling

Homodyne detection

(@)
Cavity locking < 'ﬂ’Dt ; PD @
ellecte i
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Piezo
> —> <4+ Y
--------------- [ 1eom .
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A (e] e}
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(e] —‘ P o
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O O
Cavity-locking beam ® Optical

cavity

......

Cooling beam

PD
Phase-lock loop



Cooling optomechanical motion -

F= 40 000, Linewidth 300 kHz, Cooling rate 1 kHz, Heating rate 5mHz
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50, 10
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Millikelvin temperatures
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Noise control

Cooling of a mechanical frequency of 100 kHz, 10e-8 mbar for different linewidths of the
filtering cavity (Science cavity 26 kHz, 200 nm, )

2.5 kHz linewidth 500 Hz linewidth

100 T 100 T
10 Total 10
. Frequency noise -
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o o]
£ 1 E 1
3 2 —~——_ | Total
c c a
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2 0100 \\ 2 0.100 we
g o £
|
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0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
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10
Total
Cooling of a secular frequency of 50 kHz and a o Z euancy noiss
4]
L3 L o Ld .o D
filtering cavity of 2.5 kHz linewidth £ Radiation progsurs
< 0.100f
o
s
s
0.010 No optical
trapping -
Intensity noise
0.001.57 00050010 0,050 0.100 0500 1




Freqguency noise

Filtering cavity to reduce laser
frequency noise
«Cavity length: 400 mm
«Cavity half-linewidth: 3.0 kHz
*Mirror holders made of INVAR
*Torlon feet for thermal isolation
Pressure of 102 mbar

Cavity noise spectrum

Ring—down measurement. Half-linewidth of 2549 Hz

Independent frequency
noise measurement

Frequency noise

- N -—
o O o
- w (8}

—_
S

PDH error signal

-
(@)
&

Freq. Noise (Hz*/Hz)

-
o
&n

103 104 10° 10%

Frequency (Hz) time (us)



Environmental noise

Mechanical isolation of the cavity

holder to reduce displacement noise

Design of high-Q mechanical springs

inspired from the AURIGA detector
*Resonance frequency at 500 Hz
*Two-level isolation to further reduce
noise

Attenuation

100 500 1000 5000 10
Frequency (Hz)



Cooling cavity

High finesse cavity (F=700000)
*Optical trapping and cavity cooling
*Sensing the particle motion
*Mirror transmission coefficients of 2.8
+0.5 ppm
«Cavity length: 14.6 mm £1%

Cavity noise spectrum

N Theoretical‘displacerhent noise
N\ driven by seismic noise

] Cavity displacement noise

Ring-up measurement. Half-linewidth of 7220 Hz

0.45
0.40{ —— data

__0.35¢ — fit
20.30
| ®ozs
©0.20
wn
0.15
0.10

PDH error signal

- - = 1L.VeY -~ - 60 80 100 120 140 160 180 200
10 100 1000 10% 10° 109 time (us)
Frequency (Hz)




Linear Paul trap
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End of part 1

Part 2
* Cooling (again)
—  Cavity cooling again (Discussion)
— Cooling
— Feedback cooling
— Cold atoms (Discussion —working groups)
— Cooling phonons
*  Observing non-classical motion
— Interferometry
— The creation of in trap non-classical motion
* Testing collapse models
— What are collapse models
—  Why collapse models
— Testing
* Interferometry
— Conventional
— In-trap



