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2k« Atoms coupled to mechanical oscillators

Ultracold atoms Micro- and nanofabricated
in a trap mechanical oscillators
\ / P

A

Sophisticated toolbox for New player in the field of quantum science
e ground state cooling e novel laser cooling and control methods
e coherent control of —> optomechanics
internal state + motion e optomechanical analog of EIT, dressed states,
e measurements on Mollow triplet, ...
single quantum level e sensitive force detection (AFM)

e quantum mechanics of massive objects
... developed since the 1980’s

... developed over the past few years!

review: S. Chu, Nature 416, 206 (2002) review: M. Aspelmeyer et al., arXiv:1303.0733
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2k« Atoms coupled to mechanical oscillators

Ultracold atoms Micro- and nanofabricated
in a trap mechanical oscillators
\ / B3
/ ‘ optomechanical SRR
interface

M

Use atoms to prepare, detect, manipulate quantum states of mechanical oscillators

e make atomic physics toolbox available for control of mechanical devices

Mechanical oscillators as a new ingredient of atomic physics experiments

e on-chip RF source, optical lattice with micromechanical mirrors, ...

Mechanical oscillators as transducers
e interfacing atoms with solid-state spin systemes, ...

Theory proposals: Hammerer, Zoller, Meystre, Genes, Vitali, Tombesi, Ritsch, Sun, Nori, Paternostro,
Jonson, Bariani, Bienert, Rabl, Marquardt, ...

Review: P. Treutlein et al., arXiv:1210.4151 (2012)
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&% First experiments

Optomechanical coupling of atoms and a membrane

Experiment: S. Camerer et al.,
PRL 107, 223001 (2011)

=

Theory: K. Hammerer et al.
PRA 82, 021803 (2010)

Sympathetic cooling of a membrane with ultracold atoms

Experiment: A. Jockel et al.,
arXiv:1407.6820 (2014)

Theory: B. Vogell et al.,
PRA 87, 023816 (2013)

Other experiments (in preparation):
Polzik, Geraci, Vengalattore, Bowen, Kimble, Dantan, Sengstock, ...



Membrane optomechanics



2k& Optomechanical systems

Membrane oscillator LIGO — Laser Interferometer Gravitational Wave
Observatory =

Q /2n=Hz...10 GHz

R M, =Kg...pg

Optomechanical crystal

review: Aspelmeyer, Kippenberg, Marquardt, arXiv:1303.0733



N

%% SiN membrane oscillators

SiN film (d =40 nm)
tensile stress S = 0.9 GPa

Si frame

. (1,1) mode

“square drum”

fundamental mode
Q11/2m = 270 kHz
Mesf = 60 Ng

Extraordinary mechanical and
optical properties!

I\/Iechanlca6l quality factor: Interferometric imaging of modes
Qm = 3%10° (300 K, fundamental) Chakram et al., PRL 112, 127201 (2014)

Qm = 5%107 (higher modes)

reflectivity: rm =0.42 @ 780 nm
absorption: < 10~

frequencies/time scales nicely
matched to atoms

see also Harris, Kimble, Polzik, Regal, Vengalattore, ... (10,6)+(6,10)



N

2%& Membrane inside an optical cavity

P, w1
e
Q) ?
Laser on - Measurement of
resonance n, o< Pcirc o TP mechanical displacement
| SE displacement
We spectrum peak area
' Sxx(Q) 2
Xxj(<xm> o
I I =
Om

Aspelmeyer, Kippenberg, Marquardt, arXiv:1303.0733

Kippenberg + Vahala, Science 321, 1172 (2008) J. D. Thompson et al., Nature 452, 72 (2008)



N

2%& Membrane inside an optical cavity

P wr Radiation pressure force on membrane
e I/_l
— C
<E,ad> =2r, 2hk—
TC
1 . .
T. = cavity round trip time
wFSR
Red-detuned
laser displacement = frequency shift
Sge(cg)“m “optical spring”
XX .
= damping 1|
= cooling
I
I = T mr Ly
m + opt

Aspelmeyer, Kippenberg, Marquardt, arXiv:1303.0733

Kippenberg + Vahala, Science 321, 1172 (2008) J. D. Thompson et al., Nature 452, 72 (2008)



Ultracold atoms
in optical lattice
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2% Optical lattices - perfect artificial crystals

I(r)

at

Intensity variation of standing wave
— optical dipole potential for atoms

PO /\\ /\ /\ /\ /\ P()

\e@ \/ \v/ U \;%/ U,,(z)=U,sin’ (kz)

P = i -
)\/2 =390 nm 0O o atoms = mechanical oscillators

|/

¢ A with adjustable frequency

at

Udlp (7’) o

'\\\‘ D, \ v/ Periodic potential for ultracold
- 2 < AN L atoms (1D, 2D, 3D)
\
P e model system for condensed

matter physics
e quantum simulation

e quantum register

l. Bloch, Nature Phys. 1, 23 (2005)



Atom-membrane coupling
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Z%& Optomechanical coupling of atoms and membrane

Experiment: A. Jockel et al., arXiv:1407.6820 (2014)
Theory: B. Vogell et al., PRA 87, 023816 (2013)

Lattice laser
(780 nm)
AVAVAVAVAVAVAVAVAUATANAVATAVER e
—>
Qa
< 5m >
SiN membrane in cavity Laser-cooled 3’Rb atoms in optical lattice

(single-sided, finesse F, Qn < k)

Features: e membrane vibrations couple to atomic c.o.m. vibrations

e long-distance coupling mediated by laser light
—> modular setup

e |aser cooling of atoms on - sympathetic cooling of membrane
e |aser cooling off - coherent dynamics
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2k& Coupling mechanism

membrane = atoms
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2k& Coupling mechanism

membrane = atoms

optical dipole force
on atomic c.o.m.

|
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2k& Coupling mechanism

membrane = atoms

optical dipole force
Fdip o< FXx.  on atomic c.o.m.

|
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2k& Coupling mechanism

membrane - atoms optical dipole force

X, AQ o< Fx dip * Jx,, on atomic c.o.m.

|

atoms - membrane (back-action)

Efad oc I)circ oc .TP
«—
radiation P

<« ik

on membrane
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2k& Coupling mechanism

membrane - atoms optical dipole force

X, AQ o< Fx dip ° Jx,, on atomic c.o.m.

|

atoms - membrane (back-action)

Efad o< I)circ o< .TP

—
radiation P -
pressure force €

on membrane
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2k& Coupling mechanism

membrane -> atoms optical dipole force
F, :
X AQ o< Fx dip < Jx,, on atomic c.o.m.

|

atoms - membrane (back-action)
F_ ocP. o FP

rad circ

—

|l

|
\®
Ny
-
S

Fdip
radiation -« P

pressure force \/V\/\/V\/W\/\/ €< ;Zé
on membrane E
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2k& Coupling mechanism

membrane -> atoms optical dipole force
F, :
X AQ o< Fx dip < Jx,, on atomic c.o.m.

|

atoms - membrane (back-action)

Efad oc I)circ o< .TP
e P-AP  F, =-2nhkn
radiation E— -«— P

pressure force \/V\/\/V\/W\/\/ €< ;Zé
on membrane E
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2k& Coupling mechanism

membrane -> atoms optical dipole force
F, :
X AQ o< Fx dip < Jx,, on atomic c.o.m.

|

atoms - membrane (back-action)
AE’ad o< .TAP oc fxa

T P-AP  F,
radiation E— -«— P

pressure force \/V\/\/V\/W\/\/ €< ;Zé
on membrane E

|l

|
\®
Ny
-
S
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2k& Coupling mechanism

membrane -> atoms optical dipole force
F, :
X AQ o< Fx dip < Jx,, on atomic c.o.m.

|

atoms - membrane (back-action)
AE’ad o< .TAP oc fxa

“ P—AP  F, =-2hkn
radiation = «— P
pressure force S ;Zé
on membrane X,

Cavity acts as a “lever”
Nm_ 2F
Vogell etal.,, PRA 87, H.  =hgx x g=r Q. / . to impedance-match
m
eff

023816 (2013
( ) atoms and membrane




Sympathetic cooling
of a membrane
with ultracold atoms
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2% Sympathetic cooling of membrane with atoms

membrane
" phonon number Laser
% cooling @
Nm_ 2F <—
g=r Q. . o/ \o/ \o/ \o/ \o
m,, T O —>
Q, Q)
(@, =Q,)
Q .
I' = Q_ I, laser cooling rate
thermal bath Strong coupling n, =0
— kBTbath
Min = AO >1 g>1,.1n, + atomic momentum diffusion
+ radiation pressure noise _ _ )
+ technical laser noise Sympathetic cooling r - dg N = L, 77
— m th
(Fa > g) o ra sym

Vogell et al., PRA 87, 023816 (2013)
Bennett et al.,, New J Phys 16, 083036 (2014)
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“%& Experimental setup

0
\ \ 5
: \ \‘ g
‘;% Q\g -1 I=
} \ 2
\ \ g Membrane in cavity Cooling
\ | \ "% Cavity transmission lasers
' ! \ e signal
| 4
0 200 400 PD
x_ [nm] Membrane
displacement
P Jg— ' signal
10 WP, = 110 uW < >150 kHz G /?) oOC + Detection
— WP, =22mW 1S PD .~ system
T P =87mwW © » Diplexer :
E — . 0 1
z  -13 S N EOM
%8 S — RF source
(Qv] .
-14 Q (y| TrmmTmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmeees
10 § s y| Laser
274 274.1 L 780 nm
Q/2r [kHz]
SiN membrane in cavity Atoms in lattice:
peak area Q, /21 = 274 kHz, Q = 3x106, a < 105 N = 2x107, P, = 16.5 mW,
m 0
2
Xm™ ~ T [ =0 /Q=06s" Aat/27 = -8 GHz
m m

: : : [,=21nx1.6 kHz
Single-sided cavity F = 140-300

Laser-cavity detuning A=-0.02 K

A. Jockel et al., arXiv:1407.6820 (2014)
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2% Sympathetic cooling of membrane with atoms

Low finesse ‘=140
Three-step sequence:

1. atoms off-resonant Q, « Q_ T

detection only
2. atoms resonant Q_ = Q_

10" ' Molasses on

Q=~Q

3. Molasses cooling off

laser slightly red detuned to avoid
parametric instability

without atoms

< 10
- bandwidth -
AN
I =)
Qm
100 with atoms
________ B Ec_kg_ro_u rld;
0 0.5 1
Time [s]

A. Jockel et al., arXiv:1407.6820 (2014)

High finesse =300

_____ w/o atoms ||
— With atoms ||
5 det. only
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2% Sympathetic cooling of membrane with atoms

Three-step sequence:

1. atoms off-resonant Q, < Q. o = T SRl

2. atoms resonant Q_ = Q_

3. Molasses cooling off

laser slightly red detuned to avoid

parametric instability

Low finesse ‘=140

detection only

10" ' Molasses on

Q=Q

without atoms

Membrane cooled from
300 K to 650 + 230 mK
by coupling to atoms

with atoms

Sympathetic cooling rate

g=13x10"s""

Background]

0 0.5 1
Time [s]

High finesse =300

_____ w/o atoms ||
— With atoms ||
det. only

Atoms cool membrane even though Nm,/mes = 109!

A. Jockel et al., arXiv:1407.6820 (2014)
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“%& Resonant character of the interaction

|
b gol Q)
2
AR
; 60} - } I
: - SRR
. without atoms g 40 { :
10'F L
- 20}
o Wi/o atoms (T,y) . ]
o With atoms (T,m) L . 0 ;* .
0 Optomechanics fit with atoms |
10 T N N N R | 1 1 1 L | | 1 1 1 1
10° 10 100 200 300 400 500
PO [MW] Qa(O)/ZTc [kHZ]
e Data without atoms well-described Atoms affect membrane only
by cavity optomechanics theory if Q,(0) 2 Q,

laser beam profile
e Current limit: technical laser noise Q,(r)

.s hetic cooli h 0
ympathetic cooling stronger than \/-¢ 0.(0)<Q.

cavity optomechanics cooling o
Fsym>ropt i T |-a

A. Jockel et al., arXiv:1407.6820 (2014)
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“%& Resonant character of the interaction

b gol Q)
i
I 60+ : . } | l * o
. e IR
- without atoms g 40 { :
10'F L
; 20+
e Wi/o atoms (T,) S _
e With atoms (Tspytm) ii'gi-!“? o 3 ¢ :
0 Optomechanics fit with atoms 0 |
10 10° 10’ 100 200 300 400 500
PO [MW] Qa(O)/ZTc [kHZ]
e Data without atoms well-described Atoms affect membrane only
: : if Q.(0)>Q
by cavity optomechanics theory a ™ Jaser beam profile
e Current limit: technical laser noise Q.(r)
: . 0
e Sympathetic cooling stronger than
cavity optomechanics cooling
Qm'
Fsym>ropt

A. Jockel et al., arXiv:1407.6820 (2014)
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“%& Resonant character of the interaction

|
b g} Q)
2
10 ‘ : J } } + T l o
: 60| L } [ I
—_— I
. e gt - L
. without atoms g 40 { :
10'F L
: 20}
o Wi/o atoms (T,y) . ]
o With atoms (Tq,m) 0,5,0%*" | . ;! :
0 Optomechanics fit with atoms |
10 T N N N R | 1 1 1 L1 | | | 1 1 1
10° 10" 100 200 300 400 500
PO [MW] Qa(O)/ZTC [kHZ]
e Data without atoms well-described Atoms affect membrane only
by cavity optomechanics theory if Q,(0) 2 Q .
laser beam profile
e Current limit: technical laser noise Q.(r)

e Sympathetic cooling stronger than
cavity optomechanics cooling
Fsym>ropt

A. Jockel et al., arXiv:1407.6820 (2014)
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2% Dependence on lattice detuning and beam power

a Power dependence b Frequency dependence
1201 ® 6.2 GHz e o 1 120 ]
°* 10 GHz| e ° °
100/ 4 18 GHy 100/ .
o
— 80 o : 807 -
lw [ [ .
I_IE 60 ° ° ¢ Te 60! “ ° °
7) ° ® @
~ 40/ T
o o
20| N 1 20; °
® o o®
Ot 1 XX i Op ®° ®
0 20 40 200 300 400 500
P, [mW] Q_(0)/2n [Hz]
Measurements for P
different detunings from Q (0)oc |—-
atomic resonance at
/\\ /\ /\ /\ /\ 1(r)

o \/ & \¢ \ Van(r) =4



Perspectives: ground-state
cooling and quantum control
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%% Improvements of the system

Bennett et al.,
Membrane in cryostat New J Phys 16, 083036 (2014)
\
—
Atoms in ring cavity
Cm
T=4K
Atom-membrane _ 4¢° i
Vogell et al., PRA 87, 023816 (2013) cooperativity T O
m a
N = 1x106, F, = 80 Ground-state cooling: C>n, andI' >1 n,

Qm =107, Fim =360 Current experiment: C = 680 = atom-membrane EIT

e Atoms can provide ground-state cooling where

. . . , C>n,butc, <n, /8
optomechanical cavity cooling or feedback cooling cannot
e resolved-sideband regime not required (2, < k)

e Strong atom-membrane coupling
without strong coupling to light



N

2%& Coupling to internal state of the atoms

WL

é_.
—>

Q

m

Internal state of atoms can be controlled with higher fidelity
e cooling = optical pumping Bariani et al.,
e tunable transition frequency: Qa = kHz - GHz arXiv:1407.1073 (2014)

e inverted collective spin = oscillator with negative mass  Hammerer, Polzik et al.,
- EPR entanglement PRL 102, 020501 (2009)
- “trajectories without quantum uncertainties” arXiv:1405.3067 (2014)

Use techniques developed for ensemble-based QIP  carmeleetal.,
e Rydberg blockade - two-level system New J Phys 16, 063042 (2014)

e non-classical states of membrane, atom-membrane entanglement

Towards quantum interfaces of atoms, photons and phonons!



jg% Basel ultracold atoms group
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Theory collaboration:
K. Hammerer (Hannover), B. Vogell, K. Stannigel, C. Genes, P. Zoller (Innsbruck)



