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Parametric transducer as canonical optomechanical system
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Braginsky, Manukin: Measurement of Weak Forces in Physics Experiments (1977)
Dykman, M. 1., 1978. Heating and cooling of local and quasilocal vibrations by a nonresonance field. Soviet Physics Solid State 20, 1306-1311.
Braginskii, V. B., Manukin, A. B., Tikhonov, M. Y., 1970. Investigation of dissipative ponderomotive effects of electromagnetic radiation. Soviet Physics

JETP 31, 829-830.
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Toroid microresonators and measurement

of optomechanical coupling strength
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Measurement imprecision below that at
The Standard Quantum Limit

Thermometry of an optomechanically cooled
Microresonator in a Helium-3 cryostat

Optomechanically induced transparency



Structures Fabricated at CMI-
EPFL

D. K. Armani, T. J. Kippenberg, S. M. Spillane, K. J. Vahala. Nature 421, 925-
928 (2003).
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Natural optomechanical coupling in microresonators -(”l-q
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optical | mechanical

whispering-gallery-mode (WGM M radial-breathing-mode (RBM)

,meter N ,oscillator”

‘ e

Linewidth K = 1 MHz Resonance frequency Qm/27 ~ 50MHz
Quality factor Q <3.108 Quality factor Qm < 50000
Finesse F < 10° Effective mass Meff ~ 10~ 11 kg
free spectral range FSR =~ 1THz RMS displacement @ RT Ax ~ 50 fm

T. J. Kippenberg, H. Rokhsari, T. Carmon, A. Scherer and K.J. Vahala Phys. Rev. Lett. 95, Art. No. 033901 (2005)



Optomechanical Coupling

Eout(t)

X
Ein(t) .
| >

Intracavity P

./Hz
\_

Terr =75

—
il Se—

power ¥
® Ll
'/’ -
_______ = <
Phase of the Z

Transmitted field

wo = w|_ + gm - x(t)

MAX-PLANCK-INSTITUT || /7722
FUR QUANTENOPTIK ||,
GARCHING i

Quantum limited

Homodyne Detection
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Quantitative Analysis of Noise Spectra
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Schliesser et al., New Journal of Physics 10, 095015 (2008)



Determining the strengh of optomechanical coupling M
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H = Gx.p, - 6] 0y (arm + al)

dw(x) G =

* Optomechanical coupling G (Hz/nm) G = y _—
x

~E

* The overlap of mechanics and optics is given by: Effective mass (meff)

» What is Leff and what is the amplitude x? -::;l'l'n'-'::w::'.'.'ﬁ'.'.
. SRR AEDN  E R RN
[Eichenfeld et al. Nature] ; "
Accordion mode
(. - g i . )
physically significant parameter is the vacuum optomechanical

coupling parameter

\_ go = ze'pm )
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Determining the strengh of optomechanical coupling -(IH-Q
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\

[ go = szpm

How to measure the vacuum optomechanical coupling parameter in
an experiment directly?

.

Interesting relation

OO

dQ N
S ) 5 = S (Wm) Ton/2 = n)g;

— OO

Cavity frequency noise gives directly the vacuum optomechanical coupling

strength. No finite element simulation needed.
4 ™

[ /OOS )49
\ go — - 2<n> o ww o

Anetsberger, ML Gorodetsky, Schliesser, Kippenberg (to appear arXiv 2010)
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Measurlng the cavity frequency noise spectrum 5&!\76&
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Monochromatic Frequency Optomechanical Phase-sensitive Spectral
source modulation system detection analysis

* Scheme to calibrate the cavity frequency (phase) noise
1
S(;b(;b — 27?5(5(9 — Qmod) + 5(9 + Qmod)) ’

* Transduction of mechanical motion and phase modulation is the same (*)

b3
2

SII = K (£, K, A)(SmOd(Q) + SCM(Q))

Photocurrent Transduction Calibration phase Phase noise SD of
\_SP modulation SD the cavity Y,

* Anetsberger, ML Gorodetsky, Schliesser, Kippenberg (to appear: arXiv 2010)



Determining the strengh of optomechanical coupling M
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Frequency noise spectral density (Hz?/Hz) —
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Frequency noise spectral density (Hz?/Hz)
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ds
(dw?) = Sww(R)— =2(n)ge Go = GT.pm

Anetsberger, ML Gorodetsky, Schliesser, Kippenberg (arXiv,2010)
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Determining the strengh of optomechanical coupling -ﬂﬂ-Q
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go = 2m - 500Hz go = 27 - 1kHz
go = 2m - bkHz
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Estimate for coupling strength in optomechanical systems -(”l-q
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go = zepm

(Microwave coupled nanobeams ~ 10-100 Hz [~ 1 kHz Teufel] \

* Cantilever based systems g,~10-100 Hz
* Toroid microcavities g,~ 1 kHz
* Near field optical beams g,~ 1-10 kHz

&Photonic crystals (predicted) 8o~ 100-500 kHz /

Some relevant formulas:

(I‘ ~ 0022, T.., ~ 495 P; squ _ K 19,
cool ™~ gﬂznc cool ™~ Q?n th in — 1693 Fm[l + 2 ]

. _J




Measuring the vacuum optomechanical

coupling strength

N
Measurement imprecision below that at
the Standard Quantum Limit

Y,

P Thermometry of an optomechanically cooled
' Microresonator in a Helium-3 cryostat

A2m=518MHz

—=w=| Optomechanically induced transparency

" A2m=-354 MHz|




Evanescent sensing

High Q SiN nanomechanical beams

Collaboration with Eva Weig’s and JP
Kotthaus group at LMU Munich




Near field displacement transduction
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$ Nano-
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resonator 107 L— : L : !
7.6 7.8 8.0
Frequency (MHZz)
oo ' Parameters
oroid do
microcavity 9m = 5> ~ 10MHz/nm
TMeff ~ 1pg
Qm > 100,000
Laser—> - » —>Detection Q,,, ~ 10MHz
e r < 10MHz(F > 250, 000)

Anetsberger, Weig, Kotthaus, Kippenberg et al., Nature Physics 5, 909 (2009)
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Near field displacement transduction ek
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Imprecision S,, (m?/Hz)
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Frequency (MHz)
Sex = 0.08 x So2t or (250 am /+/Hz)?

Optical fields: Anetsberger et al. http://arxiv.org/ 1003.3752f
Microwave fields: Teufel, Donner, Castellanos-Beltran, Harlow, Lehnert Nature Nanotechnology 4, 820 - 823

(2009)



Near field displacement transduction
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* Imprecision limited by cavity frequency noise.
* Access to QBA dominated regime

Anetsberger et al. http://arxiv.org/ 1003.3752f
Gorodetsky, Grudinin JOSA B, Vol. 21, Issue 4, pp. 697-705 (2004)

Frequency noise (Hz)

, dn \? Vi
thr 2 . 2
S [Q} = W (dT) ABT Y

Qi
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Quantum backaction 60l oo
K Quantum backaction!!! can reach values of unity even at room temperature \
gaba g/2r  \? (15pg\ (Qu) [ IMHz\ (4MHz\” / P A 300 K
St \20MHz/nm )\ 1meq 106 )\ Qu /2 K /2m 100 pW J \ 780 nm T

Y

[2]

* QBA dominated regime is prerequisite for room temperature Quantum

k Optomechanical Experiments. /

[1] Fabre ef al. PRA 49, 1337 (1994), Heidmann et al. Applied Physics B 64, 173 (1997).
[2] Verbridge et al. APL 92, 013112 (2008).
[3] Verlot, P., Tavernarakis, A., Briant, T., Cohadon, P.-F. & Heidmann, Phys. Rev. Lett. 102, 103601 (2009)



Measuring the vacuum optomechanical
coupling strength

Measurement imprecision below that at
The Standard Quantum Limit

~

. Thermometry of an optomechanically cooled
o & s Microresonator in a Helium-3 cryostat
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A2m=518MHz

—=w=| Optomechanically induced transparency
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Optomechanics at Helium-3 Temperatures (600 mK)

%4'
? Holder for tapered fiber

|
Piezo Positioners




Optomechanics at Helium-3 Temperatures (600 mK)
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Cryostat temperature (K)

(2,, =50 —75MHz T = 600mK

n = t8L ~ 175 — 250

At low power excellent thermalization observed with the cryostat

(S. Deleglise, O. Arcizet, S. Weis, R. Riviere unpublished)




Resolved sideband cooling in a cryostat

Resolved Sideband Limit and
A+ A Cooling:

A
/\{ » Suppresses direct excitation of the
P optical mode, i.e. reduces
e resonant heating
2m Om !
I< e————— » ' — -
—
(- )
T A Technical problem: relative
ny R m_ . + detuning of the laser is not
(2 recisely known!
Fcool A_ — A—l— \_ P Y y
Reservoir heating Quantum Backaction
2
~ 494 P; K2 <1
cool ™~ ny ~
2 2
Y ™ hw L 16Qm

Schliesser et al., Nature Phys. 4, 415 - 419 (2008)



Mechanical frequency shift (in phase radiation pressure)
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* Excellent agreement with theory of Dynamical backaction cooling
* Frequency can be measured with high accuracy




Damping rate (quadrature component of radiation pressure)

*  Maximum cooling rate
* Intrinsic mechanical damping




Detuning calibration
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Detuning calibration
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Displacement spectral density

Measurement time: 60 seconds
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* Excellent agreement with theory of Dynamical backaction cooling Feff — ]. QkHZ

* Frequency can be measured with high accuracy
 Measurement time 60 seconds




Displacement spectral density

Measurement time: 60 seconds
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* Excellent agreement with theory of Dynamical backaction cooling
* Frequency can be measured with high accuracy




Resolved sideband in 3He cryostat

S
&

=

S
S

;2
w
-
-
—
=
I
L
o
~
—_—
=
s
(T
=
-5
e
.——
0
)
u—
w

| " 1 1 1 1 1 1 1 1 " 1 1 1 1 L 1
~1.6x10® ~1.4x108 ~1.2 x 10% ~1.0x10% _8.0x10°

Detuning (Hz)

T, = 1100mK : Qn = 6100, Qp = 71MHz, /27 = 7TMHz

_ _ _ T
. I — e
fi; ~ 320 nf = NiF 1o 15

S. Deleglise , S. Weis, R. Riviere, Kippenberg (unpublished)




LE 24, NUMBER 4 PHYSICAL REVIEW LETTERS 26 JANUARY 1970

ACCELERATION AND TRAPPING OF PARTICLES BY RADIATION PRESSURE
A. Ashkin

Bell Telephone Lahoratories, Holmdel, New Jersey 07733

{(Received 3 December 1969)

Tapered fiber.




Low Temperatures: Two level fluctuators (TLS)

Anomalous Low-temperature Thermal Properties
of Glasses and Spin Glasses

By P. W. Anxpersont, B. I. HaLperin and C. M. Varma
Bell Laboratories, Murray Hill, New Jersey 07974 [2]

Glassy structure:
Different possible
conformations

Crystalline structure

" QUARTZ- CRYSTAL"

2-level system approximation [1]

Thermally activated process
<« JUU [2]

Tunelling process Phonon

[1] Vacher, Courtens, Forét, PRB 72 214205 (2005) -(I)ﬂ-
[2] Jackle, Piché, Huncklinger, J. Non-Crys. Sol. 20 365 (1976) ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANNE
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Low Temperatures: Two level fluctuators (TLS) -(”l-q
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0.1 1 10

Effective temperature (K}

Thermally activated contribution ,

& _1V _
Q~ 1_CErf( ) fo (Io) € zﬁglﬁsgoeﬁ 2V/Tdv [3]

[1] Arcizet, Riviere, Schliesser, Anetsberger, Kippenberg, PRA (2009)
[2] U. Bartell et al., J. Phys. (Paris) Colloq. 43, C9 (1982)11
[3] Vacher, Courtens, Forét, PRB 72, 214205 (2005)



Next steps .... Optomechanics@EPFL

1650 K 2um EHT = 300KV SignalA=SE2  Date :6 Sep 2010 i ST
: WD= 5mm  StageatT= 222° Fi 2_61if i

Improved spoke resonators (using RIE processing)
Reduced clamping losses
Increased optomechanical coupling

(Gavartin, Verhagen et al)

Anetsberger et. al Nat. Photon. 2, 627 (2008), see also: Nguyen Berkeley

EHT = 3.00kV  Signal A= SE2

WD =

4 mm

StageatT= 0.0°

Date :6 Sep 2010

=

=4_4uf

PH

EPFL-CMI
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Optomechanical coupling in crystalline microresonators (-
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High Q mechanical modes observed coupled via radiation pressure

FLC reference
— CaF, cavity

KBAPIEBBIN PE3OHATOP YACTOTON KOJEBAHMM 1 MIy
W JOEPOTHOCTHIO 4,2-10° IIPA TEMITEPATYPE 2 K

A. I'. CMATHAH

Onpcans RLICOKOFCHPOTHEE HONefaTEALHKE CHCTEMEL M3 Ce3gHcNOKaIMOHHOTe KBApD-
Ia. ACEMOTOTHTECHKNC METonnl ofpaboTHKE NOPEDXHOCTE MOBOKPACTANIA H KO ORa
KPHCTATNON@PHATeNA, B KOTOPOM IHE30dNeRTPANEsSKER Kpapl] MaXogares B cBoDoJHOM
(H® 32HaTOM) COCTOANUN, DO3NONENH NUBMCETE ZOOpPOTEOCTL pescHATOpPa xo 4,2.10°7 mpm
remaeparype 2 XK. OSoy:mmaercss ponpoc 0 NONYIOHEE MEKPOCKOIDAYCCNHX KOARGATEILM
cECcTeM ¢ pobporHocTae ~10%% nyrem mommeEws Temueparypst pe 0,3 K.

Kk < 20kHz(Q > 10'%) = Im(n) < 10719
Qpn /K > 100

Pioneering work on crystalline resonators: Maleki, Iichenko, Matkso et al. JPL
J. Hofer, A. Schliesser, TJ Kippenberg (arXiv:1003.5922, to appear Phys. Rev. A.)




Measuring the vacuum optomechanical
coupling strength

Measurement imprecision below that at
The Standard Quantum Limit

. Thermometry of an optomechanically cooled
o & s Microresonator in a Helium-3 cryostat
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A2m=518MHz

—=w=| Optomechanically induced transparency
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Observation of Electromagnetically Induced Transparency

K.-J. Boller, A. Imamoglu, and S. E. Harris

Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305
(Received 12 December 1990)

’
4dsd D,
[51356] [ 3>
[45926] 7 st
=
A ¢ = 570.3 nm 8
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-
1 }L = 337.1 nm =
4d5p D P s
2 | 2> =
[33827]
5s5p P
SOP 1 1>
[21698]

Level Scheme of Sr

Dressed States Picture

—4 -2 0 2 4

PROBE LASER DETUNING (cm~-1)

- Light storage (Phillips, PRL, 86 (2001)); Slow light (Hau, Nature, 97 (1999))



Optomechanical EIT
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Inp +_1,nm> ~ = = -
C Q
% o, -
& o s
Ty T + 1) e Probe
[, Tom) S L laser
A= ~ >
Q
Optical frequency
4 B ™
(—i(A + 2, + A') + £/2) A7 (Q) = —igoa X~ (Q) + /TeKSp
2Meg$l, (2A7 — i1,,) X~ () = —hgoa A~ (Q2).
~ EI'T OMIT /

projection operator o3 (coherence pi3)
projection operator ois (coherence pis)
energy difference between ground states hwaq
Rabi frequency pos&c/h

intracavity field amplitude A~
mechanical displacement amplitude X
phonon energy A},

optomechanical coupling rate 2goazpr

Schliesser, PhD thesis (Nov. 2009) http://edoc.ub.uni-muenchen.de/10940/

Agarwal Huang Phys. Rev. A 81, 041803(R) (2010)

S. Weis, R. Riviere, S. Deleglise, A. Schliesser&T.J. Kippenberg arXiv:1007.0565
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a)  Normalized probe detuning A’/x b)
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S. Weis, R. Riviere, S. Deleglise, A. Schliesser&T.J. Kippenberg arXiv:1007.0565



Optomechanical EIT
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 probe transparency window tunable by control as expected
« window width and depth can be continuously varied

* “transparency” up to 81% achieved

S. Weis, R. Riviere, S. Deleglise, A. Schliesser&T.J. Kippenberg arXiv:1007.0565



Optomechanical EIT

Stopping and storing light
in mechanical systems

Requires an array of optomechanical systems

Tuning of probe transmission while light propagates
through the array

ag(2) optical
_>

. ap (z+d
waveguide 2

<+

aL (Z‘l‘d)
“active”
optical
cavity

a (z)

mechanical
cavity

Chang, Safavi-Naeini, Hafezi, Painter, arXiv:1006.3829

S. Weis, R. Riviere, S. Deleglise, A. Schliesser&T.J. Kippenberg arXiv:1007.0565
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Summary

Vacuum optomechanical Imprecision below that at the SQL Optomechanical cooling in
coupling calibration for nanomechanical beams a He3 cryostat

90000 F
80000 [

70000 F

Mechanical linewidth (Hz)

40000
30000 f

(g9 @
20000 &
Ti:Sa slow piezo voltage (V)

Anetsberger, ML Gorodetsky, Anetsberger et al. arXiv (2009) Unpublished (Weis, Riviere,
Schliesser, TIK (to appear: arXiv) Deleglise)

Observation of Observation of
Optomechanical EIT Optomechanical EIT

NZ‘.-T = 51 8 MHz

Hofer et al. arXiv (0 appear:
Weis, Riviere, Deleglise, Schliesser, TJIK (arXiv) Phys. Rev. A.)
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