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CAVITY OPTOMECHANICS

particle : €,
cavity : o,

Htot — Hcavity + Hmech + Hint
= hwola'a +1/2] + (1/2)[p?/m +mQ3¢*] + hgoqla’a + 1/2]

= hwolaTa+1/2] + hQ [bTb+1/2] + hgo zo[b' + b][a’a+1/2]

\L L5 sidebands
- ooohot VI [ (2m)
: single-photon
goro —> coupl?ng I:’rreng’rh zero-point oscillation
amplitude

Principles of Nano-Optics, 2" ed. (Cambridge University Press 2012)



PROBLEM STATEMENT

X(t)—> |back-action

v

E(t) <
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SMALL OSCILLATION AMPLITUDES

Firap = —%VEQ(r) ~ | k¥

#(t) + Toz(t) + Qz(t) = (1/m) [Fauct(t) + Fopt(t)]

Qo = y/ktrap/m.
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EXPERIMENTAL PARAMETERS

P =50 mW R =73 nm

NA = 0.8 n=145+/810°
A = 1064 nm m = 4 10718 kg
B = 300 kHz oy = (10NM)?

Kirap = 10 UN/m Q, = 27 125 kHz
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MEASURING THE TRAP STIFFNESS




POWER SPECTRAL DENSITY

l——% = O
E(t) + Loz(t) + QB z(t) = (1/m) [Faues(t) + Fopt(t)]

_ (4 — O\~ i g —
S.(Q) f_OO(x(t)A(t ()™ dt" = —— (2 —02)2 + Q2T

~1.2 pm/J/Hz <=

MMM*... i
| | | | | | 1

40 80 120 160 10
frequency (kHz)

www.nano-optics.org



10
m X ,:;:’
4 .ﬂil"/;\
10° F o
— ® Z z
T o
- 10°} it
N c’c/V
-~ .
2 e
10° b .
In/
. j*d
107 9%~ 1
1 | wal T | |
10° 107 10" 10" 10

QUALITY FACTOR

pressure (mBar)

Pgas = 107> mbar —> I'y/2m=10mHz —> Q = 10’

Pgos= 10" mbar —>

Q ~ 101

www.nano-optics.org



OUTLINE

PART 2:
- AMPLIFICATION



AMPLIFICATION
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AMPLIFICATION

i(t) + Toz(t) + Qga(t) = (1/m) [Fauct(t) + Fope(t)]

l nonlinear!

A

[ |

Fopt(t) - Aktrap(t) x(2)

[N

kysin(Q_ 4t) X, sIn(L,t)
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Power spectral density (x) :
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BISTABILITY / HYSTERESIS
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BISTABILITY / HYSTERESIS
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PSD [nm?/Hz]

OSCILLATION IS PHASE-LOCKED
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NONLINEAR FREQUENCY FLUCTUATIONS
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NONLINEAR FREQUENCY FLUCTUATIONS
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BOOSTING SENSITIVITY

Force noise spectral density : Sp = 4kgTmfly/QQ —>Q/T

—> F . = S;:‘/QBI/2
Reduce T and keep Q high:

0.1k

T,

S — 4k pmQ =2 _
Qe Z 0001
~ (20zN)?/Hz T 105

Y )

Nature Phys. 9, 806 (2013) frequency [Hz|
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COOLING

mod

-> GENERATION OF SIDEBANDS
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PARAMETRIC FEEDBACK

#(t) + To(t) + Q2z(t) = (1/m) [Fauet(t) + Fopt(t)]

l

Fope(t) = Al (1) x(0)

: i
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FEEDBACK LINEARIZED

X(t)—> |back-action

v

E(t) <

.I‘(t) + Io I(t) + Q(z) I(t) = (1/777) [Fﬂuct(t) + Fopt‘(t)]

|
! !

E(t) + [[o+ 0] &(t) + [Qo + 6Q%22(t) = Fpua(t) /m
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CENTER-OFF-MASS TEMPERATURE

UokgT /(7mm)
[Qo + 00T — Q22 + QT + oI'P

Sx((l) = foo <x(1‘)x(t — f/)>€_iQt,dl‘/ —

kT T,

Integrating over € : (x*) = (x(0)x(0)) =

Equipartition principle : kg7, = m(Qq + 6Q)%(x32)

For 6() < (), : T., =T

T, + ol
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CENTER-OFF-MASS TEMPERATURE
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QUANTUM GROUNDSTATE

\ /
\
\ -
\ r [ n(Q, + 60) ~ 10y
N

kpT.,
Mean thermal occupancy : (n) = —2_C&m
h-QO
Quantum groundstate : ny<1 —> T.m —6 uK
Extrapolating cooling curve: —>  Pgs= 10 mbar
Problem : Signal (area of Lorentzian lineshape) o« T__
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NONEQUILIBRIUM DYNAMICS

feedback

Loft [ Y «— Ag— 2

parametric drive
Q,,, €

Pressure: 3 10-4mBar Nature Nanotechnology, in print (2014)



NONEQUILIBRIUM DYNAMICS
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NONEQUILIBRIUM DYNAMICS
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FLUCTUATION THEOREM

Pressure: 3 10-“mBar

feedback
4\
on
off .
0 1 2 3 4>1‘Ime(s)

(E(t)) = kBTo + kp(Teg — TO)C—Fot
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FORCE SENSITIVITY

_ i — N\, g —
5,(Q) f_oob«(t)x(t £))e di mm (Qf — Q2)% + Q21§

For Q=9Q,and §'?=k,,8,2: S/° = \/2k2,, 22, /(7Qfo)

trap ~'x

Minimum detectable force in bandwidth B : F.;,, = S;/°B1/2

= \/2 B kixap kT /(7 Q fo)

For P,.. =10""mbar :| F, ~ 1072°N |[in 1 sec

T. D. Stowe et al., Appl. Phys. Lett. 71, 288 (1997).
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COUPLING OF COM AND INTERNAL (SPIN)
DEGREES OF FREEDOM

c.f. S. Kolkowitz et al., Science 335, 1603 (2012)
D. Rugar et al., Nature 430, 329 (2004)

Opt. Lett. 38, 2976 (2013)



g SUMMARY

G+Tod+ Q5 [1+ ecos(Qmt) +Q5 neg+  &¢° | q=
N, ! N’ S~~~ m

parametric drive feedback  Duffing term |

- Trapping and cooling with a single laser beam
- Parametric active feedback (amplification and cooling)

- Compression ratio of 10* ( < 50 mK)

- Ultrahigh force sensitivity

Jan Gieseler



