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Introduction

Cavity optomechanics

(b)
F 200 30,000 22,000 ‘ 15,000 4,000
Qm/2n 12.5 kHz 814 kHz 57.8 MHz 134 kHz 12.7 Hz
Qm 18,400 10,000 2,900 1.1-10° 19,950
Meff 24 ng 190 ug 15ng 40 ng ~1g
Ref. [34] [26,27] [22,28] [30] [29]

[2] Kippenberg, T. J., & Vahala, K. J. (2007). Cavity opto-mechanics. Optics express,
15(25), 17172-17205.

Optical levitation

.-y

A. Kaufmann et al., Phys. Rev. X (2012)
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Levitation across length scales

[3] Gonzalez-Ballestero, C., Aspelmeyer, M., Novotny, L., Quidant, R., & Romero-Isart,
0. (2021). Levitodynamics: Levitation and control of microscopic objects in
vacuum. Science, 374(6564), eabg3027.



Introduction

Cavity optomechanics Optical levitation

1. High sensitivity 1. High inertial sensitivity

2. Tunability (Optical spring) 2. Tunability (external degree of freedom)

3. Simultaneously readout 3. Coupling internal and external degree of freedom

4. Robustness to mechanical loss 4. Simultaneously readout

5. Can deal with mass 5. Free to move

6. Less scattering 6. Controllable isolation
1. Precise metrology : 2. Optical and mechanical 3. Preparation of |
(gravimeters, weak force, | interaction mechanical quantum

states
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pressure sensors, acceleration &
rotation sensors)



Optomechanical Levitation

Mass : 1.116 mg
Size : diameter ~3 mm
S— thickness ~50 um

1. Environmental isolation
2. Scattering-free
3. Large mass

4. Simultaneous optical readouts




Optomechanical Levitation

Mass : 1.116 mg
Size : diameter ~3 mm
S— thickness ~50 um

1. Optomechanics
2. Optical-levitation System and Current Model
3. Photothermal Cancellation

4. Model with multiple photothermal effects




Optomechanical Levitation

1. Optomechanics




Optomechanics

Input laser

Input mirror 2L Output mirror
A=—,n=1,23,..
. nmc
Resonance frequencies: Wcqypn = I
mc
Free spectral range (FSR): Awpsg = Weapn — Weqvn-1 = T

Cavity loss: kK = Kj,, + Koyt + Ko

Awpgsg

Finesse: F =
K



Optomechanics

Input laser

Input mirror Output mirror

K
0= (5 — ib)a+ \imap

Pnorm

A= wp— Weap




Optomechanics

Input laser

a= —[g — iA(t)]a + \KinQin

L(t) = Lo + Uscant

A(t) = Ay +

kaCdTlt

cav

Transmission

k: wavenumber
Tceqp - ONe-trip time
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Optomechanics

Input laser

Input mirror Output mirror

3 K "
a= _[E —i(A + Gxpp)la + VEmain

Xpp = _-Q12nx"rp — DnXpp + Fope (1)

G: frequency pull parameter
Q,,: frequency

[}, : damping rate

Fope(t): optical force




Optomechanical Levitation

2. Optical-levitation System and Current Model




Optomechanical system

(b) (A Transmission detector

Gravity force Jop e

Radiation Pressure

o = o - = - - - - - - - -

S19[qnOp dAEM-19)IEN )

| T Reflection detector




Optomechanical system

[—K/2 + i(A 4+ G(@th + Tac))] @ + V/KinGin,
—eh (@en + BenFPopt(a)).

—YacTac — Wgc-rac + Fopt(a)/man:a

Optical field

Photothermal effects

Acoustic vibrations

Cavity Response

- - - - - - - - - - - - - - - - -

- S

$19[qQnOp dABM-IdYIEN()

Reflection detector B Ta,0;



Optomechanical system

Increasing power
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Optomechanical system

Decreasing speed

0 = [~K/24i(A+ G(@wh + Tac))] @ + \/FinGin, [ — 7.12pm/s 429pum/s — 348pum/s — 267pum/s — 186 um/s ]
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Current model

@ = [~£/2+i(A+ G(Tth + Tac))] @ + /KinGin, (3.1)
Ttn = —Yeh(@en + BenLPopt(a)), (3.2)
Zac = —Yaclac — wgcxac + Fopt (a)/mam (3'3)
93mW
( — Experimental results = Simulation results - Relative errors ’
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Current model

[—k/2 4 (A + G(zth + Tac))] @ + VKinGin, (3.1)

_’Yth('xth + Bthpopt(a)); (3-2)

—YacTac — Wgc-rac + Fopt(a)/man:a (3'3)
2.75W
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Current model

? 1. Stabilization of the cavity

2. A better model

1.0 1 (a) — Experimental reults

= Simulation results
0.5 - — Experimental average

— Simulation average
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Photothermal cancellation

3. Photothermal Cancellation




Photothermal cancellation

a = [~k/2+i(A+ G(zth + Tac))] @ + /KinGin, Beam divergence (°)

Eth = —Veh(@eh HBmlPopt (@), 0.0 03 0.6
. . 2 T . (b) (C) 0 T T A
Tac = —Yaclac — Waelac T Fopt(a)/ma(:a Op muTor o
mm
\Q? ------------- 1 Y
20°F A
I 18 mm
@’ , Optical window S CITTICEErE PEPREEE
| E 40 f
b1
N
Z 6ot
80 mm
Bottom mirror
80 F

PZT
(not shown)



Photothermal cancellation

No window (f > 0) N-BK7 window (S > 0)

1.0 1 (a) e 1.7 pm/s 1.0 - (b)
— 1.2 pm/s Y e o
= 05 e 0.7 pm/s = 05-
5 (.35 um/s a
2 A= E A=
2 1.01 (©) 2 1.01 (d) — 1.7 um/s
= = m— 1.2 pm/s
~ 0.5 © 05 — 0.7 um/s
- - - - —— 0.35 um/s
00 A .:> T T 1 00 A .:> JL T JL T JL TJL T 1
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Table 4.1: Parameters of the cavity with different optical windows.

Photothermal cancellation

Bare Sapphire | N-BKT [ N-BR7TTN-BR7 [ N-BK7
x 1 X2 x4 thick

Refractive index | — 1.77 1.52 1.52 1.52 1.52
Thickness (mm) | — 3.0 0.22 0.44 0.88 1.0
Photothermal
g‘:%‘;m’ 3750(650)| 2870(350)| 2120(740)| 960(230) | N/A -22380(670)
(Hzpm W)
Photothermal
relaxation rate, | 426(145) | 279(10) | 380(115) | 151(51) | N/A 4.39(13)
Yin /27 (Hz)
Photothermal
susceptivity, G, | 9.3(19) | 10.5(13) | 7.0(6) 6.6(15) | N/A -5100(20)
(pm W)
Cavity finesse 2850 2240 2350 2070 2030 650
Cavity linewidth, 1 o4 0.42 0.40 0.45 0.46 1.44

v (MHz)




Photothermal cancellation

a = [—Kk/2+i(A+ G(xth + Tac))] @ + V/EinGin, (3.1)
Eth = —Veh(@eh HBmlPopt (@), (3.2)
Zac = —Yaclac — wgcxac + Fopt(a)/mac:a (3'3)
G=0 -10pm/W — 220pm/W  — -40 pm/W
— B =0 10 pm/W  — 20pm/W  — 40 pm/W

Cavity response




Photothermal cancellation

[yo]
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o
(o))

a = [-k/24+i(A+ G(xwh + Tac))] @ + /Kinin, (3.1)
Ton = —Yeh(@en HBenfPopt(a)). (3.2)
Zac = —Yaclac — wgcxac + Fopt(a)/mac:a (3'3)
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Photothermal cancellation

1. Photothermal effect’s modification
2. Experimentally, inverting the sign of the photothermal interaction

3. A useful passive feedback control



Photothermal effects

4. Model with multiple photothermal effects




Photothermal effects

Heating

[5] Ghosh, G. (1998). Academic Press.
[6] Borgogno, J. P, et al. (1984). Applied optics, 23(20), 3567-3570.
[7] Wiechmann, S., & Miiller, J. (2009). Thin solid films, 517(24), 6847-6849.



Photothermal effects

thermal expansion

v

Heating

[5] Ghosh, G. (1998). Academic Press.
[6] Borgogno, J. P, et al. (1984). Applied optics, 23(20), 3567-3570.
[7] Wiechmann, S., & Miiller, J. (2009). Thin solid films, 517(24), 6847-6849.



Photothermal effects

thermal expansion

refractive index change

Heating

[5] Ghosh, G. (1998). Academic Press.
[6] Borgogno, J. P, et al. (1984). Applied optics, 23(20), 3567-3570.
[7] Wiechmann, S., & Miiller, J. (2009). Thin solid films, 517(24), 6847-6849.



Photothermal effects

—— External Coating Surface

(a) .
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Refined model

a = [—Kk/2+ (A + G(xth + Tac))] @ + VEinGin,
Tth = —Yn(Tm + BenPopt(a)),
Zac | = —YacTac — wgcx'ac + Fopt(a)/ma(h
Photothermal expansion  dex = —7Vex(Tex + BexPopt(a)).

Thermo-optic effect Tre = —Yre(®re = BrePopi(a)),




Refined model

—— Experimental results

= Simulation results

= Relative errors l
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Refined model
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~— Experimental results = Simulation results = Relative errors } — Experimental results —  Simulation results — Relative errors ]
v = 0.61 pm/s v =0.79 um/s v =0.97 um/s v =0.61pum/s v =0.79 pm/s v =0.97 ym/s
1.0 1.0 1.0 1.0 1.0 1.0
£ @ £ £ e & 7@ g W g o
£ 05 E 05 g 05 g 05 g 05 g 05
wl w w) wn) 2] wn)
g g 5 5 5 5
= 00 = 00 =00 =00 &= 00 =00
g 02 5 02 £ 02 5 02 5 02 5 02
=1 1 WSS R ) | § SRS e PPN R ) ') SURSRERRRR 4 N g 0.0] R e B N e ——— e T
() M .02 H0.2 =02 () M2
-15 -10 -05 00 05 10 .15 -10 -05 00 05 1.0 -15 -10 -05 00 05 10 -15 10 <05 00 05 1.0 -15 10 -05 00 05 10 -15 <10 -05 00 05 1.0
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
Experimental reults 1.0 1(b)

Simulation results
Experimental average
Simulation average

Transmission
Transmission
(=]
wn

VA
4 \
"'”' R A SN L)




Nonlinearity of photothermal effects

a = [_"9/2 Lz Z(A £ G(wth + xac))] a + +/KinQin,
Tth = —Yn(Tm + BenPopt(a)),
Zac | = —YacTac — o-’gca’:ac + Fopt(a)/ma(la
[ Xth = —Vtn [xth H B(Popt): photothermal response coefficient to optical power: \
vV

Linear: ﬁ(Popt) = B1Popt = Xen = _Vth[xth + ,31Popt]

Nonlinear: ﬁ(Popt) = ﬁlpopt + ﬁngpt = Xep = _yth[xth + ﬁlpopt + ﬁngpt]

- j




Nonlinearity of photothermal effects
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More discussion

P,=93 mW P,=275W
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Photothermal effects

1. Thermal conduction of the coating
2. Two photothermal effects are necessary for a more precise simulation

3. Better model? More investigation in other effects



Future work

1. Nonlinearity of the photothermal effects

1) a better model

2) experimental observation
2. Characterize the optical spring from the experiments
3. Cancellation of photothermal effects experimentally

4. Other ways to stabilize the cavity

5. Other proposals for optical levitation
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Conclusion

Mass : 1.116 mg
Size : diameter ~3 mm

1. Optomechanics | e o
Radiation Pressure I I Gravity force

2. Optical-levitation System and Current Model
3. Photothermal Cancellation

4. Model with multiple photothermal effects
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Conclusion

Thank you



Optomechanical system

(b) (A Transmission detector

_’Yleng'lev + (Fopt(a’) - Fg)/m FOPt > Fg?

a = [—K/2+i(A+ G(Trey + Ten + Tac))] @ + /FinGin, Optical field | .

. — i
Ern = —Yn(zm + BinLopt(a)), Photothermal effects i
. . []
Tac = ~YacTac — wgcxac + Fopt(a)/mac, Acoustic vibrations ;
. _7levj31ev Fopt S Fg, - - E
Tley = Optical lift i
]

+
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Reflection detector B Ta,0;



