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Talk outline
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- Experiment

- Conclusion

B. Rodenburg, L. P. Neukirch, A. N. Vamivakas and M. Bhattacharya
Quantum model of cooling and force sensing with an optically trapped
nanoparticle, Optica 30, 318 (2016).

*R. M. Pettit, W. Ge, P. Kumar, D. R. Luntz-Martin, J.T. Schultz,
L. P. Neukirch, M. Bhattacharya and A. N. Vamivakas, An Optical
Tweezer Phonon Laser, Nature Photonics 13, 402 (2019).

ﬁ 1T * News and Views, R. Huang & H. Jing, Nature Photonics, 13, 371 (2019)

* Optics and Photonics News, May 2019, Breakthroughs of 2019,Dec 2019. R”LH"*“R




Optical laser
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Laser history

Maser invented by Townes in 1953.

Laser proposed by Townes and Schawlow in 1958.
Laser built in 1960 by T. Maiman.

Quantum theory proposed in 1960s (Haken, Lamb,
Lax...)

Multiple Nobel prizes

- 1981 Bloembergen, Schawlow ——,
- 1997 Chu, Cohen-Tannoudiji, Phillips

- 2001 Cornell, Wieman, Ketterle

- 2005 Hansch, Hall, Glauber

- 2012 Haroche, Wineland $10B industry
- 2017 Weiss, Thorne, Barish

- 2018 Ashkin, Morou, Strickland

Edible laser
with jello..

S /"lf

The Laser Inventor (Springer, 2018) REESTER
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Cavity optomechanics: Displacement sensing

PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS

S

Observation of Gravitational Waves from a Binary Black Hole Merger

12 FEBRUARY 2016

B. P. Abbott et al.”

Rainer Weiss

(LIGO Scientific Collaboration and Virgo Collaboration) Ko
%‘;‘é%gmch (Received 21 January 2016: published 11 February 2016)
Mt i s s . AT e ke bt o A Acce'er(:)'1]etl-\/
T T T T A. G. Krause, M. Winger,
nspiiat Wesger S T. D. Blasius, Q. Lin and
0. Painter,
: o5 J 0/ /. 0 . Nat. Photon. 6 768 (2012)
A 2 T _10f - Magnetometry
‘ Beam splitter i 0.5 | il S S. Forstner et. al,
s £ ~ 2 ool } | ‘5& | PRL 108 120801 (2012)
CW laser // v-.??“ﬂh@ \“"""-"”"“""" .E_O 5t I" ' ‘ a
AN @ : }) Thermometry
=1.0 " Numenical relativity T 5 3
j—Reconstructed (templats) | : ; J. Millen et. al,
Time (s)0.3  0.35 040 045 Nt Mane. § 42512017}
— LIGO is a cavity optomechanical device !!  Displacement = Strain x Length of int. arm

~ 10718m

Quantum-classical interface, sensing, transduction,
I T Slow light, OMIT, memory.
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Photons and phonons

Photons ~ Phonons

Both are realizations of the harmonic oscillator

(E, B) - (Q.P)

— (Can we make a laser for phonons?

1 $
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The role of feedback

73

Fabr Perot ofform Ensngy
y o t Transiticn
M\ : iﬂf"gh' /
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Laser | ~ o N@/
—hik, n=0 N En'%:'f’_
| -
—L 04 Radiation Force « optical intensity

KK

Light-matter interaction energy

« optical intensity X q

« C.K.Law, PRAS51, 2537(1995). l
« MB, et. al, AJP 81, 267 (2013).
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Cavity optomechanics: Levitation

Limitations

1. Manipulation only possible
—> D*\ along cavity axis

DETECTOR

2. Physical access to particle limited

3. Scaling is complicated

4. Optical wavelengths have to be
resonant with the cavity

Theory: D. E. Chang et. al, PNAS 107, 1005 (2007)
0. Romero-Isart....I. Cirac, PRL 107, 020405 (2011) 5. Interaction is given

Expmt: N. Keisel...M. Aspelmeyer et al., PNAS 110, 14180 (2013): 64 K Question:

J. Millen...P. Barker et. al, PRL 114, 123602 (2015): 10 K

Can we do optomechanics
without cavities?

Ashkin, A., Dziedzic, J. M., Bjorkholm, J. E. & Chu, S. Observation of a single-beam
gradient force optical trap for dielectric particles. Opt. Lett. 11, 288-290 (1986) .

e

O. Romero-lsart et al. PRL 107, 020405 (2011)
P Asenbaum, S Kuhn, S Nimmrichter, U Sezer, M Arndt, Nat. Comm 4, 111 (2013)

M A
o

ROCHESTER
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Cavityless optomechanics: Levitation

Single beam nanoparticle trapping Optical force on a Rayeigh particle (r <« A)
= Gradient force + Scatt/epm/g force
V,=—d.E Trapping potential
_ _{IEZ ~ bl q2 Harmonic trap along
2 t each spatial direction
EOM Lens Particle
E = Ete_“qz Gaussian beam Note: All manipulation of the nanoparticle will be

done by modulating I.

). Gieseler, B. Deutsch, R. Quidant, and L. Novotny, PRL 109 103603 (2012)
L. Neukirch, E. von Hartmann, J. M. Rosenholm, and A. N. Vamivakas, Nat. Phot. 9, 653—657 (2015).

J. Millen, T. Deesuwan, P. Barker, J. Anders, Nat. Nanotech. 9, 425 (2914)
M Rashid...H. Ulbricht, PRL 117, 273601 (2016).
R. Gambhir...A. A. Geraci, PRA 91, 051805(R) (2015).

ﬁ Thai M. Hoang...Tongcang Li. Nat. Comm. 7, 12550 (2016)

G. Conangla...N.Meyer,...R. Quidant, PRL 122, 223602 (2019).

ROCHESTER
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Cavityless optomechanics: Feedback

ROCHESTER
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Cavityless optomechanics: Feedback

U R P— Linear damping: F; < —p
s@) | - |
lﬁ | - This is present due to collisions with gas particles
- r |
‘ “EJI | - It can also be engineered using parametric feedback
ok a
¥y ;R Measure q
EOM Lens Particle Calculate p .
Modulate the trap laser Vi~ (I:+€; E)qr2
Fp =—0V,/0q < —€p

Nonlinear damping: F, « —qz’p

/ N ?
Measure q F, X |
)/ Calculate p o} / \ j
Modulate the trap laser V.~ (I,+€,pq)q? _E
2 \ F ' 1
F,=-0V,/0q < —€,q°p ol 1"

18 1 o 1.8 q

ROCHESTER
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heoretical model: microscopic Hamiltonian

A theorist’s view of the experiment
> H = H, + Hf + Hip;

L1

BD PBS2

L2

Kinetic energy

H,, = [p|*/2m
Field energy

Total field

Hp =g [|E(r)]*d’r

E(r) =E;+E, +E,
Interaction energy

Polarizable nanoparticle
P(r) = a E(1) H,, =- fv P(r) - E(r)d’r/2

mnt

Procedure: Eliminate bath modes using Born-Markov approximation
Trace over probe field and x, y motion
Add suitable terms for gas collisions

ﬁ Add Markovian feedback and backaction
R-I'T “A C. Pfianzer, 0. Romero-Isart, J. I. Cirac, PRA 86, 013802 (2012) Ritiiiitx
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Theoretical model — Master equation

0

—i|wmbTh, p]

- (A; + D) 5

2
D

q
—7D[p]p

—i %‘g lq,{p, p}]

lqlp

—iyrlq {p, p}]
—I:D[q3]p

+ivilg, {p, p}l
—I7D[q]lp

Unitary dynamics
Position diffusion
Momentum diffusion _

Gas damping

Nonlinear feedback cooling
Backaction

Linear heating
Backaction

ﬁ-lir D[0]p = 0T0p + pOTO — 0pOT

L. Diosi,

Quantum master equation
of a particle in a gas
environment

Europhysics Letters 30,
63 (1995)

H. M. Wiseman and

G. J. Milburn,

Quantum theory of optical
- feedback via homodyne
detection

| Physical Review Letters

70, 548 (1993)

ROCHESTER
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Phonons

the lattice contrdution 1o the
SN L e Iy W by, WA m
BT Tk R e o . .
” - ) PR L B I ¥
e b >, = 9 DK 0 X T T IS T S 'q'
!-';’IT?'ITX’ t'r.--r-?.- .Q')"t L M S0
g = 3 3 3 At e e
o ."x:l AR TR 1 DRI T TR i
S a a4 " RO WY S A I
- o 4 3 P R ) T RN T S8
™ PRI SR T 3 . s -"" ", I imn
| o |
wiseatiznal modes guontized { /":‘__‘_':', = }'
| e
= | /
4
pranors mh propeetics o close analagy to plotans | J.
v . H
' X
Linear harmonic
oscillator

UNIVERSITY of
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Phonon lasers in cavity optomechanics

PRL 108, 223904 (2012) PHYSICAL REVIEW LETTERS
(Lots Of Work |n Laser-Rate-Equation Description of Optomechanical Oscillators
the SO”d State”) J. B. Khurgin." M. W. Pruessner.” T. H. Stievater.,” and W. S. Rabinovich®

“Optomechanical systems in which optically furnished gain enables self-sustained mechanical
oscillation are properly called phonon lasers.”

Mode competition and Anomalous Mode

cooling in a Multimode Phonon Laser *H. Jing, et al.
- Kemiktarak et. al, PRL 113, 030802(2014) PRL 113, 053604 (2014)
Saturation
A = T o *D. Navarro-Urrios et al.,
I e J. Opt.18, 094206 (2016)
Amplification E WZ_I J:}:R;I _;__ o

1 1 1 L
20 40 60 80 100 fima is)
time (s)

*Phonon lasers in cavity optomechanics, K. Vahala et al.,
IT OSA Technical Digest (2010).

ROCHESTER
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Levitated optomechanics: Phonon laser with a trapped ion

Using a trapped Mg*ion

v(x)

ey

|II
'm

w, >,

2
e,
"""" AT QDN\ 5
R ] R 0]
’ 1
Vag'b Vag' b
Cooling  Amplification

Nobel jg
Prize 0
2005 0L

Threshold Behavior

Py P —— —
0 10 20 30 40 SO &0 70
B (m?s5-%) /
L /’
r P Theoretical (equation 3)
L / / - - - Theoretical (equation 2)
ool Experimental data
— [ I \ I \ I ‘ I
0 0.05 0.10 0.5 0.20 025

Intensity ratio

U . A phonon laser, K. Vahala et. al, Nature Physics 5, 682 (2009)
’ I ’ T Phonon lasing from optical frequency comb...Michael Ip et al., PRL 121, 04320 (2018)

ROCHESTER



2019

Optical laser

Incoherent Light

. Coherent Light
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Optical laser

Laser Cathode Anode
output Helium-neon gas reservoir w
Laser bore tube ) ?
EZE}E: Glass envelope m;'::f;';”
2's —T V> 5y 3.39 pm
'S, X c'ii’ji.ﬁ;n ”

. ! ddpm
GAIN v

W ! Fast radiative p
MEDIUM Excitation transitions

] by electron 3y —

= collision '

£ " [ LI .
" i v Diffusion
1 i i
i 1 v to walls
] | n
: : Ground Y 3
Helium state Neon NIVERSITY
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What Is a (phonon) laser?

Nature Photonics
Optical Laser Checklist
(March 2017)

Q\Stimulated emission
O [Threshold behavior of output -
A [Linewidth narrowing
L/ Coherence

Polarization
O Output beam above threshold

Exceptions:

.~ 1. Light amplification without stimulated
emission..., H. Wiseman, PRA 60, 4083
(1999).

2. Thresholdless nanoscale coaxial lasers,
M. Khajavikhan et al.
Nature 482, 204 (2012).

*In principle, the last two can also be

demonstrated, but need more
experimental work.

£

Note: There is no explicit mention of a
guantized gain medium

ROCHESTER
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Stimulated emission

p(n)=—(D,+y,)(n+1)p(n)+(D,+y,)np(n-1)+y.(n +1)" p(n)—yn*p(n-1)

D=4+, + D 1, =1 ¥ V. =0,
7\

—(D,—7,)np(n)+(D, -7, )(n+1)p(n+1)+y. (n+ 1): p(n+1)—ynp(n)

n+1

(D, =7,)(n+1)p(n+1)

[C‘(n+l)p(n+l)l

>

,+7,)(n+1)p(n)

A(n+l)p(n)l

r 3

h 4

A/
/

[B(n+1)" p(n)]

L,1H+l):p(71)

r

A

-

7.(n+1) p(n+1)

n—1

(D, = 7,)np(n)

[Olp(n)l

(D, +y,)np(n-1)
[Anp(n—l)]l

v

yn'p(n—1)

[Bn;p( n-—1 ):I'

y.n'p(n)

£

* Quantum Optics by Scully and Zubairy

ROCHESTER
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' MW (qFms)
Phonon dynamics ®-=
W
nonlinear feedback cooling linear heating  gas damping gas scattering +
light scattering +
/ feedback backaction
Phonon dynamics = —ZJ{N}Z + (}’; — DN} + L Analogous to photon number
/? / V ‘ equation near optical laser
threshold !!
nonlinearity gain loss fluctuations (For class A lasers)
Threshold Phonon number transient Linewidth narrowing

Yo/2m (Hz)
1.208 12.08 1208 1208

R o yJ/2m =4.8x107 Hz
10°F & p2m=97x10° Hz
¢ yJ/2m =44x10% Hz

100F

1.25} » M-g7xi0t
o M, x

<N> (x10%)
o

e

G =

10°}

e {
N
[3)]
T T
=
LRI e n L e e

o
T

o
-

10*

Linewidth, FWHM (Hz)
=

0 50 100 150 200

1 0I_6 1 ol—4 1 6_3 16_2 . o L L L L 1
Modulation depth, M, Time (ms) 0.6 0.8 1 1.2 14

(247, + 27, — 27,) Modulation depth, M, (x10*)

W) == 487, N 242, y tauh [ N 9] ®6)
ﬁ'l T * Quantum Optics by Scully and Zubairy ROUHESTER
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Phonon statistics

p(n) (x10°7%)

Time transient Coherence: g2(0) Phase space portrait
b v.(2m) (Hz) Brownian Coherent
1.208 12:08 129.3 1%08 W - + v . [ v v T ™ T - T ™)
z ] (i) Data (ii) Data (iii) . Data
85 (i) sl 11 : 11 . ]
12,5 g185f o , !
o 14 il &° 1 ) , 2
1048 6) 1'?i$¥j§§2§3;3§13jﬂ§ | 1t . .
757 10°  10¢ 107 10° —
. ) Modulation depth, M, -4°°°': : : : : : : : :
N ! Theory| | Theory |
’ o (iii) 2000} ] L ]
s 2 = el
7 0 05 :moﬁ) =
L R . T R Q
Boltzmann = " "7 Tede” ¥ |
distribution \ P function

Subthermal number squeezing
(Poissonian for lower pressures)

-I-T *R. M. Pettit et al., Nature Photonics 13, 402 (2019). ROCHESTER
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More recent work: Higher order correlations

Equal time correlation functions

g0 (t)

90" (eo)

0 5 10
Time (ms)

0.05 0.15 05
M, (units of 107%)

0.005 0.015

£
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More recent work: Higher order correlations

Unequal time (O = @OFE+al+0)il0)

correlation J_ J_<a'*‘(r)a(r2)2
functions Orn.r) = LOTEHn)A(+5)al+n)al+n)a0)

(a¥(t)a(r))?

200 100 0 10 200 -200 ~100 0 100 200

@
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More recent work: Higher order correlations

Unequal time @ (H)at(t +n)at(t +n)at +w)at +n)ak))

- ) _
correlation g nm) = (@ (a0}
functions

Experiment

0 100

T2 (ks)

ROCHTESTER
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Comparison with Landau-Ginsburg theory

3.0 —— "In@"®) from G-L theory" =)
Y M = "In(g*)) from G-L theory" g
) "In(g‘®)) from experiment" .
= 2.0f ®  "In(g"¥) from experiment” _.-" "
"_'m . ""
= 1.5} 27 ° -

.J‘

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7
In(g?)

*Probing the Ginzburg-Landau potential for lasers using higher-order
photon correlations, N. Takemura et al., arxiv:1908. 08679v1 (2019)

£
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More recent work: Injection locking

The phase of the free-running phonon laser
can be locked to an external modulation

80 ————————————r1r+—+r+—1—+—++—
™ > 120
__ 60F _ ‘g'
o i 1 > 100
T 40} i 3
m =3 . - E
2 20k ] = 80
s I ) o
@ 0 © 60
2 i 2 r
= I
® -20} i _g 40
1 =&
=40 - g 20
1 N N P | sl L 1 N L N L FI 1 1 e P | el M 1

-1 — —0.5. 0 .0.5. 1 -1 -0.5 0 0.5 1
modulation detuning (kHz) modulation detuning (kHz)

 Injection locking of a trapped ion phonon laser, S. Knunz et al.
PRL 105, 013004 (2010).
PhD Thesis, Jan Gieseler. RS




More recent work: Q-switching ?7? "

2019

amplitude (mV rms)

£

Amplitude

F(x)

Frequency

125

1225

-
N
o

oscillation frequency (kHz)

*Observed in the regime where mechanical amplitude ~ w,
Looks like the Duffing nonlinearity could be responsible

Pulsed phonon lasing in trapped ions
Y. Xie, W. Wan, H. Y. Wu, F. Zhou, L. Chen and M. Feng

Phys. Rev. A 87, 053402 (2013).

positio

n(x)

ROCHESTER
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Levitated quantum emitters: spin+mechanics

iz [ . f B "oide A
% - 532nm T N *
B g R Y . i{ 520G
5 095 4 +1 —_— ] 100 0
g 0% g *ﬂ
0o m:mm'mla'.l:;\r . g Gpin nlas..:lrli'ﬁc-eI . 2 88 GHz 1 1 — E . f
=50 0 50 28 20 10 =
Al () Frequency (GHz) 5 0134 i
120 !
Multi-dimensional single-spin nano-optomechanics mw
with a levitated nanodiamond s¢ —
Lewi P. Meukirch.-*, Eva von Haarman., Jessica M. Rosenholm:and A. Nick Yamivakas. & . .
Nature Photonics Fraguatcy {GHD

Large quantum superpositions of a levitated nanodiamond, Yin et al., PRA 88, 033614 (2013)

(a) (b)
B U NN g

H.=—u.B,~§
= U.o, zazQz

Single and two-mode mechanical squeezing of an optically levitated nanodiamond
via dressed-state coherence, W. Ge and MB, NJP 18, 103002 (2016)

*Generating spin squeezing states....PRB 94, 205118 (2016),
I'T K. Xia and J. Twamley

ROCHESTER
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Cavity optomechanics: charged dielectrics

PRL 114, 123602 (2015) PHYSICAL REVIEW LETTERS 27 MARCH 2015

£

Cavity Cooling a Single Charged Levitated Nanosphere

J. Millen, P.Z. G. Fonseca, T. Mavrogordatos, T. S. Monteiro, and P.F. Barker
Department of Physics and Astronomy, University College London, Gower Street, London WCIE 6BT, United Kingdom

(Received 31 December 2014; published 27 March 2015)

(@) RE

Voltage

Yy
)I<’

Light into cavity

Cavity mirrors (a)

Waak
lockng beam

ﬁ I-T RSSES R



2019

Larger objects: Mie regime

r=2um

300K = 1mK

Millikelvin cooling of an optically trapped
microsphere in vacuum
T. Li, S. Kheifets & M. G. Raizen

Nature 7, 527 (2011)

Cooling the Motion of Diamond Nanocrystals in a
Magneto-Gravitational Trap in High Vacuum

J. —F. Hsu et. al, Scientific Reports 6, 30125 (2016)

@

UNIVERSITY of

ROCHESTER
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Rotation
Rotational motion
« J.T. RubinandL. I Deych
FRA 84, 023844 (2011)

+ L. Deych and V. Shuvayev
Focus: PRA 92, 013842 (2015)
The Fastest
Spinners

July 20, 2018
Physics 11,73.

MB, JOSA B 32, B55 (2015)

Briant et al., PRA 68, 033823
(2003)

H. Shi and M. Bhattacharya,

). Phys. B, 46 151001 (2013)

GHz Rotation of
an Optically Trapped
Nanoparticle in

Vacuum
René Reimann et. al
) I : T PRL 121, 033602 (2018)

Optically Levitated
Nanodumbbell Torsion
Balance and GHz
Nanomechanical Rotor,
Jonghoon Ahn et. al
PRL 121, 033603 (2018)

ROCHESTER
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Rotation — Graphene nanoplatelets

B. E. Kane et. al, Phys. Rev. B 82, 115441 (2010), Phys. Rev. B 96, 035402 (2017)

s

o comera o
3 WCIO0
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Rotation — Cavity optomechanics in a levitated helium drop

L. Childress et. al, PRA 96, 063842 (2017)

(a)

rotation @

surface modes XQZ

optical mode V'V
Magnetic levitation Cavity resonance as a function of L
7 2
ﬁqrm =hg; (f) a'a Non-demolition measurement of angular momentum

ﬁ RO HESTER
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Rotation — Cavity optomechanics with a rotating BEC

(i f o

POQOOO0O00000000

. -'if"?'u

10 20 30 40

o]
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o
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o
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a0 o
o
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30

(iii)

{1
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Noise Spectrum (1 /Hz)
;5 %
T
1
1
1
1
]
ll
|
|
|
|
1

-
oth - l ~
108
600 800 1000 1200 1400 1072 107 10? 104
w (Hz) P (TW)

*P. Kumar, T. Biswas, K. Feliz, R. Kanamoto, M. S. Chang, A. K. Jha and MB,
In review.
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Conclusions

1T

Mgt ion Nanoparticle Cavity optomechanics
1 1 1 > m

10" %kg 10~ 18kg 10~%kg

Atomic Mesoscopic Microscopic

1. Generate coherent states with good fidelity: Schrodinger cat state.
2. Nonlinear force measurement across the lasing transition.
3. Mie particles.

4. Our technique is very general and applies to any harmonic oscillator.
All it requires is position measurement + feedback.
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Optical Tweezer Phonon Laser: FAQS

Q. What constitutes the phonon in your case ?

A. The center of mass oscillations of the nanoparticle
along one direction in space.

ROCHESTER
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Optical Tweezer Phonon Laser: FAQS

Q. Can standard cavity optomechanics theory be used to describe your
system?

A. No.

- There is no cavity.
- The light-matter interaction is single-pass.

1T ROCHESTER
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Optical Tweezer Phonon Laser: FAQS

Q. Why do you use a quantum model? There is nothing quantum
in the experiment...??

A. The theory came first, is valid in the quantum regime, and needs to be
verified in that limit.

A fully quantum theory is required for predicting ground state occupation.

The quantum model helps us establish the presence of stimulated
emission. In that sense something quantum is happening in our phonon laser.

okl

ROCHESTER
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Optical Tweezer Phonon Laser: FAQS

Q. Why do you have both heating and cooling?

A. — Heating supplies gain

— Cooling supplies nonlinearity

ROCHESTER
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Optical Tweezer Phonon Laser: FAQS

Q. How about polarization and an output beam ?

A. Polarization

B. Output beam

We are in the zero dimensional limit of no vibronic output coupling, but...

3 I . <—> UNIVERSITY of
Ig ROCHESTER
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