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Motivation

Develop a source of nonclassical light based on nonlinear processes
using crystalline whispering-gallery mode resonators.

@ Source of bright squeezed light e e
@ Heralded single photon source ! 2 \
P J > //:

o

Single Photons

O

A 4




o LiNbO3 WGMRs
@ Q-factor > 107
o 1064nm — 532nm

@ Hyper-Raman
scattering
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e LiNbO3; WGMRs
e Q-factor > 10’
e 1064nm — 532nm

@ Hyper-Raman
scattering

Previously . . .
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e LiNbO3; WGMRs
e Q-factor > 10’
e 1064nm — 532nm

@ Hyper-Raman
scattering
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Detector

Q>



Annealing WGMR disk

@ Polish disk with 0.1 ym diamond paper
® Anneal 600° for 24 hrs.
© Polish disk with 0.1 ym diamond paper
O Q=3x10%—8x10°

™

3

!



e Whispering-gallery progress
@ Experiment

@ Theory

@ Second harmonic generation at Rb

@ Ultrafast center

© Future plans

«O0>r «F»r « >

«E)>

DA



Aout
a, ) .
7|a s ylb / Bout

~ S
EPRUS AR

The Hamiltonian inside the cavity is

Hyy = hwaa'a + hwpb'b + %ﬁe(aTaTb — aabT)
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( Aout

Noise in the amphtude quadrature of the output field
Ao + Aou,) is calculated by the variance:

Var (AQ") = (A7

— (A1)

Aout <A0ut> + 5A0ut

Var (A1) =

([oAg %)

AFr «=>»

2)

3)

4
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Theory

Assuming unseeded SHG (b;, = 0), and approximating each field as
x = (x) + dx, the equations describing the fluctuation of the fields are

. 1 _ :
da =~ 1l5a + ea*ob + ebda’ + \/Viday, + /VE0u, (7

. 1 5

ob = _57;7"’517 — €ada + \/ Vi b + /Sy ®)
ba Sa g
~ ~ 1 = f

- da ~ 5ain ¥ = 51/{(1

Xe = 5~b ) Xin = 5~bin 3 Xy = 5~M}) (9)
~ t = T o1
ob 6bin 5ub

such that the fluctuation equations can be expressed in matrix form:

X = McXe + MinXip + M,x, (10)



5A0ut

- SA] o
ou
0Bl

Xo = [Mi” (ZQI - MC)_I Min — I]-;Cm
+Miy QI — M) M,%,

SAS™ = §Apur + 6AL,
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© WGMR quality
factor Q

1
0.5
8
=
E]
5
>
0.2
0.1
10° 100 107 108
‘WGMR Quality Factor

Figure: f = 10 MHz, P;,;, = 500 uW
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© WGMR quality
factor Q

@ Input power P;,

Variance
o
=

1

o
%

o
2N

o
S

=3
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Input Power (£W)

Figure: Q = 108, f = 10 MHz
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© WGMR quality

@ Input power P;,

@ Detection frequency f

0.1

0 20 40 60 80
Frequency (MHz)

Figure: Q = 108, P;, = 500 uW
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Potassium lithium niobate (KLLN)

Second harmonic generation 800 nm — 400 nm
using natural phase matching

3.5mm
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Legend femtosecond laser system

Millenia 5W 532nm

Mantis Ti:Sapph

AN NN NN NN NN NN NN EEEEEEEEEE ML _SOOmW

6 nJ/pulse
@ 80 MHz

CW -420mW

A

Pulse Stretcher L é"

Evolution 15W 532nm

F.Illllllllllllllllll
1 mJ/pulse
. @ 1 kHz

|
~ -[ Ti:Sapph Amplifier ]— 7




Traveling-wave optical parametric amplifier of super-fluorescence
Tunable from 470 nm to 1600 nm

INSERT GRAPH of WAVELENGTHS
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Surface plasmon resonances

@ Measured reflection from RuO; thin film
@ Using TOPAS )\ = 800 — 1000 nm

Normalized refletance (arb.u.)

1.0

0.0

(a) experimental data

—=—800nm
—+—850nm
—+—900nm
—r—9850nm
£ —+—1000nm

(b) simulations ---- 800nm
= --=-850nm
— - =900nm
- 950nm
— — 1000nm

Incident angle (deg.)

Incident angle (deg.)

0.0

Normalized refletance (arb.u.)

L. Wang, C. Clavero, K. Yang, E. Radue, M. T. Simons, I. Novikova, and R. A. Lukaszew. Bulk
and surface plasmon polariton excitation in RuO; for low-loss plasmonic applications in NIR.

Opt. Express 20, 8618-8628 (2012).
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0.4mm

0.8mm

Demonstrate SHG squeezing at 795 nm
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a. Second Harmonic

b. Raman Scattering

Generation
Ak
A
k
1064
A kssz
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c. Hyper-Raman

Scattering
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c. Hyper-Raman

a. Second Harmonic ~ b. Raman Scattering Scattering
Generation 3

Ak . Tx

k ~ o =

N A :,‘ 1064 . ﬁ" = =
z
1064 k., D o . ' : g

' H o

A Ko S ] g |S° | |¥

H X S
k1064 _ klm é — —
y -

Ik, 2k, | 3k, |4k,

Hyper-Raman Overtones

@ “In hyper-Raman scattering squeezing exists . . .in the
fundamental pump mode.”
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Hyper-Raman squeezing

c. Hyper-Raman

a. Second Harmonic b, Raman Scattering Scattering
Generation
Ak ;:
A ~ kwm =
k 2 o -
1064 52 ' " g
" -
A 532 ) ; a
kl%" - kmm é A
Y
4 kg TZkR TSkR 41(R

Hyper-Raman Overtones

@ “In hyper-Raman scattering squeezing exists .. .1in the
fundamental pump mode.”

@ “The Stokes mode in hyper-Raman scattering is squeezed when a
fundamental mode with amplitude-squared squeezing propagates
through a nonlinear medium.”



Thank you!
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—37" b

ea* 0
CE T 0 €a
— 2 /la
M= _a 0 -3y 0 =
0 —ea* 0 —%’y{,"’
M;, = diag <\/%’;, \/ Vs A/ Vs \/7{,) (16)
M, = diag (/7 /YN V) (17)
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Squeezed light

Particle: position & momentum uncertainty relation:
h
AxAp > > (18)
Light: amplitude & phase uncertainty relation:

AAAD > (19)

N =

Coherent State Amplitude Phase

X2 l/. X2 l;eezing X2 l;ing
! X1 ! X1 ' X1




@ Sensitive measurements (LIGO, etc.)
@ Quantum cryptography
@ Quantum computing
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Second harmonic generation

Pr~xOE+DE2 4. (20)
w Ak 2w
k A k
—- 1064 530  |—
A
064 | ¢

@ Energy Conservation
w+w=2w (21)
@ Momentum conservation

Ak = ko, — 2k, = 27&)(11(2@ —n(w)) (22)



Nonlinear Crystal
20 .
D X (2)
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Nonlinear Crystal
2w b
> X(Z) —>
L. ®

N

Photons
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e
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@ Ak — 0 Phase-matching

Index of
Refraction

2.242
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2.236

2.234

2.232

T=413K (140C)

Nel2w)

no(w)

350 200 1350

Temperature (K)
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Second harmonic generation
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Second harmonic generation
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By VB 4@ 4 ...

w Ak
——- k1064
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532

Intensity dependent process

e High-power pump laser
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Second harmonic generation

-

By VB 4@ 4 ...

w Ak
——- k1064

1064

A

A

532

Intensity dependent process
e High-power pump laser

e High-quality cavity
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Whispering-gallery mode resonators
(WGMRs)

‘Whispering

Gallery




Coupling to whispering-gallery modes

N4




Coupling to whispering-gallery modes
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WGMR Disk
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Second harmonic generation




Second harmonic generation

Input 1064 nm Power = 11 mW

T=26°C
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Raman scattering of the second harmonic

Input 1064 nm Power = 650 mW

T=126°C
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c. Hyper-Raman

a. Second Harmonic ~ b. Raman Scattering Scattering
Generation Y
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@ Demonstrated whispering-gallery mode disks
@ Observed SHG in WGMR disks
@ Predict bright squeezed light

@ Observed hyper-Raman scattering
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