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Whispering-gallery mode resonators

e Low power @ Nonlinear crystals

@ Narrow bandwidth @ Nonclassical light
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Intracavity Hamiltonian:

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

With & = —[x, H] the intracavity fields change in time as:
1 .
a=—wwya— Evf,”’a + ea'b + \/Vidin + /iU (2)
. 1 1 .
b= —wpb — E"yéotb = Eeaa = ")/ll?bin + ")/buub 3)

Assuming unseeded SHG (b;, = 0), and approximating each field as
x = (x) + ox:

. 1 — .
da = —E’yff”&a + €a*0b + ebda’ + \/yiday, + /70us  (4)

1

0b = —374"0b — cada + \/’7;,5bin + /75 0up )

.i,

out?

.|_

5A~117ut — 5:40’” + 6:4 5B~(1mr = 5~Bout + 5~Bout (©6)
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Laser

prism

WGMR

PD1

PD2
DM

@ MgO:LiNbO3 disk

@ 7mm diameter

@ 1064nm — 532nm at 81°C
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Potassium lithium niobate (KLLN)

Second harmonic generation using natural phase matching
802 nm — 401 nm near 24°C
795 nm — 397 nm near 9°C




Thank you!
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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
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Previously . . .

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

@ Hyper-Raman
scattering
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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°
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© WGMR quality
factor Q
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Figure : f = 10 MHz, P;,, = 500 uW
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© WGMR quality
factor Q

@ Input power P;,

Variance
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Figure : Q = 10%, f = 10 MHz
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© WGMR quality

@ Input power P;,

@ Detection frequency f
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Figure : Q = 108, P;, = 500 uW
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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
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c. Hyper-Raman

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



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)



—37" b

ea* 0
CE T 0 €a
— 2 /la
ve=L o 0 iyt 0 an
0 —ea* 0 —%’y{,"’
M, = diag <\/%’;, \/ Vs A/ Vs \/7{,> (12)
M, = diag (/7 /YN V) (13)
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5A0ut

- SA] o
ou
0Bl

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

SAS™ = §Apur + 6AL,
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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 %)
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Squeezed light

Particle: position & momentum uncertainty relation:
h
AxAp > > 2
Light: amplitude & phase uncertainty relation:

AAAD > (22)

N =

Coherent State Amplitude Phase
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Second harmonic generation

Pr~xOE+DE2 4. (23)
w Ak 2w
k A k
—- 1064 530  |—
A
064 | ¢

@ Energy Conservation
w4w=2w (24)
@ Momentum conservation

Ak = ko, — 2k, = %(n(Zw) ~ n(w)) (25)



Nonlinear Crystal
20 .
D X (2)
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Nonlinear Crystal
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@ Ak — 0 Phase-matching
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Second harmonic generation
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By VB 4@ 4 ...
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Second harmonic generation
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By VB 4@ 4 ...
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Intensity dependent process

e High-power pump laser
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Second harmonic generation
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By VB 4@ 4 ...
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Intensity dependent process
e High-power pump laser

e High-quality cavity
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Whispering-gallery mode resonators
(WGMRs)
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Coupling to whispering-gallery modes
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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
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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

«O» «Fr « =)

«=>»

DA



Acknowledgements




	Motivation
	SHG Noise Analysis
	Experimental Progress

