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Lecture Outline

I. Dynamics II. Generation III. Detection
Quadrature plane motion Squeeze operators & Homodyne systems &
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Dynamics in Quadrature Plane

Evolution of single frequency light w:

a(t) = a(0)e"*
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Dynamics in Quadrature Plane

Evolution of single frequency light w:
a(t) = a(0)e "t
Motion of Quadrature Operators:

> X(t) = X(0) cos(wt + ¢)
> Y(t) = —X(0)sin(wt + ¢)

Result: Clockwise motion!
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Dynamics in Quadrature Plane

Evolution of single frequency light w: . t=0

a(t) = a(0)e"t :

Motion of Quadrature Operators: "‘ f@/ X

> X(t) = X(0) cos(wt + ¢) i
> ¥(t) = —X(0)sin(wt + ¢) =t>0

Result: Clockwise motion!

Phase space trajectory
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Dynamics

Coherent state

coherent state (displaced)
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Dynamics

Phase squeezed state

phase squeezed state
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Dynamics

Amplitude squeezed state

amplitude squeezed state
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Dynamics
Sketch the dynamics of
a vacuum state and a squeezed vacuum state
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Dynamics
Sketch the dynamics of
a vacuum state and a squeezed vacuum state

vacuum state

squeezed vacuum state
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Generation
Recall

Generation of a coherent state

Displacement operators D(«) = e’ —"¢ and |a) = D(a)|0).
For an oscillating current source J = Jo(r)e’“t, the interaction Hamiltonian becomes

Hr = (V[a =4 VI*GT) s

where the interaction potenital is time-indepdenent and reads
v — iw/dva’w(r) Jo(r).
The evolution of a state is given by

[(8))1 = e*"9=2"|0)
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Generation
Recall

Generation of a coherent state

Displacement operators D(«) = e’ —"¢ and |a) = D(a)|0).
For an oscillating current source J = Jo(r)e’“t, the interaction Hamiltonian becomes

Hr = (Via + Vial),
where the interaction potenital is time-indepdenent and reads

v — iw/dva’w(r) Jo(r).

The evolution of a state is given by

(1)) = e 94" |0) a=
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Generation

A squeezed state is generated by a squeeze operator,

&a’ —E(GT)Q)

s() = exp (£
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Generation
A squeezed state is generated by a squeeze operator,

&a’ —E(GT)Q)

s = exp (<05

Because of o and (a')?, we need terms E2. Squeezing involves nonlinear process!
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Generation

A squeezed state is generated by a squeeze operator,

£a? *5(0”)2)

s = exp (<05

Because of o and (a)?, we need terms E2. Squeezing involves nonlinear process!

Spontaneous parametric down-conversion

Spontaneous Momentum Conservation

Parametric K
Downconversion

k

s i

s (signal) Keuue

Pump Energy conservation

Nonlinear
2@ crystal

Pruwp = s + O
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Nonlinear Optics

In a non-centrosymmetric crystal like LiNbO3 or BBO, the optical polarization can
have both the linear and quadratic terms,

Pi = X,'(jl)Ej +
If both E; ~ e~/“t and E, ~ e~'“!, the output P; is ~ e~/

Nonlinear interaction

In materials with x?, the w mode and the 2w mode can interact!
» second harmonics generation: two w photons become one 2w photon
» Parametric down conversion: one 2w photon becomes two w photons
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Generation: Parametric Down-Conversion

H = hwa'a + hupwaba, + iABx? (aza;, —~ (aT)za,,)

x?): second order susceptibility
B: parameter related to the modes (overlapping)
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Generation: Parametric Down-Conversion

H = hwa'a + hupwaba, + iABx? (aza;, —~ (aT)za,,)

x?): second order susceptibility
B: parameter related to the modes (overlapping)
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Generation: OPO and Experiment

Spectrum
analyser

End mirror
PZT

Main laser

PD_
CLF-G _ |
feedback to Microresonator

aser frequency

P CLF-G

—
CLF-G
feedback to ==

D,
| | feedback t
PZT mirror PMopo BSgeen SeChasiio

| cavity length
CLF laser )

Nat. Photonics 14, 19-23 (2020).

Jhih-Sheng Wu (RE2%) Generation and Detection




Detection
balanced homodyne detector (BHD)
Local oscillator (LO): coherent state |«)

Phase :
shifter
|

A

Signal
(with squeezed uncertainty)

PD»>

I — I = 2|a|(X(6))

See Sec. 7.3 of C. Gerry and P. Knight
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Gravitational Wave Detection

> General relativity: mass m distorts space-time; length varies
» Collision of giant masses (black holes) generates gravitational waves

Catching a wave
t
As Einstein calculated, Zipping along at light speed,
a whirling barbell-shaped a wave stretches space in one i
mass, such as two black ‘* direction and squeezes in the
holes spiraling together, L perpendicular direction, then aal
radiates ripples in space- reverses the distortions.
time: gravitational waves. Direction
t 1 of wave:
Stretching Squeezing
LIGO has detected waves of wavelength roughly equal >‘/\\ 3,002km
to the distance between the detectors. The waves stretch e
each detector by about 1/10,000 the width of a proton Hanford, WA >
Livingston, LA
1k h
o i
No distortion -y Distorted by wave
— t
Light bounces back and forth in the 4-kilometer arms of a LIGO :‘;‘ft
interferometer. When a wave makes the arms unequal in length, | (el J
light leaks out the interferometer’s “dark port." revealing the wave.

V. ALTOUNIAN/SCIENCE

Applications



Gravitational Wave Detection

Effects require relative precision: 10~18
Arm length = 4 km = AL =4 x 10~ m ~ proton size
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Michaelson Interferometer

Long distance: bigger phase due to gravitational waves Large power: reducing
phase uncertainty, but bigger radiation noise.

Basic Michelson Interferometer
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Noise Reduction with Squeezed Lig

= Advanced LIGO, no sqz
""| =Advanced LIGO, -6 dB sqz
= Advanced LIGO, -6 dB FD sqz
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Applications
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Application: Gravitational Wave Detection

T T T
| LIGO Hanford Data  Predicted

Strain (10?)

> LIGO Sensitivity: Requires detecting
strain ~ 10718m. _L|GOLivi||wgsmn Oataseiel

> Quantum Limit: Shot noise limits 05F ]
sensitivity at high frequencies.

> Squeezed Light Solution:

Strain (10?")
=]
>

10k 4

I I
t }
| LIGO Hanford Data (shifted)

Strain (10?)
o
>

Injecting Squeezed Vacuum into the dark
port reduces phase uncertainty below the 10 . ‘ . i
standard quantum limit. 00 035 w40 04

Time (sec)

LIGO Livingston Data

N <5((9)>
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