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Note: Minimum Uncertainty States (MUS)
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@ Heisenberg’s Uncertainty Relation
 AMinimum Uncertainty States (MUS)
1 Gaussian States

* W Free-particle expansion
 OSqueezed States

More on Uncertainty Relations

 JQuantum Metrology
* OHeisenberg limit = Quantum Cramer-Rao bound
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Note: Phase Space
e ——— = ————

* 1 Quantum Distribution Theory

» 10rdering

 ONormally Ordering, P-representation (Glauber-sudarshan)
 OANti-Normally Ordering, Q-representation (Husimi)
 mSymmetrically Ordering, W-representation (wigner-weyi)
 More on Phase Space

« JHomodyne detection
 OWigner Flow




Note: Squeezed States
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 O0Squeezed Operator

« OSqueezed Vacuum

 OSqueezed Coherent v.s. Coherent Squeezed states
e OSqueezed states as the Minimum Uncertainty states
O Generation of Squeezed states by OPO
 JHomodyne detections

* More on Squeezed States

« OJApplications to Gravitational Wave Detectors
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non-classical

Wol fgang ¥ Schiexh

o Wigner quasiprobability distribution — friom
1 [ .
Wik, p) = 5 [ dw(x - 5)utc+ 5)e™

negative probability with Ludmila Praxmeyer




Coherent states

wave-nature

2264C s2ard 2084< IssH

Popo Yang, Ivan F. Valtierra, Andrei B. Klimov, Shin-Tza Wu, RKL, Luis L. Sanchez-Soto, and Gerd Leuchs,
Physica Scripta for the New Focus issue: Quantum Optics and Beyond - in honour of Wolfgang Schleich.
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Non-classicality

with Popo Yang

Popo Yang, Ivan F. Valtierra, Andrei B. Klimov, Shin-Tza Wu, RKL, Luis L. Sanchez-Soto, and Gerd Leuchs,

Physica Scripta for the New Focus issue: Quantum Optics and Beyond - in honour of Wolfgang Schleich. 6
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Coherent to Squeezed states




(a) vacuum state (b)

Vacuum is NOT empty ! 7 wave-nature
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Squeezed Vacuum State: IE>

titne-sequence

histogram

Gaussian wave-package

= 3 0O = = &€ 0

~£ZU

time

with Yi-Ru Chen, Chien-Ming Wu

with Zero Mean



Squeezed States
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Squeezed States and SHO:
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For the degenerate parametric process, i.e., two-photon process, its Hamil-
tonian 1s

H = ih(gat? — g*a?), Quantum Correlation

where g is a coupling constant. The state of fields generated by this H miltonian
1S

(1)) = exp|(ga™ — g*a*)t]|0). 7 Corelated

— | Sideband Pair

Vacuum o |

Then, one can define the unitary squeeze operator .
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where £ = rexp(i6) is an arbitrary complex number.



Squeezed Operator

ST(E)=871(¢) = 8(-¢),
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Squeezed Operator

et

o If |U) is the vacuum state |0), then |Wy) state is the squeezed vacuum,
€) = S5()[0).

e The variances for squeezed vacuum are

1

Aai = 1 [cosh? r 4 sinh® r — 2sinh r cosh r cos 6],
1

Aas = 1 [cosh? 1 4 sinh? r + 2 sinh r cosh r cos 6],

e For 6 = 0, we have

1 1
Ad? ==e ?", and Aas=-e"",
and squeezing exists in the a; quadrature. T
R A T
. . . . A d SR
e Lor ¢ = m, the squeezing will appear in the as quadrature. . wa wi= o
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Squeezed State as a Eigen-state of UR

(a +va')€) =0,
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Squeezed states in the Number state basis
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Sub-Poisson distribution
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FIG. 2: Photon number distribution for squeezed coherent states. Left: |a|* = 50,0 = 0,r = 0.5; Right: |a|? = 50,0 = 0,7 =
4.0.
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Squeezed State as a Eigen-state of UR
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Squeezed States
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Squeezed Vacuum . Re
State Generation
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Generation of Squeezed States by Parametr

Ling-An Wu, H. J. Kimble, J. L. Hall,® %%

Department of Physics, University of Texas at AustoSs ;! .
(Received 11 September 19863

Squeezed states of the electromagnetic field are generated b
in an optical cavity. Noise reductions greater than 50% relative
in a balanced homodyne detector. A quantitative comparison with the
squeezing results from a field that in the absence of linear attenuation would be'S
then tenfold.
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OPO 532nm incident power: S6mW specially ordered InGaAs Photodiodes

MC output{ LO beam)=14.5mW Laser Components GmbH $=500um QE>99%
+20 dB Anti-Squeezed &
at 3MHZ "10 kHz )
I 100 Hz
@14y VEw®?av Viewe ViEws 1
anti-squeezed
-20dBm
i eptog b e
" A Y W e, g
LI ¥ '*‘m 7 p"\h ’;fﬁ ]"P\ H.'f'! Clearance= 20dB
r.{rl %{1} f X ‘l‘ L i'
.lr I '[n‘ 11‘ If‘ \ | jf
-’ . f ‘l ] K‘. i vacuum| Zero Span mode at 3MHz
f l f | \ | RBW=10kHz
1 | - _
C_ 72,231 d2mWessivep L Pt AN g e et A T—_.-_—,J ST TR T—— ..;_'T_‘ W S————— VBW—].OOHZ
-75dam ‘ ‘ - 1
80 dsm ’l, i H squeezed vacuum noise
-5 diim Blue Line: 14.5mW Vacuum noise
50 d8m dark noise Black Line: Dark noise
‘ Q2 £20 ;E.rr—mTh 'MT'#‘ bvwe TtV e 3 -w::#_-“*‘ M e e e o
Cr 3.0 MHZz 2501 pts 1.0s/

Measuring... R0 RRRR0D 265:'3:}2 .

-10 dB Squeezed vacuum -
S Squeezing angle, ¢

by Chien-Ming Wu

Date: June 26th, 2018




