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dispersion and absorption

The susceptibility of EIT medium is

χ =
N |µ|2

ε0~
i (γ − i(∆p −∆c))

(Γ/2− i∆p)(γ − i(∆p −∆c)) + |Ωc |2/4
,

group velocity : vg = c

[
n +

ωp

2

∂Re(χ)

∂ωp

]−1
.

−3 −2 −1 0 1 2 3
0

0.2

0.4

0.6

0.8

1

∆
p
/Γ

Im
(χ

) 
(a

rb
. u

ni
t)

−3 −2 −1 0 1 2 3
−0.5

0

0.5

∆
p
/Γ

R
e(

χ)
 (

ar
b.

 u
ni

t)

You-Lin Chuang (Physics Division, National Center of Theoretical Science, Hsinchu 300, Taiwan)Quantum squeezing and entanglement in coherent atomic systems14, May, 2018 Physics department, National Dong Hua university 6 / 43



dispersion and absorption

The susceptibility of EIT medium is

χ =
N |µ|2

ε0~
i (γ − i(∆p −∆c))

(Γ/2− i∆p)(γ − i(∆p −∆c)) + |Ωc |2/4
,

group velocity : vg = c

[
n +

ωp

2

∂Re(χ)

∂ωp

]−1
.

−3 −2 −1 0 1 2 3
0

0.2

0.4

0.6

0.8

1

∆
p
/Γ

Im
(χ

) 
(a

rb
. u

ni
t)

−3 −2 −1 0 1 2 3
−0.5

0

0.5

∆
p
/Γ

R
e(

χ)
 (

ar
b.

 u
ni

t)

You-Lin Chuang (Physics Division, National Center of Theoretical Science, Hsinchu 300, Taiwan)Quantum squeezing and entanglement in coherent atomic systems14, May, 2018 Physics department, National Dong Hua university 6 / 43



Properties and applications of EIT

Electromagnetically induced transparency is a technique for
eliminating the effect of a medium on a propagating beam of
electromagnetic radiation.

Optical properties:

high transmission

large refractive index

enhancement of χ(3)

nonlinearity

Applications:

ultraslow light

light storage

quantum memory

laser without inversion

precision spectroscopy
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Ultraslow light in EIT
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Spatial compression of optical pulse in EIT

Controlling photons using electromagnetically induced transparency,
Nature 413, 273 - 276 (2001).
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Storage and retrieval of optical pulse

D. F. Phillips et al., PRL 86, 783 
(2001)
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Preservation of optical phase
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Phase coherence and control
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M.D. Lukin et al, Phys. Rev. A 65, 031802(R) (2002).
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XPM based on stored light pulses

Manipulate the phase of ground state coherence by storage technique.

Ite A. Yu et al, Phys. Rev. Lett. 96, 043603 (2006).
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Quantum uncertainty

Due to uncertainty principle ∆X∆P ≥ ~
2

, we can’t measure our

physical quantities with 100% precision.
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Basic physics of EIT : destructive interference

Quantum interference processes:
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Ai |2
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Dressed state picture

|D〉 =
Ωc |1〉 − Ωp|2〉√
|Ωp|2 + |Ωc |2

, Ĥint |D〉 = 0
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Dark-state polariton

Dark-state polariton:
superposition of field photon and atomic ground coherence

Ψ̂ = cos θ(t)Ê −
√
N sin θ(t)σ̂12[

∂

∂t
+ c cos2 θ(t)

∂

∂z

]
Ψ̂ = 0

You-Lin Chuang (Physics Division, National Center of Theoretical Science, Hsinchu 300, Taiwan)Quantum squeezing and entanglement in coherent atomic systems14, May, 2018 Physics department, National Dong Hua university 18 / 43



Dark-state polariton

Dark-state polariton:
superposition of field photon and atomic ground coherence

Ψ̂ = cos θ(t)Ê −
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Quantum state transfer between photon and atom

M. Fleischhauer and M. D. Lukin, PRL 84, 5094 (2000)
You-Lin Chuang (Physics Division, National Center of Theoretical Science, Hsinchu 300, Taiwan)Quantum squeezing and entanglement in coherent atomic systems14, May, 2018 Physics department, National Dong Hua university 19 / 43



Contents

1 Motivation and introduction

2 Quantum squeezing in CPT media

3 Quantum entanglement in EIT media

4 Conclusion

5 Future works

You-Lin Chuang (Physics Division, National Center of Theoretical Science, Hsinchu 300, Taiwan)Quantum squeezing and entanglement in coherent atomic systems14, May, 2018 Physics department, National Dong Hua university 20 / 43



Motivation : generation of quantum light sources

Squeezed light

precision measurement

CV entanglement

deterministic, unconditional

easily manipulate and observe

quantum teleportation,
quantum dense coding,
quantum swapping,
quantum communication, etc.

Atom-field interaction

intrinsic nonlinearity

controllable

quantum memory

“Unconditional Quantum Teleportation,”
Science 282, 706 (1998).

“Long-distance quantum communication with
atomic ensembles and linear optics,”

Nature 414, 413 (2001).
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Squeezed light

below vacuum fluctuation

non-classical state light

two-quadrature operator[
X̂1, X̂2

]
= 2i

uncertainty principle:
∆X1∆X2 ≥ 1

continuous variable in QIS

Δ X

Δ P

X

P

Δ X

Δ P

X

P

Coherent state Squeezed state

∆X1 = e−2r , ∆X2 = e+2r

nonlinearity from self phase
modulation (SPM)
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Atomic system interacting with light fields

Ĥ = −~ [∆pσ̂33(z , t) + (∆p −∆c)σ̂22(z , t)]

− ~

[
Ω̂p(z , t)

2
σ̂31(z , t) +

Ω̂c(z , t)

2
σ̂32(z , t) + H .C .

]
,

two-photon detuning δ = ∆p −∆c

asymmetric configuration ∆p = −∆c = δ/2
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Minimum quadrature variance and correlations

quadrature operator of field defined by X̂ (θ) = e−iθâ + e iθâ†

minimum quadrature variance :

V ≡ 〈∆X̂ 2(θopt)〉 = −|〈â2〉| − |〈â†2〉|+ 2〈â†â〉+ 1,

while θopt =
(
Arg[〈â2〉]± π

)
/2.

input coherent states Vp = Vc = 1.

A pair squeezed states are generated at output.

probe

coupling

CPT medium
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Finding the optimum output variance

output variance : V = V (α, δ,Ω)
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Optimized squeezing
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Analytical study for numerical results

∂

∂z
âp = Pâp + Qâ†p + Râc + Sâ†c + n̂p

output variance

V ≈
(√
|Q|2 + 1− |Q|

)2
+

Z (2 + Z )

3 + 2Z

in which |Q| = αε/4, and Z = αε2

2
(1 + (Ω/2Γ)2). ε ≡ Γδ/|Ω|2

|Q| ∝ the propagation delay time of CPT.

Z ∝ the attenuation in CPT.

variance ∝ (αε)−2 , noise ∝ αε2.

εopt ∝ α−3/4 ⇒ Vopt ∝ 1/
√
α

one-order-of-magnitude increment of OD resulting in 5-dB
enhancement of squeezing.
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Squeezing spectrum
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(a,b) α = 1000 , (c,d) α = 300
δ/Ω2 ' const.

time-dependent fluctuation

The bandwidth of squeezing
spectrum ' Ω2/Γ

√
2α .

oscillation period
Tosc = 2π × [2Ω2/(αΓ)].

The phase change φ ≈ 2ωTD
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Inseparability criterion for CV systems

a quantum state of two modes is separable if it can be expressed
in the following form:

ρ12 =
∑
i

piρi1 ⊗ ρi2 , where
∑
i

pi = 1.

entangled continuous variable state - a pair of EPR-type
operators, such as x̂1 + x̂2 and p̂1 − p̂2.

〈[∆(x̂1 + x̂2)]2〉+ 〈[∆(p̂1 − p̂2)]2〉 < 4

〈[∆(x̂1 + x̂2)]2〉〈[∆(p̂1 − p̂2)]2〉 < 1

L.M. Duan, G. Giedke, J.I. Cirac, and P. Zoller, PRL 84, 2722 (2000)

S. Mancini, V. Giovannetti, D. Vitali, and P. Tombesi, PRL 88, 120401 (2002)
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CV entanglement generation

squeezed light with beam-splitter (BS)

correlated spontaneous emission laser (CEL)

four-wave mixing (FWM)

nondegenrate optical parametric amplification
(NDOPA)

â

b̂

ĉ

d̂

PRA 65, 032323 (2002) PRL 94, 023601 (2005) PRA 82, 033819 (2010)
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Electromagnetically induced transparency system

CV Entanglement generation from Λ-type EIT system
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Tunable parameters in EIT system

Entanglement function:
V = V (α, δ,Ωp,Ωc) = 4

(
1 + 〈â†pâp〉+ 〈â†c âc〉 − 2|〈âpâc〉|

)
optical density α
Rabi frequencies of fields Ωp and Ωc

two-photon detuing δ
ground state decoherence Γ12

│1  │2 

│3 

Ωp Ωc

δ

α

EIT configuration

Γ12
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1 Propagation equations of two field fluctuation operators:

∂

∂z
âp = P1âp + Q1â

†
p + R1âc + S1â

†
c + n̂p

∂

∂z
âc = P2âp + Q2â

†
p + R2âc + S2â

†
c + n̂c

2 commutation relations :[
âp, â

†
p

]
= 1 =

[
âc , â

†
c

]
, and [âp, âc ] = 0 =

[
âp, â

†
c

]
.

3 In EIT region (Ωp � Ωc), the coefficients are given by

self-damping: P1 ' iαε− 2αε2 , R2 ' iαεr 2

self-squeezing: Q1 ' −2iαεr 2e2iKz , S2 ' 2iαεr 2

cross-damping: R1 ' −iαεre iKz , P2 ' −iαεre−iKz

cross-correlation: S1 ' −iαεre iKz , Q2 ' −iαεre iKz

K ≡ αε , ε ≡ Γδ/Ω2
c , r ≡ |Ωp/Ωc | � 1.
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V (Ωc , δ) and V (Ωc , Γ12)

0 0.002 0.004 0.006 0.008 0.01
2

2.5

3

3.5

4

δ/Γ

E
nt

an
gl

em
en

t q
ua

nt
ity

 V α = 1000
Ω

c
 = 1Γ

(a)

1 2 3 4 5
2

2.5

3

3.5

4

Ω
c
/Γ

E
nt

an
gl

em
en

t q
ua

nt
ity

 V α = 1000
δ = 0.01Γ

(b)

0 0.002 0.004 0.006 0.008 0.01
3.7

3.75

3.8

3.85

3.9

3.95

4

Γ
12

/Γ

E
nt

an
gl

em
en

t q
ua

nt
ity

 V (c) α = 1000
Ω

c
 = 1Γ

1.5 2 2.5 3
3.7

3.75

3.8

3.85

Ω
c
/Γ

E
nt

an
gl

em
en

t q
ua

nt
ity

 V

(d)
α = 1000
Γ

12
 = 0.01Γ

You-Lin Chuang (Physics Division, National Center of Theoretical Science, Hsinchu 300, Taiwan)Quantum squeezing and entanglement in coherent atomic systems14, May, 2018 Physics department, National Dong Hua university 35 / 43



Optimum entanglement quantity Vopt
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Relationship between Ωc ,opt(δopt) and δ(Ωc)
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Analytical study

The closed form of output entanglement function is given by

V = 4
(
1 + 2µ2 − 2µ

)
+ 4µλ (1− 4µ/3) + 8(2µr)2(1 + µ2 − µ)

in which µ ≡ αεr , and λ ≡ 2αε2 being the damping of probe field.

When λ = 0 (no damping) and r → 0, we have
V = 4 (1 + 2µ2 − 2µ). Vopt = 2 , ∀α as long as µ = 1/2.

ropt ∝ α−1/4, εopt ∝ α−3/4 ⇒ (Vopt − 2) ∝ α−1/2
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Conclusion

squeezed light generation from CPT - PRA 96, 053818 (2017)

1 A pair squeezed lights are generated by CPT media.

2 Optical-density greatly enhances output squeezing without using
optical cavities.

3 optimum squeezing Vopt ∝ α−1/2

entangled light generation from EIT

1 CV entanglement can be generated by EIT medium.

2 Entanglement generated with two-photon detuning δ is more
efficient than that with ground state decoherence rate Γ12.

3 optimum entanglement (Vopt − 2) ∝ α−1/2
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Rydberg EIT system

intrinsic nonlinearity
nonlocality
many-body effect - Rydberg blockade
quantum nonlinear optics in low-light level
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Thanks for your attention !

生命在祂裡頭，這生命就是人的光。
- 約翰福音1:4

In Him was life, and that life was the light of all mankind.
- John 1:4
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