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Photon antibunching1

• First demonstration of nonclassical light: photon antibunching

1H.J. Kimble, M. Dagenais, and L. Mandel, Phys. Rev. Lett. 39, 691 (1977).
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Photon antibunching

• Violation of Schwarz inequality: 〈T : Î(0)̂I(τ) :〉 > 〈: [̂I(0)]2 :〉

⇒ Based on normal-and time-ordered correlation functions!
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Definitions of quantum correlations

• An N-mode state of light, ρ̂cl, is called classical if it can be written as2

ρ̂cl =

∫
dP(α) |α〉 〈α| , with |α〉 = |α1〉 ⊗ . . . ⊗ |αN〉 and P ≡ Pcl ≥ 0

• An N-partite state σ̂ is called separable if it can be written as3

σ̂ =

∫
dP(a) |a〉 〈a| , with |a〉 = |a1〉 ⊗ . . . ⊗ |aN〉 and P ≡ Pcl ≥ 0

• A state ρ̂ is nonclassical [entangled] if ρ̂ , ρ̂cl [σ̂]

• General relation: entanglement⇒ quantum correlation

⇒ Entangled states are a subset of quantum correlated ones!

• Applications in quantum technologies4

2U. M. Titulaer and R. J. Glauber, Phys. Rev. 140, B676 (1965).
3R. F. Werner, Phys. Rev. A 40, 4277 (1989).
4R. Horodecki, P. Horodecki, M. Horodecki, and K. Horodecki, Rev. Mod. Phys. 81, 865 (2009).
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General quantum correlations of light5

• Glauber/Sudarshan function P(α) = P(α1, . . . , αN)⇒ P functional:

P({E(+)(i)}) =
〈
T :

k∏
i=1

δ̂
(
Ê(+)(i) − E(+)(i)

)
:
〉
, i ≡ (ri , ti)

• Nonclassical correlations: P 6≥ 0

⇒ Hierarchy of conditions for field correlation functions, such as:

〈T :∆Ê(1)∆Î(2) :〉2 > 〈: [∆Ê(1)]2 :〉〈: [∆Î(2)]2 :〉

• Correlation functions of higher orders are accessible!

⇒ Detection: homodyne correlation measurements

5W. Vogel, Phys. Rev. Lett. 100, 013605 (2008).
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Homodyne correlation measurements

• More details of the theory6

⇒ Applies in case of strong losses, e.g., in resonance fluorescence
• Related technique: conditioned homodyne detection7

⇒ Applied in cavity QED7 and trapped ion experiments8

6W. Vogel, Phys. Rev. A 51, 4160 (1995).
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⇒ Applies in case of strong losses, e.g., in resonance fluorescence
• Related technique: conditioned homodyne detection7

⇒ Applied in cavity QED7 and trapped ion experiments8

6W. Vogel, Phys. Rev. A 51, 4160 (1995).
7H. J. Carmichael, H. M. Castro-Beltran, G. T. Foster, L. A. Orozco, PRL 85, 1855 (2000).
8S. Gerber, D. Rotter, L. Slodicka, J. Eschner, H. J. Carmichael, and R. Blatt, PRL 102, 183601 (2009).
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Homodyne intensity correlation measurement9

• The measurement setup:

    SI

  LO

    PD1

    PD2

    SL

    BS2    BS1

    1

    2

9W. Vogel, Phys. Rev. Lett. 67, 2450 (1991).
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Homodyne intensity correlation measurement9

• Accessible intensity correlation functions:

∆G(2,2) =
{〈

[Ê(−)(r, t)]2[Ê(+)(r, t)]2
〉
−

〈
Ê(−)(r, t)Ê(+)(r, t)

〉2
}
,

• Decomposition with respect to local oscillator amplitude, ELO:

∆G(2,2) =
4∑

i=0

∆G(2,2)
i

• Sub-Poisson statistics: ∆G(2,2)
0 = |T |4

〈
: (∆ÎSI)

2 :
〉

• Anomalous correlation: ∆G(2,2)
1 = 2|T |3|R | ELO

〈
: ∆ÊSI∆ÎSI :

〉
• Squeezing: ∆G(2,2)

2 = |T |2|R |2 E2
LO

〈
: (∆ÊSI)

2 :
〉

9W. Vogel, Phys. Rev. Lett. 67, 2450 (1991).
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Squeezing in resonance flourescence

• Proposal of the measurement technique9

• Experimental verification10: Homodyne intensity correlation experiment

9W. Vogel, Phys. Rev. Lett. 67, 2450 (1991).
10C. H. H. Schulte, J. Hansom, A. F. Jones, C. Matthiesen, C. Le Gall, and M. Atatüre, Nature 525, 222 (2015); for

experimental details, see supplement.
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Homodyne cross-correlation measurement6

• The measurement setup:

    SI

  LO

    PD1

    PD2

    BS

    1

    2

6W. Vogel, Phys. Rev. A 51, 4160 (1995).
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Homodyne cross correlation measurement6

• Accessible intensity correlation functions:

∆G(2,2) =
{〈

[Ê(−)(r, t)]2[Ê(+)(r, t)]2
〉
−

〈
Ê(−)(r, t)Ê(+)(r, t)

〉2
}
,

• Decomposition with respect to local oscillator amplitude, ELO:

∆G(2,2) =
4∑

i=0

∆G(2,2)
i

• Sub-Poisson statistics: ∆G(2,2)
0 = |T |2|R |2

〈
: (∆ÎSI)

2 :
〉

• Anomalous correlation: ∆G(2,2)
1 = |T ||R |(|R |2 − |T |2) ELO

〈
: ∆ÊSI∆ÎSI :

〉
• Squeezing: ∆G(2,2)

2 = −|T |2|R |2 E2
LO

〈
: (∆ÊSI)

2 :
〉

6W. Vogel, Phys. Rev. A 51, 4160 (1995).
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Anomalous quantum correlations of squeezed light11

• Homodyning with unbalanced beam
splitter and weak LO6

• Classical description

• Correlation C(φ) = 〈c1c2〉 of
detector current fluctuations

• Separation of different moments:
C(φ) = C0 + C1(φ) + C2(φ)

• C0(φ) ∝ 〈(∆I)2〉

• C1(φ) ∝ EL 〈∆Eφ∆I〉

• C2(φ) ∝ E2
L 〈(∆Eφ)2〉

• Experimental result det[L(φ)] < 0:

〈: ∆Êφ∆Î :〉2 > 〈: (∆Êφ)2 :〉〈: (∆Î)2 :〉

    Signal

    weak LO

    φ

    PD1

    PD2

    c1
    AC

    c2

    AC
   14 : 86

11B. Kühn, W. Vogel, M. Mraz, S. Köhnke, and B. Hage, Phys. Rev. Lett. 118, 153601 (2017).
6W. Vogel, Phys. Rev. A 51, 4160 (1995).
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Kiev, Sept. 10, 2018 | W. Vogel 17 / 32



Anomalous quantum correlations of squeezed light11

• Homodyning with unbalanced beam
splitter and weak LO6

• Classical description

• Correlation C(φ) = 〈c1c2〉 of
detector current fluctuations

• Separation of different moments:
C(φ) = C0 + C1(φ) + C2(φ)

• C0(φ) ∝ 〈(∆I)2〉

• C1(φ) ∝ EL 〈∆Eφ∆I〉

• C2(φ) ∝ E2
L 〈(∆Eφ)2〉

• Experimental result det[L(φ)] < 0:
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Classical
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0 Π
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Φ

d
e
t@L

HΦL
D

Quantum correlation for large
phase intervall!

11B. Kühn, W. Vogel, M. Mraz, S. Köhnke, and B. Hage, Phys. Rev. Lett. 118, 153601 (2017).
6W. Vogel, Phys. Rev. A 51, 4160 (1995).
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Balanced homodyne correlation measurement12

• Basic measurement device MDd of depth d with 2d photodetectors:

Simplest scheme of depth d = 2

12E. Shchukin and W. Vogel, Phys. Rev. Lett. 96, 200403 (2006).
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Balanced homodyne correlation measurements12

• Simplest scenario: one space-time point

G(n,m)(~r , t) =
〈
Ê(−)(~r , t)nÊ(+)(~r , t)m

〉
• Correlation function Γ

(k)
l :

Γ
(k)
l ∼ 〈: N̂ l

+N̂
k−l
− :〉, N̂± = 1

2 (Ê(−)Ê(+) ± ELOX̂ϕ + E2
LO)

• Balanced data combination:

F (k)(ϕ) =
∑k

l=0(−1)k−l(k
l )Γ

(k)
l ∼ 〈: (N̂+ − N̂−)k :〉 ∼ Ek

LO〈: X̂
k
ϕ :〉

• Fourier analysis (ϕ dependence):

〈: X̂k
ϕ :〉 =

∑k
l=0 (k

l )〈Ê
(−)lÊ(+)k−l〉e i(k−2l)ϕ

⇒ Insensitive to efficiency losses and uncorrelated dark counts!

12E. Shchukin and W. Vogel, Phys. Rev. Lett. 96, 200403 (2006).
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General correlation measurements

• Extension to many space-time points:
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Unbalanced homodyne correlation measurement13

13B. Kühn and W. Vogel, Phys. Rev. Lett. 116, 163603 (2016).
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    b    R

    DDL

    x

    p
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    2          2

    2             2

• Reference field is a displaced dephased laser (DDL)

• ac correlation of M = 2m detectors yields moments 〈: [n̂(α)]m :〉
→ no need of photon number resolution

• Quantum-state representation via displaced photon-number moments
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Vizualizing quantum effects via UHCM13

- 4 - 2 0 2 4

- 0.2

0.0

0.2

0.4

0.6

0.8
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H 2L H Α L
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H 1L H Α L

Fw
H 1L H Α L

Squeezed vacuum state
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- 0.1
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0.3
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0.5

0.6

Im H Α L

Pw
H 2L H Α L

Fw
H 2L H Α L

Pw
H 1L H Α L

Fw
H 1L H Α L

Single-photon added termal state

• Minimal eigenvalue F (k)
w (α) of matrix of displaced number moments,

Lw(α) = (w2(m+m′)〈: [n̂(α)]m+m′ :〉)mm′ ; for m,m′ = 0, . . . k

• Truncated nonclassicality quasiprobabilities, P(k)
w (α)

• F (k)
w (α) < 0 and P(k)

w (α) < 0 certify nonclassicality

13B. Kühn and W. Vogel, Phys. Rev. Lett. 116, 163603 (2016).
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Click-counting detectors

Array detector Spatial multiplexing Time-bin multiplexing

• Split of signal intensity into N smaller ones

• Use of N on-off detectors

• Click-counting probability ck for k = 0, . . . ,N clicks14

• Binomial distribution:

ck =
〈
:(N

k )
(
e−n̂/N

)N−k (
1̂ − e−n̂/N

)k
:
〉

14Sperling, Vogel, and Agarwal, Phys. Rev. A 85, 023820 (2012).
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Experimental implementations (examples)

• Multiplexing schemes:

• D. Achilles, Ch. Silberhorn, C. Sliwa, K. Banaszek and I. A. Walmsley,
Opt. Lett. 28, 2387 (2003).

• M. J. Fitch, B. C. Jacobs, T. B. Pittman, and J. D. Franson,
Phys. Rev. A 68, 043814 (2003).

• G.Zambra, A. Andreoni, M. Bondani, et al.,
Phys. Rev. Lett. 95, 063602 (2005).

• Array detectors:

• E. Waks, E. Diamanti, B. C. Sanders, S. D. Bartlett, and Y. Yamamoto,
Phys. Rev. Lett. 92, 113602 (2004).

• L. A. Jiang, E. A. Dauler, and J. T. Chang,
Phys. Rev. A 75, 062325 (2007).
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Two-mode click correlations

correlation
measurement
NA=NB=4

• Obtain two-mode click statistics ckA ,kB

• Matrix of moments M = 〈: π̂
mA+m′A
A π̂

mB+m′B
B :〉

with non-click operator π̂i = e−n̂i/N

• M � 0⇒ quantum correlations15

kA

kB
0

2

4
0

2

4

0.
0.1

ckA,kB
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15Sperling, Vogel, and Agarwal, Phys. Rev. A 88, 043821 (2013).
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Verification of quantum correlations16

• Two-mode squeezed vacuum state

|ξ〉 =
∞∑

n=0

(tanh ξ)n

cosh ξ
|n〉A |n〉B

• Experiment: Silberhorn group (Paderborn)

• Detection: time-bin multiplexing, N = 8

• Measured click-counting statistics: ckA ,kB

• Which properties can be revealed?

| photon-number statistics
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16Sperling, Bohmann, Vogel, Harder, Brecht, Ansari, and Silberhorn, Phys. Rev. Lett. 115, 023601 (2015).
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Second-order correlations

Consider moments up to the second order:16

M(2,0)=

(
1 〈:π̂A :〉
〈:π̂A :〉 〈:π̂2

A :〉

)
single mode A

M(0,2)=

(
1 〈:π̂B :〉
〈:π̂B :〉 〈:π̂2

B :〉

)
single mode B

M(2,2)=

 1 〈:π̂A :〉 〈:π̂B :〉
〈:π̂A :〉 〈:π̂2

A :〉 〈:π̂A π̂B :〉
〈:π̂B :〉 〈:π̂A π̂B :〉 〈:π̂2

B :〉


correlations between modes A and B

M(i,j) � 0⇔ M(i,j) has at least one negative eigenvalue e(i,j)

16Sperling, Bohmann, Vogel, Harder, Brecht, Ansari, and Silberhorn, Phys. Rev. Lett. 115, 023601 (2015).
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Experimental second-order correlations16

| results
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eigenvalues:
eA > 0 for M(2,0)

eB > 0 for M(0,2)

eAB < 0 for M(2,2)

• Single-mode reductions are classical

• No data post-processing needed

⇒ Direct verification of quantum cross correlations

16Sperling, Bohmann, Vogel, Harder, Brecht, Ansari, and Silberhorn, Phys. Rev. Lett. 115, 023601 (2015).
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Summary

• General quantum correlations of light: P functional

⇒ General normal- and time-ordered nonclassicality conditions

• Homodyne correlation measurements

• Homodyne intensity correlations: squeezing in single-atom resonance
flourescence→ insensitive to loss and dark counts!

• Homodyne cross correlation measurement: anomalous correlations of
squeezed light→ insensitive to loss and dark counts!

• Balanced homodyne correlation measurement: normal-ordered
quadrature moments→ not yet implemented!

• Unbalanced homodyne correlation measurement: displaced number
statistics without photon-number resolution→ not yet implemented!

• Click-counting verification of quantum correlations

Kiev, Sept. 10, 2018 | W. Vogel 31 / 32



Summary

• General quantum correlations of light: P functional

⇒ General normal- and time-ordered nonclassicality conditions

• Homodyne correlation measurements

• Homodyne intensity correlations: squeezing in single-atom resonance
flourescence→ insensitive to loss and dark counts!

• Homodyne cross correlation measurement: anomalous correlations of
squeezed light→ insensitive to loss and dark counts!

• Balanced homodyne correlation measurement: normal-ordered
quadrature moments→ not yet implemented!

• Unbalanced homodyne correlation measurement: displaced number
statistics without photon-number resolution→ not yet implemented!

• Click-counting verification of quantum correlations

Kiev, Sept. 10, 2018 | W. Vogel 31 / 32



Summary

• General quantum correlations of light: P functional

⇒ General normal- and time-ordered nonclassicality conditions

• Homodyne correlation measurements

• Homodyne intensity correlations: squeezing in single-atom resonance
flourescence→ insensitive to loss and dark counts!

• Homodyne cross correlation measurement: anomalous correlations of
squeezed light→ insensitive to loss and dark counts!

• Balanced homodyne correlation measurement: normal-ordered
quadrature moments→ not yet implemented!

• Unbalanced homodyne correlation measurement: displaced number
statistics without photon-number resolution→ not yet implemented!

• Click-counting verification of quantum correlations

Kiev, Sept. 10, 2018 | W. Vogel 31 / 32



Summary

• General quantum correlations of light: P functional

⇒ General normal- and time-ordered nonclassicality conditions

• Homodyne correlation measurements

• Homodyne intensity correlations: squeezing in single-atom resonance
flourescence→ insensitive to loss and dark counts!

• Homodyne cross correlation measurement: anomalous correlations of
squeezed light→ insensitive to loss and dark counts!

• Balanced homodyne correlation measurement: normal-ordered
quadrature moments→ not yet implemented!

• Unbalanced homodyne correlation measurement: displaced number
statistics without photon-number resolution→ not yet implemented!

• Click-counting verification of quantum correlations

Kiev, Sept. 10, 2018 | W. Vogel 31 / 32



Summary

• General quantum correlations of light: P functional

⇒ General normal- and time-ordered nonclassicality conditions

• Homodyne correlation measurements

• Homodyne intensity correlations: squeezing in single-atom resonance
flourescence→ insensitive to loss and dark counts!

• Homodyne cross correlation measurement: anomalous correlations of
squeezed light→ insensitive to loss and dark counts!

• Balanced homodyne correlation measurement: normal-ordered
quadrature moments→ not yet implemented!

• Unbalanced homodyne correlation measurement: displaced number
statistics without photon-number resolution→ not yet implemented!

• Click-counting verification of quantum correlations

Kiev, Sept. 10, 2018 | W. Vogel 31 / 32



Research Group Theoretical Quantum Optics

• Support by EU and DFG:

Thank you for your attention!
Kiev, Sept. 10, 2018 | W. Vogel 32 / 32


	Introduction
	General quantum correlations of light
	Homodyne correlation measurements
	Click counting measurements
	Summary

