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Antibunching in Resonance Fluorescence

➢ Single two-level emitter
Atom in an optical tweezer, single ion,
quantum dot, single molecule, …

➢ Near resonant, weak driving
S = I/Isat << 1

𝝉

𝒈(𝟐)(𝝉)

➢ Probability for detecting two photons simultaneously = 0

2

➢ Scattered field features coherent
and incoherent component

𝑛𝑐𝑜ℎ ∝ 𝑆 and 𝑛𝑖𝑛𝑐𝑜ℎ ∝ 𝑆2



Standing on the Shoulders of Giants

Jeff Kimble (1949–2024)Credit: Caltech
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➢ Single two-level emitter
Atom in an optical tweezer, single ion,
quantum dot, single molecule, …

➢ Scattered field features coherent
and incoherent component

𝑛𝑐𝑜ℎ ∝ 𝑆 and 𝑛𝑖𝑛𝑐𝑜ℎ ∝ 𝑆2

➢ Near resonant, weak driving
S = I/Isat << 1

𝝉

𝒈(𝟐)(𝝉)

➢ Probability for detecting two photons simultaneously = 0
A single two-level atom will not simultaneouly scatter two photons! Really?
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Antibunching in Resonance Fluorescence



Outline

Will a single two-level emitter scatter 2 photons simultaneously?

How to harness resonance fluorescence as a highly efficient 

source of time-bin entangled photon pairs.
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Standing on the Shoulders of Giants

Serge ReynaudJean Dalibard



Antibunching through Quantum Interference
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Theory: Two-Photon Scattering

➢ Single two-level emitter
Atom in an optical tweezer, single ion,
quantum dot, single molecule, …

Two separable output photons

Coherent two-photon scattering

Entangled photon-pair

Incoherent two-photon scattering

➢ Near resonant, weak driving
S = I/Isat << 1

𝜒𝛥 𝜏 𝜙𝛥 𝜏
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➢ Scattered field features coherent
and incoherent component

𝑛𝑐𝑜ℎ ∝ 𝑆 and 𝑛𝑖𝑛𝑐𝑜ℎ ∝ 𝑆2



Theory: Two-Photon Scattering

Output two-photon wavefunction:

Ψ2 𝜏 = χ 𝜏 + 𝜙(𝜏)

Coherent

Incoherent

𝜙𝛥 𝜏 = −
𝑛𝑐𝑜ℎ

2
𝑒−

𝛤
2 𝜏 𝑒𝑖𝛥 𝜏

𝜒𝛥 𝜏 =
𝑛𝑐𝑜ℎ

2

➢ Superposition of coherently and incoherently
scattered two-photon amplitudes

Fourier Transform:

𝜒 𝜏 → ෤𝜒 ω
𝜙 𝜏 → ෨𝜙 ω

෩Ψ2 ω
2

ωL
ω

Δ Δ

11

nonlinear phase



Theory: Two-Photon Scattering

Output two-photon wavefunction:

Ψ2 𝜏 = χ 𝜏 + 𝜙(𝜏)

Coherent

Incoherent

𝜙𝛥 𝜏 = 0 = −𝜒Δ(𝜏 = 0)

𝜒𝛥 𝜏 =
𝑛𝑐𝑜ℎ

2

➢ Superposition of coherently and incoherently
scattered two-photon amplitudes

Fourier Transform:

𝜒 𝜏 → ෤𝜒 ω
𝜙 𝜏 → ෨𝜙 ω
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Theory: Two-Photon Scattering

Output two-photon wavefunction:

Ψ2 𝜏 = 0 = 0

Coherent

Incoherent

𝜙𝛥 𝜏 = 0 = −𝜒Δ(𝜏 = 0)

𝜒𝛥 𝜏 =
𝑛𝑐𝑜ℎ

2

➢ Destructive interference of coherently and 
incoherently scattered two-photon amplitudes

Fourier Transform:

𝜒 𝜏 → ෤𝜒 ω
𝜙 𝜏 → ෨𝜙 ω
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Theory: 2nd Order Quantum Coherence Function

𝑔 𝟐 (𝜏) ∝ |Ψ2(𝜏)|2 = |χ 𝜏 + 𝜙(𝜏)|2

➢ Interference between coherently and 
incoherently scattered photons

𝝉

𝒈(𝟐)(𝝉)

ωL
ω

*Note: for clarity, Δ ≠ 0 for 2-photon spectra, 
but Δ = 0 for g(2)(𝜏) plots
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Theory: 2nd Order Quantum Coherence Function

𝑔 𝟐 (𝜏) ∝ |Ψ2(𝜏)|2 = |χ 𝜏 + 𝜙(𝜏)|2

➢ Interference between coherently and 
incoherently scattered photons

𝝉

𝒈(𝟐)(𝝉)

ωL
ω

𝒈(𝟐)(𝝉)

𝝉

ωL
ω

▪ Hanschke, et. al., PRL 2020

*Note: for clarity, Δ ≠ 0 for 2-photon spectra, 
but Δ = 0 for g(2)(𝜏) plots

|χ 𝜏 + 𝜙(𝜏)|2
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Theory: 2nd Order Quantum Coherence Function

𝑔 𝟐 (𝜏) ∝ |Ψ2(𝜏)|2 = |χ 𝜏 + 𝜙(𝜏)|2

➢ Interference between coherently and 
incoherently scattered photons

𝝉

𝒈(𝟐)(𝝉)

ωL
ω

𝒈(𝟐)(𝝉)

𝝉

ωL
ω

𝒈(𝟐)(𝝉)

𝝉

ωL
ω

Antibunching Bunching

▪ Hanschke, et. al., PRL 2020

*Note: for clarity, Δ ≠ 0 for 2-photon spectra, 
but Δ = 0 for g(2)(𝜏) plots

|χ 𝜏 + 𝜙(𝜏)|2

|χ 𝜏 + 𝜙(𝜏)|2
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dark count level

𝒈
(𝟐

) (𝝉
)

Experiment: Antibunching

Asphere

85Rb 
MOT

Trapped
atom!

Tweezer
Beam

Filter(s)

SM fibre
coupling

UHV
chamber

Fluorescence

SPCM1

Lifetime ~300 ms

➢ g(2)(0) ≈ 0.4

SPCM2

50:50
BS

Time 
tagger

Hanbury-Brown & Twiss setup

➢ Δ ≈ 60 MHz

ωL
ω

Δ Δ

Ωeff ≈ Δ

Δ ≈ δMOT + δSTARK

δMOT ≈ 16 MHz

δSTARK ≈ 44 MHz

17L. Masters et al., Nat. Photon. 17, 972 (2023)



T = 1

0
δ

𝒈
(𝟐

) (𝝉
)

Experiment: Bunching

Asphere

85Rb 
MOT

Trapped
atom!

Tweezer
Beam

Filter(s)

SM fibre
coupling

UHV
chamber

Fluorescence

SPCM1

Length ~ 2.3 m
Linewidth ~ 4.4 MHz
FSR ~ 90 MHz
Δ ~ Τ𝟐

𝟑FSR (previous slide)

(Finesse ~20)

Variable ratio coupler

SPCM2

50:50
BS

Time 
tagger

Hanbury-Brown-Twiss setup

ωL
ω

➢ g(2)(0) ≈ 7.6

Fibre Ring Resonator

18L. Masters et al., Nat. Photon. 17, 972 (2023)



In Summary…

Coherent

Incoherent

➢ Interference between coherently and incoherently
scattered two-photon component

➢ g(2)(0) ≈ 0.43 ± 0.05

ωL
ω

ωL
ω

Fibre Ring Res.
➢ g(2)(0) ≈ 7.65 ± 1.21

19L. Masters et al., Nat. Photon. 17, 972 (2023)



Will a single two-level emitter scatter 2 photons simultaneously?

→Yes, it does so permanently, even in two different ways.

A classical linear notch filter can transform antibunched light 

into bunched light. 

In other words: Selectively removing photons from antibunched 

light will cause those that pass through the filter to be bunched.

20

Interpretation of Results

L. Masters et al., Nat. Photon. 17, 972 (2023)



Outline

Will a single two-level emitter scatter 2 photons simultaneously?

How to harness resonance fluorescence as a highly efficient 

source of time-bin entangled photon pairs.
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Entangled Photon Pairs

22

Phys. Rev. Lett. 25, 84 (1970)

down conversioncascaded decay

Phys. Rev. Lett. 28, 938 (1972)
Phys. Rev. Lett. 47, 460 (1981)

4-wave mixing
(e.g., in atomic gases)

Front. of Physics 7, 494 (2012)

Novel approach

Nat. Photon.
17, 972 (2023)

Resonance fluorescence 
of a single 2-level emitter

Usually generated by…



Entangled Photon Pairs
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Novel approach

Nat. Photon.
17, 972 (2023)

Resonance fluorescence 
of a single 2-level emitter

ωL
ω

Spectral
distribution

𝜙 𝜏 = − 𝑛𝑠𝑐
2 𝑒− 𝛾−𝑖Δ |𝜏|

Incoherent scattering

Nat. Phys. 20, 1429 (2024).

Confirming 
Entanglement

෩Ψ2 𝜔 = ෤χ 𝜔 + ෨𝜙 (𝜔)



Entangled Photon Pairs
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Novel approach

Nat. Photon.
17, 972 (2023)

Resonance fluorescence 
of a single 2-level emitter

ωL
ω

𝜙 𝜏 = − 𝑛𝑠𝑐
2 𝑒− 𝛾−𝑖Δ |𝜏|

Incoherent scattering

But, surprisingly, ...

… a stream of time-bin entangled photon pairs can be 
generated from unfiltered resonance fluorescence!

ωR
ωωB ωL

ω

Spectral
distribution

෩Ψ2 𝜔 = ෤χ 𝜔 + ෨𝜙 (𝜔)

X.-X. Hu et al., arXiv:2504.11294



Setup
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Fiber-based Franson 
interferometer

dipole trap for 85Rb

atomic fluorescence

C
o
u
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2
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second-order correlations

   HBT

   

      

 
    

    
  

             
   

   

   

   

   

   

   

      

    

          

          

g(2) 0 = 0.05 ± 0.036

g(2) 0 = 0.07 ± 0.055

low-saturation:

high-saturation:

• Polarization compensated
• Stabilized using phase shifter
• Charaterized using drive laser

X.-X. Hu et al., arXiv:2504.11294



Postselected Time-Bin Entangled State
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| ۧΨ =
1

2
𝜓 Δ𝑡 𝑎𝑠

† 𝑡 𝑏𝑙
† t + 𝑎𝑙

† 𝑡 𝑏𝑠
† t | ۧ0  + 

1

2
𝜓(𝛿𝑡) 𝑎𝑠

† 𝑡 𝑏𝑠
† t + 𝑎𝑙

† 𝑡 𝑏𝑙
† t | ۧ0

X.-X. Hu et al., arXiv:2504.11294

Coincidence between Alice and Bob at time 𝑡 ± 𝛿𝑡 projects onto state
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† 𝑡 𝑏𝑠
† t | ۧ0  + 

1

2
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Postselected Time-Bin Entangled State
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| ۧΨ =
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𝜓 Δ𝑡 𝑎𝑠
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1

2
𝜓(𝛿𝑡) 𝑎𝑠

† 𝑡 𝑏𝑠
† t + 𝑎𝑙

† 𝑡 𝑏𝑙
† t | ۧ0
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Coincidence between Alice and Bob at time 𝑡 ± 𝛿𝑡 projects onto state



Postselected Time-Bin Entangled State
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| ۧΨ =
1

2
𝜓 Δ𝑡 𝑎𝑠

† 𝑡 𝑏𝑙
† t + 𝑎𝑙

† 𝑡 𝑏𝑠
† t | ۧ0  + 

1

2
𝜓(𝛿𝑡) 𝑎𝑠

† 𝑡 𝑏𝑠
† t + 𝑎𝑙

† 𝑡 𝑏𝑙
† t | ۧ0

𝝉

𝒈(𝟐)(𝝉) 2𝛿𝑡

X.-X. Hu et al., arXiv:2504.11294

Coincidence between Alice and Bob at time 𝑡 ± 𝛿𝑡 projects onto state

𝜓 𝛿𝑡 2



Postselected Time-Bin Entangled State
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| ۧΨ =
1

2
𝜓 Δ𝑡 𝑎𝑠

† 𝑡 𝑏𝑙
† t + 𝑎𝑙

† 𝑡 𝑏𝑠
† t | ۧ0  + 

1

2
𝜓(𝛿𝑡) 𝑎𝑠

† 𝑡 𝑏𝑠
† t + 𝑎𝑙

† 𝑡 𝑏𝑙
† t | ۧ0

𝝉

𝒈(𝟐)(𝝉) 2𝛿𝑡

for 𝛿𝑡 ≪ 1/2𝛾

X.-X. Hu et al., arXiv:2504.11294

Coincidence between Alice and Bob at time 𝑡 ± 𝛿𝑡 projects onto state

𝜓 𝛿𝑡 2



Postselected Time-Bin Entangled State
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| ۧΨ =
1

2
𝜓 Δ𝑡 𝑎𝑠

† 𝑡 𝑏𝑙
† t + 𝑎𝑙

† 𝑡 𝑏𝑠
† t | ۧ0  

X.-X. Hu et al., arXiv:2504.11294



Postselected Time-Bin Entangled State
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| ۧΨ =
1

2
𝜓 Δ𝑡 𝑎𝑠

† 𝑡 𝑏𝑙
† t + 𝑎𝑙

† 𝑡 𝑏𝑠
† t | ۧ0  

X.-X. Hu et al., arXiv:2504.11294



Postselected Time-Bin Entangled State
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| ۧΨ =
1

2
𝜓 Δ𝑡 𝑎𝑠

† 𝑡 𝑏𝑙
† t + 𝑎𝑙

† 𝑡 𝑏𝑠
† t | ۧ0  

𝝉

𝒈(𝟐)(𝝉) 2𝛿𝑡

X.-X. Hu et al., arXiv:2504.11294

𝜓 Δ𝑡 2



Postselected Time-Bin Entangled State
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| ۧΨ =
1

2
𝜓 Δ𝑡 𝑎𝑠

† 𝑡 𝑏𝑙
† t + 𝑎𝑙

† 𝑡 𝑏𝑠
† t | ۧ0  

𝝉

𝒈(𝟐)(𝝉) 2𝛿𝑡

Bell state

A coincidence between Alice and 
Bob projects onto the Bell state

| ۧΨBell =
1

2
| ۧ𝑠, 𝑙 + | ۧ𝑙, 𝑠

The state is entangled for low- and 
high-saturation driving strength

X.-X. Hu et al., arXiv:2504.11294

𝜓 Δ𝑡 2



CHSH Bell Inequality Test
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𝜎𝜙𝐴
𝜎𝜙𝐵

=
𝑁𝑎1,𝑏1

+ 𝑁𝑎2,𝑏2
− 𝑁𝑎1,𝑏2

− 𝑁𝑎2,𝑏1

𝑁𝑎1,𝑏1
+ 𝑁𝑎2,𝑏2

+ 𝑁𝑎1,𝑏2
+ 𝑁𝑎2,𝑏1

• Measure S-parameter with proper phase settings:

𝑆 = 𝜎𝜙𝐴 𝜎𝜙𝐵
+ 𝜎𝜙𝐴

′ 𝜎𝜙𝐵
+ 𝜎𝜙𝐴

𝜎𝜙𝐵
′ + 𝜎𝜙𝐴

′ 𝜎𝜙𝐵
′

X.-X. Hu et al., arXiv:2504.11294



CHSH Bell Inequality Test
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′ 𝜎𝜙𝐵
′

X.-X. Hu et al., arXiv:2504.11294



CHSH Bell Inequality Test
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𝜎𝜙𝐴
𝜎𝜙𝐵

=
𝑁𝑎1,𝑏1

+ 𝑁𝑎2,𝑏2
− 𝑁𝑎1,𝑏2

− 𝑁𝑎2,𝑏1

𝑁𝑎1,𝑏1
+ 𝑁𝑎2,𝑏2

+ 𝑁𝑎1,𝑏2
+ 𝑁𝑎2,𝑏1

• Measure S-parameter with proper phase settings:

𝑆 = 𝜎𝜙𝐴 𝜎𝜙𝐵
+ 𝜎𝜙𝐴

′ 𝜎𝜙𝐵
+ 𝜎𝜙𝐴

𝜎𝜙𝐵
′ + 𝜎𝜙𝐴

′ 𝜎𝜙𝐵
′

X.-X. Hu et al., arXiv:2504.11294

0.63 ± 0.09

0.55 ± 0.13

−0.70 ± 0.11

−0.58 ± 0.11

0.78 ± 0.08

0.73 ± 0.10

0.69 ± 0.08

0.68 ± 0.1



CHSH Bell Inequality Test
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𝜎𝜙𝐴
𝜎𝜙𝐵

=
𝑁𝑎1,𝑏1

+ 𝑁𝑎2,𝑏2
− 𝑁𝑎1,𝑏2

− 𝑁𝑎2,𝑏1

𝑁𝑎1,𝑏1
+ 𝑁𝑎2,𝑏2

+ 𝑁𝑎1,𝑏2
+ 𝑁𝑎2,𝑏1

• Measure S-parameter with proper phase settings:

𝑆 = 𝜎𝜙𝐴 𝜎𝜙𝐵
+ 𝜎𝜙𝐴

′ 𝜎𝜙𝐵
+ 𝜎𝜙𝐴

𝜎𝜙𝐵
′ + 𝜎𝜙𝐴

′ 𝜎𝜙𝐵
′

X.-X. Hu et al., arXiv:2504.11294

0.63 ± 0.09

0.55 ± 0.13

−0.70 ± 0.11

−0.58 ± 0.11

0.78 ± 0.08

0.73 ± 0.10

0.69 ± 0.08

0.68 ± 0.1

For low-saturation regime:

For high-saturation regime:

𝑆 = 2.80 ± 0.19

𝑆 = 2.55 ± 0.22

Exceeds classical limit! 



Quantum State Tomography
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• Reconstruct density matrix using
maximum likelihood estimation

• Set phase to: 0,0 , (0,
𝜋

2
), (

𝜋

2
, 0), (

𝜋

2
,
𝜋

2
)

For measuring 𝜎𝑖 ⊗ 𝜎𝑗 , 𝑖, 𝑗 = 𝑥, 𝑦

| ۧΨBell =
1

2
| ۧ𝑠, 𝑙 + | ۧ𝑙, 𝑠Bell state

𝐹 = ൻΨBell|𝜌| ۧΨBell = 0.87 ± 0.02Fidelity

X.-X. Hu et al., arXiv:2504.11294



Conclusions

40

• Antibunching in resonance fluorescence originates from quantum
interference between coherent & incoherent 2-photon component.

• Time-bin entangled photons can be postselected from resonance 
fluorescence using only beam splitters, delay lines, and coincidence 
detection.

• Entanglement and antibunching are typically considered to be 
distinct quantum phenomena but are closely related.



Perspectives

41

• Generated photon pairs are spectrally narrowband and thus 
naturally compatible with atomic quantum memories.

• Photon pair rates can reach Fourier limit without suffering from 
increasing multi-photon events at higher drive strengths.

• Scheme also applicable to other first-order coherent antibunched 
light sources. (Patent pending)



Thanks!

42

Fundamentals of Optics and Photonics 

Luke Masters, Xinxin Hu, Gabriele Maron, Martin Cordier, Max Schemmer, Jürgen Volz
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