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Antibunching in Resonance Fluoresce

. . /
» Single two-level emitter —> @\
Atom in an optical tweezer, single ion,
quantum dot, single molecule, ... \
» Near resonant, weak driving V
S=1l/l <<1 9P @)

» Scattered field features coherent
and incoherent component
Neon X S and Nincon X S*

» Probability for detecting two photons simultaneously = 0
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photon is detected. That P,(¢, £ +7) vanishes when
7 =0 for a single atom may be regarded as a re-
flection of the fact that the atom, having emitted
a photon at time /, is unable to radiate again im-
mediately after having made a quantum jump
back to the lower state. The quantum nature of
the radiation field and the quantum jump in emis-
sion, which are of course inextricably connected,
are therefore both manifest in these photoelectric
correlation measurements.



Antibunching in Resonance Fluoresce

. . /
» Single two-level emitter —> @\
Atom in an optical tweezer, single ion,
quantum dot, single molecule, ... \
» Near resonant, weak driving V
S=1l/l <<1 9P @)

» Scattered field features coherent
and incoherent component
Neon X S and Nincon X S*

» Probability for detecting two photons simultaneously = 0
A single two-level atom will not simultaneouly scatter two photons! Really?



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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Abstract. — Resonance fluorescence is treated as a collision process where incident laser photons are scattered
by an atom. Correlation signals are extracted from an expansion to the second order of the post collision field state.
Photon antibunching effect appears as a quantum interference between all the possible scattering amplitudes.
When Rayleigh photons are rejected, some amplitudes vanish, leading to a bunching behaviour.



Theory: Two-Photon Scattering
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» Single two-level emitter — @\
Atom in an optical tweezer, single ion,
quantum dot, single molecule, ... \
» Near resonant, weak driving V

S = /lypy << 1 [%[im ..... 2/‘%

> Scattered field features coherent . x4(T) AN b, (T)

and incoherent component
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Coherent two-photon scattering Incoherent two-photon scattering

Two separable output photons Entangled photon-pair



Theory: Two-Photon Scattering
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Theory: Two-Photon Scattering

Coherent
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» Superposition of coherently and incoherently
scattered two-photon amplitudes




Theory: Two-Photon Scattering

Fourier Transform:
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» Destructive interference of coherently and
incoherently scattered two-photon amplitudes
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Theory: 2" Order Quantum Coherence

*Note: for clarity, A # O for 2-phot tra,
g(Z) (T) o< |LIJ2 (T)|2 — |X(T) + ¢(T)|2 ote t?JtCAag gforg(Z)(or)rp/gtso on spectra

» Interference between coherently and
incoherently scattered photons

9@ (1)
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Theory: 2" Order Quantum Coherence

*Note: for clarity, A # O for 2-phot tra,
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» Interference between coherently and
incoherently scattered photons
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Experiment: Antibunching

Fluorescence
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Experiment: Bunching
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In Summary...

» Interference between coherently and incoherently
scattered two-photon component
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Interpretation of Results

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.

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



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.




Entangled Photon Pairs
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Entangled Photon Pairs
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Entangled Photon Pairs

Novel approach

Resonance fluorescence
of a single 2-level emitter

,
,
,
,
,
,
,
’ 1
.
P 1
. ’
,
. 1
. ’
.
. 1
. ’
| 1
’
1
’
1
’
1

A

Nat. Photon.
\ ' 17,972 (2023)/

P, (w) = P + ¢ ()

Spectral
distribution ‘\ / LCEEEELEEEEREEEE R ELEEEEPEEEEERLEEEEY .
— Vi : Incoherent scattering
\ : nge o —(y—id)|r]
A g e(D=—mee
m = Do
But, surprisingly, ...
i
A, P, ol
wR wB w: wL (U:

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

X.-X. Hu et al., arXiv:2504.11294
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Postselected Time-Bin Entangled State

Coincidence between Alice and Bob at time t + dt projects onto state

) = ~p(a0)[al (b © + a] ()b ©]10) + Sp(80)[al (O)I®) + af (B} (©)]10)

fluorescence Aljice

%‘stream

At

X.-X. Hu et al., arXiv:2504.11294
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Postselected Time-Bin Entangled State
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Postselected Time-Bin Entangled State
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Postselected Time-Bin Entangled State
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Postselected Time-Bin Entangled State
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Postselected Time-Bin Entangled State
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Postselected Time-Bin Entangled State

Bell state
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CHSH Bell Inequality Test

 Measure S-parameter with proper phase settings:

<"¢A“¢g>‘ T K%A%Q

+

S = |<G¢A O-¢B>| + ‘<O-¢,'40-¢B>

X.-X. Hu et al., arXiv:2504.11294
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CHSH Bell Inequality Test
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CHSH Bell Inequality Test
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Quantum State Tomography

* Reconstruct density matrix using
maximum likelihood estimation
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Conclusions

* 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 qguantum phenomena but are closely related.
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* Generated photon pairs are spectrally narrowband and thus
naturally compatible with atomic qguantum 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)
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