
Deterministic Free-Propagating 
Photonic Qubits with Negative 

Wigner Functions

Valentin Magro, Julien Vaneecloo, Sebastien Garcia and Alexei Ourjoumtsev

Young Physics Teams of Collège de France

1



A new experimental platform

Why making photons interact ? And How ?

• Photons can carry information as qubits without dephasing

• Need highly nonlinear medium
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Making photons interact

Single emitters:
• Photon extraction 𝜂𝑐𝑎𝑣 and cooperativity 𝐶:

• 𝜂𝑐𝑎𝑣 =
𝜅ǁ

𝜅ǁ+𝜅⊥
=

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 + 𝐿𝑜𝑠𝑠𝑒𝑠

• 𝐶 =
𝑔2

2 𝜅 𝛾
=

𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛

𝐵𝑒𝑎𝑚 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛
×
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𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛+𝐿𝑜𝑠𝑠𝑒𝑠

• 𝜂𝐶 =
2𝐶

1+2𝐶
, mapping efficiency

• Technical limitations :
• high reflectivity with low losses mirror
• small volume cavity ➔less control on atom cavity coupling

Quasi-deterministic cat states: Hacker & al, Nature 
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Making photons interact

• Rydberg atoms in free space

| ۧ𝐷 = cos 𝛽 | ۧ𝐺, 1 − sin 𝛽 | ۧ𝑅, 0

|1A → |DA

Ω

tan 𝛽 =
2𝑔

Ω
, 𝑔 ∝ 𝑁
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EIT, Electromagnetically induced transparency
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|DA 1B → |DA DB

Van der Walls interactions, VvdW(𝑟) =
𝐶6

𝑟6
and 𝐶6 ∝ 𝑛11

For 𝑛 ~ 100 → VvdW 𝑟 = 10 µ𝑚 ~ 100 𝑀𝐻𝑧

Blockade sphere, for 𝑛 ~ 100 → 𝑅𝑏~ 30 µ𝑚
𝑟

𝑅𝑏



Making photons interact

• Rydberg atoms in free space

Ω
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• At resonance Δ = 0, absorption 
• Photon Transistor 
• Photon sources 

• Out of resonance Δ ≠ 0, dispersion
• Photonic molecules
• 2 photon gates
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Making photons interact

• Rydberg atoms in free space

Ω
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• At resonance Δ = 0, absorption 
• Photon Transistor 
• Photon sources 

• Out of resonance Δ ≠ 0, dispersion
• Photonic molecules
• 2 photon gates

• Physical limitations:
• Strong nonlinearity ➔ Needs high optical density
➔ high atomic density ➔ losses r  𝑎0𝑛

∗2~1 µm!

Murray & Pohl, AAMOP 65, 321 (2016)
Firstenberg, Adams & Hofferberth, J. Phys. B 49, 152003 (2016) 
Wu &al, Chin. Phys. B 30, 020305 (2021)

Reviews:
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Experimental platform

• Medium finesse cavity F = 600, κ = 3 MHz
➔easier to fabricate
➔extraction efficiency 𝜂𝑐𝑎𝑣 = 90%
➔cooperativity 𝐶 ≫ 1

• With a large volume ➔ optical access for atom trapping/cooling
• Easier and reproductible collective atom cavity coupling of g = 10 MHz
• Cloud size 𝜎 = 5 µ𝑚 < 𝑅𝑏
• Moderate density
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T = 1%

Cloud size 𝜎 = 5 µ𝑚
800 atoms at 3 µK



Experimental platform

• Conditional 𝜋 phase shift:

𝐸𝑟 =
𝑇 − 𝐿

𝑇 + 𝐿
𝐸𝑖

𝐸𝑟 ~ 𝐸𝑖

𝐸𝑟 ~ − 𝐸𝑖

𝑇 ≫ 𝐿

𝑇 ≪ 𝐿
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Deterministic generation of single photon
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Deterministic generation of single photon
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High efficiency generation of single photon
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High efficiency generation of single photon

• Detail of efficiencies contributions: 
• 𝑝1 = 60 ± 3% at 𝜃 = 𝜋

• 𝜂 = 𝜂𝐶𝜂𝑐𝑎𝑣𝜂𝑒𝑥𝑐𝜂𝑠 = 62% at 𝜃 = 𝜋

• 𝜂𝐶 =
2𝐶

1+2𝐶
= 93% , mapping efficiency

• 𝜂𝑐𝑎𝑣 = 90 %, extraction efficiency 
• 𝜂𝑒𝑥𝑐 = 77 % , excitation efficiency

• 𝜂𝑠 = 𝑒− 𝑡𝑠/𝜏𝑠
2
= 95 %, 

with 𝜏𝑠 = 2 𝜇𝑠, 𝑡𝑠 = 0,48 µ𝑠

Qubit rotation angle
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High efficiency generation of single photon

• Intensity autocorrelation measurement:
• 𝑔2 0 = 0.027 ± 0.002

• 𝑝2 = 0.49 ± 0.05 %
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Homodyne tomography 

ො𝑎 = න
𝐼 𝑡

∫ 𝐼 𝑡′ 𝑑𝑡′
𝑎𝑜𝑢𝑡 𝑡 𝑑𝑡

Quadrature distribution:

𝑃 ෠𝑋 𝜙 = P
ො𝑎 𝑒𝑖𝜙 + ො𝑎†𝑒−𝑖𝜙

2
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Wigner negative ! ➔ non gaussian states



Field quadratures
෠𝑋

෠𝑃

Δ ෠𝑋2

Δ ෠𝑃2

Pure dephasing 𝛾⊥ = 40 𝑘𝐻𝑧

Maximum squeezing of 4.4%

An alternative way for Ramsey spectroscopy
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Perspectives

• Excite superatom more efficiently

• Two superatoms inside the cavity
• CC-phase gate

• Multi photons state

• Spatial cavity multimodes experiments
• Quantum fluids of light (J.Simon, Chicago)
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Translation stages
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High efficiency generation of single photon

• Rydberg population measurement
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