
Tunable Einstein-Bohr recoiling-slit 

gedankenexperiment at the quantum limit

Abstract
In 1927, during the fifth Solvay Conference, Einstein and Bohr described 

a double-slit interferometer with a "movable slit" that can detect the 

momentum recoil of one photon. Their debate centered around this 

gedankenexperiment has provided profound insights into the central 

concepts of quantum mechanics. Despite many experimental efforts to 

realize this conceptual experiment, none has reproduced the original 

linear optical interferometer faithfully with pure one-photon momentum 

recoil and a full tunability. Here, we report a faithful realization of the 

Einstein-Bohr interferometer using a single atom in an optical tweezer, 

which is cooled to the motional ground state in three dimensions such 

that its momentum uncertainty is comparable to that of a single photon. 

We design an interferometric configuration where the single atom serves 

as an ultralight, quantum-limit beam-splitter that becomes momentum-

entangled with the input photon. By varying the depth of the tweezer trap, 

we dynamically tune the atom's intrinsic momentum uncertainty, thus 

enabling the observation of a gradual shift in the visibility of single-

photon interference. The interferometer also allows to distinguish the 

classical noise caused by atom heating from the quantum-limited noise 

due to the momentum transfer, illustrating a quantum-to-classical 

transition..

a, schematic setup of the experiment. An 852nm laser and a 0.55-NA microscope objective 

to form the tweezer. Two objectives on the opposite direction collect the fluorescence and 

couple the photons into fibers for detection and interference. A 1064nm laser is used for 

extracting the phase between two paths for active phase-locking. Two Raman beams 

separated by the same angle with the tweezer axis are used for axial Raman sideband 

cooling.  b, energy level for interferometer excitation. The input photon is pure σ^+ 

polarization and drive the cycling transition between∣ 𝐹 = 2,𝑚𝐹 = 2⟩ and ∣ 𝐹 = 3,𝑚𝐹 = 3⟩

which enables the decoupling between the internal and external degree of freedom. The 

atom is in the motional ground state to fulfill the Heisenberg smallest uncertainty principle 

just as what Bohr proposed. c, results for axial Raman sideband cooling. d, results for active 

phase-locking.
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Schematic of the Experiment
Schematic of the Einstein–Bohr recoiling double-slit 

experiment. a, Photons pass the first movable single 

slit and do the normal double-slit interferometry faithfully 

following the original proposal of Bohr. b, We use a 

single atom as the movable slit. The photons scattered 

by the atom will be collected and interfere. The 

momentum kick from a photon is around 10−27 kg⋅m/s 

which is on the same level with momentum uncertainty 

of a motional-ground-state atom so the change of the 

atom’s wavefunction will influence the outcome of the 

interference. c, The atom and the photon form a 
maximally entangled state 𝜓(𝑝 − ℏ𝑘) 𝑠𝑙𝑖𝑡 +ℏ𝑘 𝑝ℎ𝑜𝑡𝑜𝑛 +

𝑒𝑖𝜙 𝜓(𝑝 + ℏ𝑘) 𝑠𝑙𝑖𝑡 −ℏ𝑘 𝑝ℎ𝑜𝑡𝑜𝑛after scattering so the 

contrast is 𝑉 = 𝜓(𝑝 − ℏ𝑘) 𝜓(𝑝 + ℏ𝑘)

Interference visibility in quantum and classical interferometer. a, visibility as a function of the 

trap depth. Measured data is depicted as blue points. The expectation from theory is shown by the 

black line. Considering the finite temperature of the atom, the experiment result fits perfectly with 

the theory. b, the interference fringes of four different trap depths. They follow a perfect sinusoidal 

curve. c, visibility as a function of the average vibrational quantum number ത𝑛. The trap depth is 

fixed to 10.49 mK which has the highest interference contrast. The progressive evolution from the 

quantum to the classical beam-splitter case is clearly observed.

Results

Decline of visibility with continuous scattering. The atom scatters photons continuously and 

each point is the interference visibility of 1-2μs window. For 6.7MHz scattering rate, the picture 

shows the photons collected in every 1μs window. For 0.6MHz and 1.7MHz scattering rate, the 

picture shows the photons collected in every 2μs window. For large scattering rate, the atom is 

heated faster so the visibility drops faster. The equilibrium population in the excited state is also 

larger which causes the anti-trapping of the excited state to have more significant effect. For low 

scattering rate, the visibility drops slowly and since the excited population is smaller the predicted 

visibility with or without anti-trapping is almost the same.
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