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Mapping the strong interaction between Rydberg excitations in ultracold atomic ensembles onto
single photons enables the realization of optical nonlinearities which can modify light on the level of
individual photons. This novel forms the basis of a growing Rydberg quantum optics toolbox, which
already contains photonic logic building-blocks such as single-photon sources, switches, transistors,
and conditional π-phase shifts.

Here, we discuss our recent experiments coupling an optical medium smaller than a single Rydberg
blockade volume to a few-photon probe field. As an application of this system, we realize a free-
space single-photon absorber, which deterministically absorbs exactly one photon from an input
pulse. This scheme is based on the saturation of an optically thick medium by a single photon due
to Rydberg blockade. We show that this system can be used for the subtraction of one photon from
the input pulse over a wide range of input photon numbers. Measuring both the transmitted probe
photons as well as the number of Rydberg atoms via pulsed field ionization, we can test the fidelity
of the Rydberg blockade mechanism with very high precision.

In the absence of dephasing, the fully blockaded ensemble undergoes collective Rabi oscillations.
Due to the large number of atoms in the blockaded volume and the efficient coupling to the probe
light mode, we achieve coherent coupling between the probe field and the effective Rydberg ”super-
atom” even if the probe pulse contains only a few photons. This enables us to study the dynamics
of a single two-level system strongly coupled to a quantized light field in free space.
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FIG. 1: (a): Sketch of the experimental setup to couple a single Rydberg ”superatom” to a weak probe field
at 780 nm via a strong coupling field at 480 nm. The fully blockaded atomic cloud forming the super atom
consists of ∼ 20000 87Rb in an optical tweezer. The transmission of probe photons through the medium
is monitored using four single-photon detectors. The presence of a Rydberg excitation is probed by field
ionization and subsequent detection of Rb+-ions on an ion detector. (b): Level scheme of for the superatom
dynamics including dephasing. The two-photon excitation leads to coupling of the ground state |g〉 and the
Rydberg state |r〉. If a Rydberg atom is present in the medium, strong Rydberg-Rydberg interaction V (r)
prohibits subsequent Rydberg excitations and therefore absorption of probe photons. Dephasing γ into the
many-atom dark-states results in a single Rydberg excitation decoupled from the probe light.


