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We demonstrate a new approach for
creating deterministic photon-photon
interactions for optical quantum
engineering, based on a single-ended
medium-finesse optical cavity containing a
MesosCopic atomic ensemble. This
ensemble is made fransparent by a laser
beam mapping intracavity photons into
Rydberg polaritons. The fransparency
vanishes when the cloud, acting as a single
collective two-level superatom with an
enhanced coupling to light, is driven from
the ground to a Rydberg state. We observe
collectively-enhanced  Rabi  oscillations
between these states and opfically
discriminate them in a single shot with a 95%
efficiency. Most importantly, we show that a
change between the two internal states of
the superatom induces a n phase rotafion
on the light reflected off the cavity. These
ingredients form a complete set of tools for
implementing deterministic photonic
entangling gates and for generating highly
non-classical light without the need for a
low-volume high-finesse cavity.
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Figure 1. Optical n© phase rotation conditional
on the state of a two-level Rydberg superatom.
A small Rydberg-blockaded cloud of cold Rb
atoms, acting as a two-level superatom with a
ground state |G) and a Rydberg state |R), is
strongly coupled to a single-ended optical
cavity. (a) When the superatom is in|G), the
control beam (blue) creates
electromagnetically-induced fransparency (EIT)
and converts probe photons into dark Rydberg
polaritons. In this case, the absorption of the
cloud being much smaller than the transmission
T of the resonator’s input/output coupling mirror,
the system is optically overcoupled. The probe
field is then reflected with a phase n, measured
with a homodyne detector in our experiment.
The inset shows a single-shot homodyne tfrace
with 2us binning, where errorbars correspond to
standard errors. (b) When the superatom'’s state
is coherently rotated to | R), the strong Rydberg
blockade destroys the EIT and makes the system
opftically undercoupled: the probe field is then
reflected with a phase 0, leading to a sign flip of
the homodyne signal. The homodyne trace in
the inset shows a quantum jump from |R) back
to | G) around t=25us.
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