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Photons do not interact with each other in vacuum
but can do so inside a non-linear medium. Moti-
vated by the ability to perform all-optical (quantum)
information processing or again to study many-body
physics with light, engineering effective photon-photon
interactions is a long standing goal in optics.

The recent development of new types of non-linear
media, such as cavity QED [1] or Rydberg ensem-
bles [2], has shown that one can engineer optical non-
linearity at the level of single photons [3]. Prototyp-
ical devices such as single-photon transistor [4][5], pi-
phased shifter [6] or even photon-photon quantum gate
[7] have been demonstrated. However, all experiments
to date employ photons that at some time interacted
with matter inside a common medium. Recently, we
have demonstrated photons that effectively interact at
a distance – across free space – without being inside
the same medium.
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FIG. 1. Conceptual illustration of contactless non-linear
optics

As illustrated on figure 1, such a conctactless non-
linear optical process removes the need for a common
medium and the geometrical restriction that light fields
need to overlap in order to interact. These extra de-
grees of freedom add to the non-linear optics tool-
box and could facilitate scalable photonic networks or
quantum simulation with photons.

In the experiments, we engineered this conctactless
interaction by coherently and reversibly mapping opti-
cal photons into collective atomic Rydberg excitations.
This allows to transfer the long-range dipolar interac-
tions between Rydberg atoms onto light fields.

In details, we tightly focus two optical fields at the
centers of two atomic ensembles where the photons
are stored as collective Rydberg excitations (Rydberg
spin waves), using Electromagnetically Induced Trans-
parency (EIT). While the photons are stored, the spa-
tially dependent Van der Waals interactions between
Rydberg atoms introduce non-uniform phase shifts in
the collective atomic excitations. That alters the mode
of the spin waves, and thus the one of the subsequently

FIG. 2. Photons, in side by side optical modes, are stored
as collective Rydberg excitations in two atomic ensembles
and then retrieved form the clouds. Interactions between
Rydberg atoms give rise to correletion between the re-
trieved photons. Quantified by the reduction of the proba-
bility to detect simultaneously photons in their initial opti-
cal modes, we can observe the distance dependence of the
interactions.

retrieved photons. By counting photons retrieved in
the initial, unperturbed, photon modes, the photon-
photon interaction is manifest as an anti-correlation in
the observed photon statistics. As shown on figure 2,
we have observed interaction between optical modes
separated by more than 10 micrometers, 15 times the
photons wavelength.
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