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The interaction between two individual photons in a nonlinear optical waveguide offers new possibil-

ities for quantum information processing.
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Quantum information science opens new opportunities
for future information-processing architectures that ex-
ploit the fundamental properties of quantum mechanics.
Quantum information processing (QIP) has two essen-
tial ingredients: elementary quantum logic gates and re-
mote communication of quantum information. Photons
are particularly suitable as quantum information carri-
ers, thanks to their long coherence times and the ma-
turity of existing optical communication techniques, and
quantum information encoded in single photons is a cru-
cial ingredient for quantum cryptography, entanglement
of distant nodes in a quantum network, and quantum
sensing [I]. For photonic quantum logic gates, however,
a major hurdle is that individual photons do not inter-
act in ordinary linear media. QIP researchers have long
sought deterministic photonic quantum logic gates us-
ing individual photons interacting in nonlinear media.
Thiago Guerreiro and colleagues from the University of
Geneva, Switzerland, and Stanford University, Califor-
nia, have used an optical waveguide to observe, for the
first time, the nonlinear interaction of individual pairs of
telecommunications-wavelength photons [2]. Although
the current process is probably too inefficient to be of
immediate practical use, these findings may open a route
towards integrated QIP platforms.

Most demonstrations of photon-photon interaction
have exploited the nonlinear response of atoms in a gas,
generally at very low temperatures [3]. In such processes,
photons need to be on resonance with the transition lines
of atoms (or artificial atoms in solid-state systems [3]),
so operation is usually restricted to a narrow frequency
range. Alternatively, optical nonlinear processes can oc-
cur in solid-state nonlinear materials, which may enable a
more compact platform and the capability of operating at
room temperature. The large bandwidth of these mate-
rials allows interactions between ultrafast photon pulses
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(which are built up of many frequencies), thus leading to
high data rates. They can also be optimized for operation
at a chosen wavelength, using a technique called periodic
poling in which the material polarization is varied along
the propagation direction.

Since the early 1990s, researchers have studied fre-
quency conversion of quantum signals via so-called para-
metric processes in such nonlinear materials [4]. Yet
these quantum frequency-conversion techniques require
that a quantum signal interact with a strong classical
field to overcome the weak nonlinearity. Recently, spon-
taneous parametric down-conversion (SPDC) of a sin-
gle photon into two lower-energy photons in a solid-state
system was experimentally demonstrated [5]. The di-
rect observation of the inverse process—two single pho-
tons interacting and merging into a higher energy pho-
ton—remained elusive. Such interactions between two
quantum mechanical objects are of particular interest
because they can provide the underlying physical pro-
cesses in photonic quantum logic gates, which are poten-
tial building blocks for compact all-optical QIP platforms
operating at room temperature, as well as for fundamen-
tal quantum measurements [6].

Guerreiro and colleagues used a periodically poled
lithium niobate (PPLN) waveguide to promote photon-
photon interactions, and they demonstrated the pro-
duction of a single, higher-energy photon via the non-
linear interaction of two telecommunications-wavelength
single photons. Compared to bulk nonlinear materials,
the waveguide allows a longer photon-photon interac-
tion length and thus a higher conversion efficiency. The
waveguide also confines both single photons to the same
small region in space, further enhancing the interaction.
Nonlinear waveguides have successfully produced high-
flux two- and multi-photon entangled states [5] [7], and
Guerreiro and colleagues previously used such a struc-
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FIG. 1: Schematic view of the experiment by Guerreiro et
al.2]. Two telecommunications-wavelength single photons
(orange) are produced from two periodically poled lithium
niobate (PPLN) bulk crystals, heralded by detection of con-
jugate photons (red) at detector D1 and D2 as triggers. The
two single photons are routed to a PPLN waveguide, where
they nicely overlap in space. The nonlinear photon-photon in-
teraction induced by the PPLN waveguide as the two photons
propagate converts a small fraction of the pairs into a higher-
energy photon (blue), which is monitored by detector D3. A
threefold coincidence between D1, D2, and D3 provides evi-
dence of nonlinear interaction in the waveguide. (APS/Alan
Stonebraker)

ture to induce a single photon to interact with a weak
classical field [§]. Now they show, for the first time, the
interaction of two photons that are individually identi-
fied.

To document the desired photon-photon interaction,
Guerreiro and colleagues first produced two “heralded”
single photons using two PPLN bulk crystals. They
pumped each PPLN bulk crystal with 10-picosecond
pulses with a wavelength of 532 nanometer (nm). Oc-
casionally, one pump photon was down converted into
two single photons at ~ 810 nm and ~ 1550 nm, re-
spectively. The detection of an 810-nm photon uniquely
heralds a single photon at 1550 nm. Guerreiro and col-
leagues employed two single-photon detectors (D1 and
D2 in Fig. [1)) at 810 nm to herald two single photons near
1550 nm, which were then combined into a 4.5-cm-long
PPLN waveguide. With very low probability, the nonlin-
ear interaction inside the PPLN waveguide converts the
two single photons into a shorter wavelength photon at
~ 780 nm.

To verify the photon-photon interaction, Guerreiro and
colleagues first separated out the up-converted 780-nm
photons and guided them to a third single-photon de-
tector (D3 in Fig. . A threefold coincidence regis-
tered by D1, D2, and D3 could be evidence for interac-
tion, but the background dark current of these detectors
could also give detection “clicks” even with no photons
present. Consequently, Guerreiro and colleagues had to
rule out the threefold coincidences originating from dark
clicks. They measured the number of coincidences to be
more than 7 standard deviations above the dark-current
background, thus providing convincing evidence of the
photon-photon interaction inside their PPLN waveguide.

The technique developed by Guerreiro and colleagues
could have significant impact for QIP. Potential appli-
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cations include device-independent quantum key distri-
bution, whose security does not rest upon trusting the
quantum signal sources and measurement apparatus, as
well as faithful entanglement swapping, which is an es-
sential element in quantum networks [9]. Such photon-
photon interactions could also generate novel quantum
states that have not been produced before, thus enrich-
ing the accessible resources for QIP. However, although
the use of the PPLN waveguide successfully enabled di-
rect observation of interactions at the single-photon level,
the overall efficiency of ~ 1078 —owing to the intrinsic
weak nonlinearity of such materials—is in sharp contrast
to the high efficiencies achievable in atomic systems [3].
Already, though, Guerreiro and colleagues’ experiment
represents an important step towards developing broad-
band integrated QIP devices operating at room temper-
ature. More importantly, their work clearly calls for fu-
ture research in quantum nonlinear optics, and propos-
als for utilizing new materials as solid-state platforms for
photon-photon interactions are on the rise [I0]. With
all these exciting developments, we can expect that the
combined efforts in quantum nonlinear optics and mate-
rial science could yield a fascinating leap in our future
technology.

This research is published inPhysical Review Letters.
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