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Photonic Hat Trick
Two independent groups have provided the first experimental demonstration of genuine
three-photon interference.

by Robert Sewell∗

Q uantum interference effects lie at the heart of tech-
nologies that promise radically new capabilities
for sensors, secure communications, and comput-
ing. Most existing experiments and applications

rely on one photon interfering with itself, or two photons
interfering with each other. However, the interference of a
larger number of particles leads to a richer variety of phe-
nomena, and may enable more sophisticated applications.
Now, two independent groups, the first led by Thomas Jen-
newein at the University of Waterloo, in Canada [1], the
second by Ian Walmsley at the University of Oxford, in the
UK [2], have been able to isolate and observe, for the first
time, “genuine” interference between three photons, that is,
an effect deriving from the quantum interference of three
photons that does not originate from two-photon or single-
photon interference. The two studies provide new tools
for controlling multiphoton interference, which may help
researchers design new fundamental tests of quantum me-
chanics, quantum-communication protocols, and powerful
quantum simulators.

The quintessential example of multiphoton quantum in-
terference is the Hong-Ou-Mandel (HOM) effect, first ob-
served in 1987. In an HOM experiment [3], two indepen-
dent photons coming from different directions impinge on
a 50:50 beam splitter. If the two incoming photons are
distinguishable, the outgoing photons will split equally be-
tween the two exit ports of the splitter. However, if the
two photons are identical and arrive simultaneously, the
quantum-mechanical wave functions will interfere, and the
two photons will always exit through the same port, even
though each of them has an equal probability of exiting
through both ports.

Today, researchers are increasingly addressing the richer
physics accessible when more than two photons interfere.
Already, the simplest extension to three photons would open
up new applications. An intriguing one is three-photon
quantum secret sharing [4], in which a secure quantum key
is shared among three parties such that it can only be used
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Figure 1: Scheme of the setup used by Jennewein and
co-workers [1]. A pump laser generates a three-photon entangled
state through a cascade of frequency conversion processes in a
nonlinear crystal. The oscillations in the rate of three-photon
coincidence measured by the detectors provide the signature of
genuine three-photon interference. (S. Agne et al., Phys. Rev.
Lett. (2017))

by all three parties together, not by one or two of them alone.
It’s a bit like sharing a joint bank account with two other
holders but not being able to access it without everyone’s
consent. Theoretical work has also shown that three-photon
interferometry could help quantum sensing schemes beat
the precision limits set by shot noise [5] or boost the effi-
ciency of interaction-free measurements [6], which detect the
state of a quantum particle without interacting with it.

Many groups have studied different forms of three- and
multiphoton interference over the past 30 years. But none
have so far been able to isolate and observe genuine interfer-
ence beyond two photons. Doing so requires both exquisite
control of the input photon quantum states and the design of
an interferometeric setup that is able to eliminate all single-
and two-photon interference contributions. The two new
studies achieve such feats through simple and elegant ex-
periments based on very different strategies.

In the first paper, Jennewein and colleagues [1] follow
closely a theoretical recipe proposed by Daniel Greenberger,
Michael Horne, and Anton Zeilinger in 1993 [7], which re-
lies on a single source that can emit a three-photon quantum
state that has no independent entanglement between any
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two of the photons. Such a three-photon entangled state
is key to observing genuine three-photon quantum interfer-
ence in this experiment. This is a technological challenge
because schemes for producing multiphoton states are very
inefficient. Using a technique they pioneered [8], the team
generates entangled states of three photons through the cas-
cade of a nonlinear process called spontaneous parametric
down-conversion (SPDC). In SPDC, a single high-energy
pump photon is converted into two low-energy photons in
a nonlinear crystal. In the cascaded version, one of the
photons emitted by the first SPDC crystal pumps the same
process in a second crystal, generating two additional pho-
tons. Because the sum of the energies of the three photons
must equal the energy of the pump photon, the three pho-
tons that emerge from the cascaded source are correlated
in both energy and time [9]. The efficiency of the authors’
source allows them to detect almost 200 photon triplets per
hour, an increase by a factor of around 30 compared to pre-
vious experiments.

Each of the three photons then travels through one arm
of an interferometer (Fig. 1), and is detected in one of two
output ports. The probability that all three photons arrive si-
multaneously at the same output mode is proportional to the
sum of the three phases picked up by the photons in the in-
terferometer. By changing the phases for each photon using
glass plates inside the interferometer, the authors observe os-
cillations in the rate of three-photon coincidences, while the
rate of two-photon coincidences remains constant, a signa-
ture of genuine three-photon interference.

Walmsley and colleagues [2] follow a different approach,
studying the three-photon analog of the HOM effect [3].
Their scheme (Fig. 2), which relies on technical advances
developed by the group, integrates multiple near-identical
SPDC sources within one photonic chip [10]. Instead of us-
ing three entangled photons generated in the same nonlinear
process, the authors start with three independent photons
generated by the separate SPDC sources. The photons are
sent to an optical-fiber-based beam splitter with three inputs
and three outputs, known as a tritter. The probability that all
three photons exit from different ports depends on two key
control parameters: the distinguishability of the photons,
and a so-called triad phase, which, unlike in the two-photon
case, is nonzero only if the three photons are partially, yet
not fully, distinguishable.

The scheme’s efficiency allows the observation of photon
triplets at a rate of around 200 events per hour. By vary-
ing each photon’s timing and polarization, the authors are
able to control the photon distinguishability and the triad
phase independently. When they do so, they observe the
same effect as Jennewein’s group: The three-photon coinci-
dence rate varies sinusoidally with the triad phase, whereas
the two-photon coincidence and single-photon count rates
remain constant.

The step from two photons to three may not seem that

Figure 2: Scheme of the setup used by Walmsley and co-workers
[2]. Three photon sources integrated on a chip generate
independent photons whose delay and polarization can be
separately controlled. The three-photon are injected into an
optical-fiber tritter, generating genuine three-photon interference at
the output. (A. J. Menssen et al., Phys. Rev. Lett. (2017))

important. But we have only just begun to climb the lad-
der of available multiphoton quantum states of light, and
each step will bring surprises and possible new applications.
The techniques developed by these groups may well be-
come part of the standard toolbox of quantum optics, just
as the Hong-Ou-Mandel effect has become a widely used
tool for characterizing two-photon quantum states. Perhaps
the most exciting possibility on the horizon is the use of
multiphoton interferometers, similar to that developed by
Walmsley’s group, in boson-sampling devices, which cal-
culate the probability with which bosons are scattered in a
linear interferometer. The growing interest in such devices
stems from the fact that they could be the first quantum
machines capable of solving tasks that are intractable for
classical computers [11]. The tools introduced by Walms-
ley and colleagues will be very useful for controlling photon
distinguishability, which plays an important role in boson-
sampling schemes [12].

This research is published in Physical Review Letters.
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