New insights into photon coherence
and distinguishability

ICFO researchers have derived and experimentally verified a new
complementarity relation for guantum interference in induced
coherence experiments valid for both low and high photon-flux
rates, extending to the latter the applicability of quantum
coherence and photon distinguishability concepts.
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Quantum mechanics, a realm of surprising and counterintuitive phenomena, has fascinated
scientists for decades. At its core lies quantum interference, a concept famously exemplified
by the double-slit experiment, which showcases the concept of wave-particle duality. In this
experiment, a quantum particle (like a photon, an electron or an atom) passes through two
slits and impacts a screen, creating (after various repetitions) an interference pattern of
bright and dark bands, indicative of wave-like behavior.

Being a breakthrough at the time, now we know that this phenomenon is explained by the
wave-particle duality, which establishes that quantum entities exhibit particle or wave

properties depending on the experimental circumstances, and that it occurs only when there
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is no way of knowing which slit the particle passes through.

Since then, many variations of these experiments have arisen and been demonstrated
experimentally. Some of them go a step further and demonstrate a so-called
complementarity principle, according to which quantum entities can go from wave-like to
particle-like behavior in a continuous way.

In general, the degree of quantum interference is measured by the visibility of the
interference fringes, but visibility is not always a suitable choice. That is the case, for
instance, of those experiments based on the concept of induced coherence when the flux
rate of the photons sent is beyond the single-photon regime. In these scenarios, new
measures and complementarity relations are needed.

Now, ICFO researchers Dr. Gerard J. Machado (also member of the Imperial College of
London), Lluc Sendra and Dr. Adam Valles, led by ICFO and UPC Professor Dr. Juan P. Torres
have derived a complementarity relation valid for any photon-flux rate generated in induced
coherence experiments. They avoided using visibility and instead employed the concept of
i¢Wfirst-order coherenceiils, a parameter more convenient to measure the wave-like beha
ior of the photons. Their theoretical findings, experimentally verified in the low photon-

lux regime, have been publishedPimysical Review A.

Induced coherence experiments

The experimental setup involves two second-order nonlinear crystals that are optically
pumped by mutually coherent waves to generate a pair of photons, called signal and idler.
The photons follow a particular circuit so that quantum interference occurs at the end of the
signals' route. The key point is that one can tune the probability that the first crystal idler's
path merges with the second crystal idler's path. When their trajectories are completely
aligned, and thus indistinguishable, the origin of the idlers is unknown, and interference
fringes form at the signals' output. Otherwise, the interference pattern disappears because
the idler's path, and consequently its crystal of origin, can be determined.

Complementarity relationships for low and high photon-flux rates

Previous induced coherence experiments mainly worked in the single-photon regime, where
visibility is a valid indicator of its wave-like nature. There was a lack of theoretical framework
and experimental realizations suitable for the high photon-flux regime though, a scarcity that
the ICFO team wanted to address.

In their study, the researchers replaced visibility by the so-called ?first-order correlation'
function to measure the wave coherence. i;%In our setup, the first-order correlation functi

n is crucial because it allows us to measure the coherence between the two interferi

g photons. This coherence is directly related to, but in general not exactly equal to, t

e visibility of the interference pattern, which in turn depends on whether it is possible

o distinguish the origin of the photonsij%, explains Dr. Gerard J. Machado, first author of
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the arti

le. The researchers also introduced a new measure of distinguishability based on second-o
der correlation functions. By linking the coherence between two interfering photons with
the updated distinguishability parametbey were able to derive a complementarity
relationship that holds for any photon-flux rate. This extends the applicability of quantum
coherence and photon distinguishability beyond the single-photon regime, offering new
insights into the nature of these fundamental concepts.

The team then tested their theoretically derived relationship in an induced coherence
experiment in the low photon-flux regime. i;%We faced various obstacles during t

e experiment, such as maintaining and optimizing the coherence between the interferi

g photons and measuring coincidences between photons of different wavelengths, whi

h required using different single-photon detectors. But through iterative improvements in o
r setup, we obtained the desired experimental results that matched the theoretical modeli?
%, shares Dr. J. Mach

Foundational insights for quantum applications

Adapting the experiment to higher photon-flux rates and extending it to more complex and
higher-dimensional quantum systems should be the next steps for the community.
Nevertheless, this work already provides foundational insights applicable to various quantum
technologies, including quantum communication, computing and metrology.

Prof. Dr. Juan P. Torres highlights the significance of their results: i;%We have bridged the
wave behavior of light (its coherence) with its particle behavior (photon distinguishability),
providing a unified framework that is valid across different photon-flux regimes, from

single-photon to high parametric gain.i;
HH##
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Sketch of the experimental setup.



