Quantum physics

Single photons stick together

Philippe Grangier

In the right circumstances, two photons can meet and ‘coalesce’. This
effect has now been observed for photons emitted independently from
a single-photon source, and has implications for quantum computing.

know something about each other? The

question bothered Einstein, and, report-
ing on page 594 of this issue, Santori et al.!
demonstrate in a new context that the answer
is ‘yes. They have found that consecutive
photons emitted from a single-photon source
may indeed know each other sufficiently well
tobeabletointerfereinavery peculiar way.

From the perspective of quantum
physics, the answer to the above question is
‘yes indeed, provided that the photonsare in
the same, single mode’. Photons are charac-
terized by several physical properties, such
as their frequency and polarization, and
together these properties define the ‘mode’
of the electromagnetic field with which
the photon is associated. In the simplest
approach, amode can be regarded asapolar-
ized, monochromatic, plane wave, but it can
also be defined in a much more flexible way:
the photon can be spread coherently over
several modes, defining a new single mode.

If two photons are in the same mode,
quantum mechanics predicts that a bunch-
ing, or coalescence, effect occurs. Let’s con-
sider two photons sent into a beam splitter
where each has a 50-50 chance of being
reflected or transmitted. Let’s also assume
that one photon that is being transmitted
endsup inexactly the same mode as the other
photon being reflected — in other words, all
the properties of the two photons are identi-
cal at the beam-splitter output, so that they
become essentially indistinguishable. In that
case, there are four possible configurations
for the two photons being transmitted or
reflected, as depicted in Fig. 1.

As is usual in quantum mechanics, there
is a probability amplitude for each of these
configurations, and the transmission and
reflection probabilities are given by the
square of the modulus of the sum of these
amplitudes. According to this simple calcu-
lation, two amplitudes (Fig. 1b, c) have
opposite signs, and so cancel each other —
they interfere destructively. The result is that
the two photons must go to the same output
beam (Fig. 1a, d): itisasthough they coalesce
asthey meet at the beam splitter.

This surprising quantum-interference
effect, which can be attributed to the ‘boson-
ic’ character of photons, was first predicted
and observed by Hong, Ou and Mandel?
in 1987. They used pairs of ‘twin photons;
produced simultaneously in a process called
parametric down-conversion, which can be

Can two photons that have never met
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induced by shining laser light into a crystal.
An optical delay was added to the path of
one of the two photons. If this delay is
not zero, each one of the twin photons is
randomly transmitted or reflected — they
miss each other. But if the delay is exactly
zero, the photons overlap and the coales-
cence effect occurs.

Experimentally, it is easy to count the
number of times that one photon is trans-
mitted and the other is reflected. As the value
of the optical delay is scanned through zero,
the number of transmitted—reflected photon
pairs vanishes, creating the so-called Mandel
dip that is striking evidence of the coales-
cence effect. It could be argued that the two
photons knew about each other before
entering the beam splitter because they were
twins emitted in a single fluorescence event.
But Santori et al.' have demonstrated that
the same effect occurs for truly indepen-
dent photons, emitted one at a time from a
semiconductor quantum dot.
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Figure 1 Two of a kind. When two single-mode,
but otherwise independent, photons enter a
50-50 beam splitter, they may be transmitted or
reflected in various ways: one may be reflected
and the other transmitted (a and d); both
photons may be transmitted (b), or both may be
reflected (c). By quantum interference, the
probabilities for ‘both transmitted’ and ‘both
reflected’ cancel out. Only outcomesaand d are
possible, and the two photons emerge from the
beam splitter along the same output, as though
they had coalesced. Santori et al.' show that this
guantum effect holds for independent photons
emitted from a single-photon source.
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Emission of indistinguishable single pho-
tons from quantum dots® (or single atoms®)
can be engineered using cavity quantum-elec-
trodynamic effects’. Santori et al.* sandwiched
semiconductor quantum dots between mir-
rors to form amicrocavity and then varied the
delay between consecutive emitted photons
arriving at a beam splitter. When the photons
arrived at the beam splitter together, Santori
and colleagues saw the distinctive Mandel dip
caused by coalescence of the photons.
This coalescence is not just a curious
quantum effect, but has fundamental
implications in the field of quantum infor-
mation processing. Proposed all-optical
quantum-photonic networks®’ are based on
indistinguishable single photons carrying
information from node to node and inter-
acting with one another. For such schemes
to work, these photons should be in a single
mode, exactly in the sense explained above.
Spectacular progress has been made with
single-photon sources, and it is now possible
to produce single photons on demand, and
to use them in quantum-cryptography
systems®. But most sources produce photons
that are spread incoherently over many
modes, preventing adequate single-mode
behaviour. Parametrically generated photon
pairs can be used in some circumstances,
such as for teleportation®, but these are also
not ideal as they are not emitted on demand,
and thus require an extra unwanted step of
conditional preparation.
Santori and colleagues’ experiment,
demonstrating the indistinguishability of
photons from a single-photon source, can be
seen as a first step towards making quantum
logic gates for photon-based quantum com-
puting®. But the difficulties should not be
underestimated: the error rates generated
using the present set-up would be too large
(by orders of magnitude) compared with the
range over which quantum error-correcting
codes could be effective. Also, the number of
interfering photons required to implement a
useful computation is huge, and the integra-
tion of the devices would have to be pushed
far beyond present technological abilities.
Nevertheless, this experiment isa remarkable
demonstration of the very peculiar properties
of the ‘purest’ states of light that can be imag-
ined—single photonsinsingle modes. "
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