SEARCH & DISCOVERY

Two-color cavity (ED makes its debut

In a tunable, doubly
resonant optical cavity,
two distinguishable photons
can strongly couple to the
same atom and thus to
each other.

mation, but they rarely exchange it

with one another. In some extreme
astrophysical settings, photons interact
via electron—positron pairs. But the pow-
ers needed to produce the pairs from a
vacuum—on the scale of 10® W/cm?—
have never been achieved in a terrestrial
lab. So researchers turn instead to atoms
as intermediaries.

The conceptually simplest approach
is to store one photon’s state in a single
atom—or a collection of them —whose
response affects the state of another pho-
ton. In the past few years, researchers have
used, for instance, highly excited (Ryd-
berg) atoms to entangle pairs of photons
and build single-photon transistors. In
the latter case, a single photon can con-
trol the destiny of many, with the optical
medium—a cloud of excited atoms—
being quickly switched on or off under
the control of a gate photon.! The pres-
ence of multiple atoms, however, can be
a source of decoherence.

Besides simplicity, an advantage of
using single atoms is that they behave
like a highly nonlinear medium: Often,
the absorption of a single photon raises
the atom to an excited state and thus
completely alters its optical behavior.
To boost the photon-atom interaction,
researchers confine both particles be-
tween the mirrors of an optical cavity—
an approach known as cavity quantum
electrodynamics (cavity QED). As the
photon bounces back and forth repeat-
edly in a resonant cavity, the absorp-
tion probability approaches unity. And if
the mirror spacing is tuned so that the
cavity’s resonant frequency also matches
that of an electronic transition in the
atom, the photon and atom can become
strongly coupled. That’s the condition
in which the coherent rate of inter-

Photons are superb carriers of infor-
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FIGURE 1. CAVITY QED at

. -

the Max Planck Institute of Quantum Optics. Nicolas Tolazzi (left)

and Christoph Hamsen peer over a table packed with mirrors, lenses, and fiber-optic cables
(yellow) that route several laser beams to an adjacent table (not shown), where the optical
cavity and a trapped rubidium atom reside in a vacuum chamber. On the left side are several
acousto-optic modulators fed by a high-power laser diode (blue box). Hamsen points to a
M2 plate that rotates the polarization of the beams into specific, well-defined states. (Photo

courtesy of Nicolas Tolazzi.)

action between the atom and photon is
higher than both the rate at which pho-
tons leak through the mirrors and the
rate of the atom’s spontaneous decay
(see PHYSICS TODAY, November 2004,
page 25).

Christoph Hamsen, Nicolas Tolazzi
(both pictured in figure 1), their PhD ad-
viser Gerhard Rempe, and Tatjana Wilk —
all at the Max Planck Institute of Quan-
tum Optics in Garching, Germany —now
report a cavity QED experiment in which

photons at two different wavelengths are
each simultaneously resonant with the
cavity and with one of two electronic
transitions of the same atom.” Because
the two photons are each strongly cou-
pled to the same atom —rubidium in this
case—they can also be strongly coupled
to each other. Residing in the cavity in
different optical modes, the photons are
also distinguishable, a feature that may
ameliorate efforts to create complex op-
tical links in quantum networks.
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FIGURE 2. STRONG COUPLING
OF LIGHT FIELDS. Two weak
laser beams, probe (yellow) and
signal (red), are resonant with
different modes of an optical
cavity and populate the cavity
with photons that couple strongly
to two transitions of a four-level
atom. As illustrated in the atom’s
energy-level diagram (top), the
photons also couple to each other
through a control field of strength
Q.. Via interactions with that field,
the number of photons in one
cavity mode can affect the number

Control of photons in the other. (Adapted
laser detector from ref. 2.)
Modes and nodes vals along the cavity axis. The group

Strong coupling of optical fields with an
atom requires a tiny cavity, on the scale
of microns, to generate a high energy
density. But the smaller the cavity, the
more widely separated in frequency are
the modes. Hamsen and colleagues built
a novel cavity resonator whose mirrors
are adjustable over centimeters using
piezoelectric crystals that offer nanometer-
scale precision. The researchers found a
cavity length, around 295 um, that could
simultaneously support two light fields
at wavelengths that nearly matched two
hyperfine lines in Rb—one at 780 nm, the
other at 795 nm.

“We were lucky,” says Rempe. The
length had to be an integer multiple
of the different photons’ half wave-
lengths, but achieving that condition
might have required larger mirror spac-
ing, in which case the energy density
would drop and strong coupling might
have been lost. Even so, the resonance
match wasn’t exact. To fine-tune it, the
researchers used a light field to subtly
alter the atom’s energy levels via the
Stark effect.

Even after matching the level spacing
to cavity modes, Hamsen and his col-
leagues still had to adjust the spatial po-
sition of the Rb atom itself. Photons re-
side in the cavity as standing waves, with
nodes at the two mirrors. But between
the mirrors, the nodes of the two differ-
ent wavelengths occur at different inter-

therefore used their atom-trapping lasers
to nudge the atom into a spot between
the mirrors where the antinodes for the
two modes coincide.

Coupled photons

In the team’s setup, two cavity modes, at
795 nm and 780 nm, are pumped using
weak laser beams called the probe and
the signal. The separate beams drive
electronic transitions in Rb between states
|1) and [3) and between |2) and |4), as
depicted in figure 2. To couple the pho-
tons, the researchers added a control laser
beam with strength Q) to drive the [2) to
|3) transition. The additional field con-
nects the ground states |1) and |2) via the
excited state |3).

Because the modes are linked by the
control field, the number of photons in
one mode can have a dramatic effect
on the number of photons in the other.
In the researchers’ current implementa-
tion, however, the average number of
photons in each mode is far less than 1,
and their coincidence probability is a
mere 0.04%.

Even so, the control beam exerts an
important influence on cavity dynamics
in another way. With no signal photon
in the cavity, the control and probe
beams together create a coherent super-
position of the two ground states |1)
and |2). That produces an interference ef-
fect known as electromagnetically in-
duced transparency (EIT) on the |1) to |3)
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transition. Thus, with the control field
on, the probe photon passes through to
the detector unabsorbed. (For more on
EIT, see PHYSICS TODAY, November 2011,
page 14.)

Conversely, without a probe photon
present, any signal photons entering the
cavity are also fully transmitted. That’s
because the control beam has the effect of
pumping the atom from state |2) into [1),
which prevents it from absorbing the sig-
nal tuned to the |2) to |4) transition.

When probe and signal photons enter
the cavity together, either the signal per-
turbs the fragile EIT state and thus pre-
vents the transmission of the probe pho-
ton, or the probe pumps the atom to state

|2), where it reflects a signal photon. Ei-
ther way, only one photon can make it
through—not both.

Indeed, the energy-level configuration
gives rise to an optical-switching effect:
The presence of a signal photon in the
cavity blocks the transmission of a probe
photon, and vice versa. Yet each photon,
probe or signal, passes directly through
in cases when a Rb atom exists in the cav-
ity and the other type of photon is ab-
sent. If the light fields are detuned from
atomic frequencies, the dynamics are
richer still, and the transmission and
blocking scenarios can be reversed.

The two-color cavity QED experi-
ment opens new possibilities for quan-

tum nondemolition photon detection—
that is, the indirect detection of one pho-
ton’s presence using another—for fre-
quency conversion of photons, and for
quantum logic. One of the next steps,
says Rempe, is to prepare the photons as
qubits. The experiment can easily be
adapted to include polarization as one of
the photons’ degrees of freedom.

Mark Wilson
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