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Viewpoint

Filling a cavity with photons, and watching them leave
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Preparing a harmonic oscillator in a state with a well-defined energy is a tricky business. With the
new tools provided by cavity and circuit quantum electrodynamics it is now possible to make these
pure quantum states and watch how they evolve in time.
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The harmonic oscillator is one of the most fundamental
systems in quantum mechanics. Equipped with its solu-
tion—one of the first that every physics student learns
to calculate exactly—it is possible to describe realistic
problems, from phonons in a crystal to the interaction of
light with an atom. It is perhaps ironic, then, how chal-
lenging it is to actually prepare a pure harmonic oscil-
lator state with a well-defined excitation number n, also
known as a Fock state. Now, using different methods,
two groups—Michel Brune and colleagues at the Labora-
toire Kastler Brossel of the CRNS and College de France,
both in Paris, and Haohua Wang and colleagues at the
University of California in Santa Barbara (UCSB)—have
created these nonclassical states of the harmonic oscil-
lator and performed a detailed study of how they decay
in time. The experiments, reported in Physical Review
Letters[l] 2] demonstrate that the lifetime of a Fock state
with excitation number n scales as 1/n, as predicted by
theory.

Since it is of relevance to both experiments, consider
one of the simplest realizations of the harmonic oscillator:
the electromagnetic field. Its excited states are photons
and a Fock state corresponds to the creation of n pho-
tons with the same energy, hw. However, when using a
classical source with a well-defined frequency (such as a
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laser) to generate an electromagnetic field, the result is
a coherent state: a superposition of Fock states that is
nearly indistinguishable from a classical state. The rea-
son is that the energy spectrum of the harmonic oscillator
is linear, such that the energy provided by the source will
spread over a wide distribution of Fock states. Instead,
to directly prepare a purely nonclassical photon state and
observe quantum effects, we need to make a sufficiently
strong interaction between the electromagnetic field and
an additional, nonlinear, component. This is the heart
of the experiments from Brune et al. and Wang et al.

In the work from the CNRS group, the nonlinear com-
ponents are atoms with excited states that are not evenly
spaced in energy. In particular, they use circular Ry-
dberg atoms (atoms in highly excited states and with
maximum angular momentum: [ = |m| =n—1). These
atoms have large dipole moments that couple strongly to
the microwave photons that are used in the experiments.
To enhance this coupling, the photons are confined to
a cavity made out of two high-quality mirrors that face
each other. The CNRS group has studied the interaction
between light and matter in a cavity, also known as cav-
ity quantum electrodynamics (QED) [3H5], with circular
Rydberg atoms over the last 20 years. Thus, they have
been able to carefully design the experiment so that the
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coupling strength between the circular Rydberg atoms
and the photons in the cavity overwhelms all the decay
rates of the combined system: the single-photon decay
rate k out of the cavity, the atomic decay rate I'y, and
the atomic dephasing rate I'. It is worth noting that cav-
ities can now be fabricated with extremely large quality
factors such that the single photon lifetime 1/ can be
as large as 0.1 seconds [6]. This is long enough for pho-
tons to travel 39,000 km back and forth between the two
mirrors separated by 2.7 cm!

The experiment by the CNRS group relies on the con-
ditional preparation of Fock states. They first create a
coherent state of the cavity field with a microwave source.
Then, to prepare a pure but randomly chosen Fock state,
they rely upon the magic of quantum measurements:
they perform a measurement of photon number with re-
sult n, which projects the classical field to the quantum
state |n). The CNRS team’s measurement is special in
the sense that it involves no energy exchange. In these
so-called quantum nondemolition measurements, atoms
that are nonresonant with the photons in the cavity are
sent one by one across the cavity. Before entering the
cavity, each atom is prepared in a superposition of two
of its internal states, labeled |g) and |e) for ground and
excited states (see Fig[l] top ). During the time that
the atom is in the cavity, this superposition acquires a
relative phase proportional to the number of photons in
the cavity. After leaving the cavity, a second pulse con-
verts this phase information to probability amplitudes for
lg) and |e), which are then measured by state-selective
ionization of the atom. By repeating this process with
sufficiently many atoms (roughly 110 in the experiment),
the Fock state, which was randomly selected from the
initial field distribution, is prepared with high accuracy.

After preparing the Fock state |n), every atom that is
then sent through the cavity reveals information about
the subsequent evolution of the cavity field. In this way,
Brune et al. follow the time evolution of Fock states
n = 0 through n = 7, and can track how these states de-
cay, something known as quantum process tomography.
As expected from theory, they find that the decay rate
of a Fock state with n photons is nx, which is n times
faster than for a Fock state with n = 1. This enhanced
rate simply reflects the fact that each additional photon
has its own probability to decay, speeding up the relax-
ation. Since in this experiment preparing a Fock state is
a random process, completely characterizing the state is
a costly enterprise, requiring up to a million single atom
measurements.

In parallel, researchers have been developing an on-
chip version of cavity QED, also known as circuit QED.
In this system, the many Rydberg atoms are replaced
by a single superconducting qubit and the cavity is a
transmission-line resonator, essentially a one-dimensional
superconducting coaxial cable (see Fig. |1, bottom). Gaps
in the center conductor of the resonator play the role of
the mirrors in cavity QED. Moreover, similarly to the
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FIG. 1: By coupling a nonlinear system, such as an atom, to
the electromagnetic field, it is possible to create Fock states
(eigenstates of the harmonic oscillator). (Top) Brune et al.
send atoms (left) into a cavity (center). The atoms are pre-
pared with pulse P; to be in a superposition of states |e) and
|g) before they enter the cavity. The relative phase between
these states, which is converted to probability amplitudes for
le) and |g) with pulse P> when the atoms exit the cavity, de-
pends on the number of photons in the cavity. (Bottom) In
place of a cavity, Wang et al. create an electromagnetic field
in a microwave resonator (blue). A superconducting qubit,
acting as an artificial atom, couples to the center conductor.
(Illustration: Alan Stonebraker)

cavity used by the CNRS group, excitations of the res-
onator are microwave photons. These essentially one-
dimensional cavities have a small mode volume, result-
ing in a large electric field per photon. Superconducting
qubits are electrical circuits based on Josephson junc-
tions. With their well-defined energy levels, they behave
as artificial atoms, providing the essential nonlinearity.
In addition, superconducting qubits have a large effective
dipole moment. As a result, this system can easily reach
the strong coupling regime of cavity QED [7]. Groups at
Yale [§] and Delft (in this last case using a different type
of on-chip cavity) [9] first demonstrated strong coupling
between a superconducting qubit and a microwave res-
onator in 2004. Because of the very strong coupling, it
was predicted [I0] and soon confirmed [I1] that in circuit
QED, Fock states could be resolved by measuring the
qubit absorption spectrum. Earlier this year, the UCSB
group showed they could prepare Fock states with up to
n = 6 photons [12)].

In the new experiments from the UCSB group [2], the
superconducting qubit, playing the role of the atom, is
capacitively coupled to the center conductor of the res-
onator (Fig. |1} bottom). An advantage of this artificial
atom is that the energy difference between its |g) and
le) states can be tuned into and out of resonance with
the resonator frequency. Starting with the qubit out of
resonance and in its ground state |g), a classical source
is used to pump it to |e). This energy quantum is then
transferred to the resonator by tuning the qubit so it is
in resonance with the microwave resonator for an appro-
priate amount of time. By repeating this process, Fock
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states with n up to 15 have been created. The microwave
resonator’s state can in turn be determined by tuning the
qubit into resonance with the resonator and measuring
the undriven Rabi oscillations of the qubit between |g)
and |e). Since the frequency of these oscillations depends
characteristically on the photon number in the microwave
resonator, Wang et al. can extract information about the
photon distribution of the Fock state. Similarly to the
CNRS group, they find that the n-photon Fock state de-
cays at the enhanced rate nk.

The experiments now reported by Brune et al. and
Wang et al. go beyond the groups’ earlier work in
that both are able to create Fock states with large
n and reach a level of precision with which to probe
the decay of these states. By combining two proto-
typical systems—harmonic oscillators and two-level sys-
tems—cavity QED has established itself in the last 20
years as a unique test-bed for fundamental investiga-
tions of quantum mechanics. With the recent develop-
ments, such as cavities with high-quality factors and cir-
cuit QED, new ways to generate, control and measure
non-classical states of light are now possible and more
surprises are sure to be on their way.
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