Experiments involving so-called elastic collisions between an atom and a cavity
should allow the non-destructive detection of very small numbers of photons and the
direct measurement of cavity field quantum jumps.

An atom and a small cavity with highly
reflecting walls can couple and correlate
strongly to each other, resulting in pheno-
mena which may lead to the development of
new kinds of field sensors to detect photons
without destroying them; the same pheno-
mena also illustrate basic concepts of quan-
tum mechanics. The study of these effects,
at first theoretical and now entering an acti-
ve experimental phase, forms a part of cav-
ity quantum electrodynamics [1], a growing
field spanning atomic physics and quantum
optics with many potential applications.

The Atom-Cavity “Molecule”

Consider an atom in a cavity whose size
matches exactly the wavelength of a photon
the atom can emit in a transition between
two of its energy levels. If the atom is initially
excited and the resonator empty, a photon
will be radiated within a short period of time
in the cavity. Since this photon is trapped in
the atom’s vicinity by the reflecting cavity
walls, it will be absorbed at a later time, the
atom jumping back to the upper level, com-
mencing an ideally endless cycle of photon
emission and absorption processes. Re-
markably, the exchanged photon also me-
diates a small force between the atom and
the cavity walls [2], in the same way as
charged particles exert a force on each
other by exchanging a photon, or atoms
attract each other in a molecule by trading
electrons.

The molecule analogy can help us under-
stand some basic features of the atom-cavi-
ty system. Two atoms with chemical affinity
exchange an electron at a rate which de-
pends on their distance apart. As a result,
they experience a force, which either ties
them together in a molecular bound state, or
repels them from each other in an “antibind-
ing" state. The same physics goes on in the
atom-cavity system, albeit at a quite diffe-
rent energy scale. This system has two
energy eigenstates, namely a binding one in
which the excitation is shared symmetrically
between the atom and the cavity (sum of the
excited atom with no photon and the de-
excited atom with one photon), and an anti-
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Fig. 1 — Electron microscope image of a
60 um diameter microsphere resonator for
future atom-cavity studies. The sphere is
obtained by melting the end of a high trans-
mission glass fibre (seen at left) using a CO»
laser. The low-loss whispering gallery mode is
localised along the equatorial plane of the
sphere normal to the glass fibre stem.

binding one which is the difference combi-
nation of these two states. The former has
an energy slightly lower than the sum ener-
gy of the separated atom and cavity sub-
systems, the latter an energy slightly larger.
The binding energy of this “atom-cavity
molecule” is typically of the order of a few
nano-electron volts, about a factor of 109
times smaller than that of an ordinary mole-
cule. The atom-cavity interaction, which cor-
responds to microkelvin temperatures, is
also very small compared to the usual kine-
tic energies of atoms.

Experimental Observations

These “atom-cavity” states have been
recently observed in spectroscopy experi-
ments. Researchers at the California Insti-
tute of Technology directed a laser beam
across an optical cavity made of two closely
spaced mirrors while a tenuous beam of
caesium atoms was crossing the cavity [3].
The atoms and the cavity were tuned in
exact resonance with each other and the
laser frequency was scanned as its trans-
mission across the cavity was recorded.
When the cavity contained one atom on
average, the transmission profile exhibited a
double-peak structure, with an approxima-
tely 6 Mhz splitting, one peak corresponding
to the binding mode, the other to the anti-
binding mode of the compound atom-cavity
system.

A similar experiment was performed at
the Ecole Normale Supérieure (ENS) in
Paris in which we observed a doublet with a

splitting of about 100 kHz associated with
the exchange of a microwave photon bet-
ween a superconducting niobium cavity and
a few rubidium atoms prepared by laser
excitation into a very excited Rydberg state
[4]. In these experiments, the atoms were
much too fast to allow for the formation of
stable atom-cavity “molecules”. The double-
peak spectra nevertheless revealed the
transient existence of bound and antibound
configurations during the time the atoms
spent in the cavity.

Novel resonators

These experiments required the use of
very small resonators because the strength
of the atom-field coupling is inversely pro-
portional to the square-root of the resona-
tor's volume. Moreover, the photon must
survive in the cavity for a time at least of the
order of the period of energy exchange bet-
ween the atom and the field mode. Two
types of resonators have been used in
experiments so far. For the microwave
domain there are niobium superconducting
cavities, often shaped in the form of centi-
metre-sized cylindrical boxes (cover illustra-
tion), which can provide storage times of up
to a fraction of a second [5]. These cavities
have to be coupled to very excited Rydberg
atoms, which radiate photons in the micro-
wave part of the spectrum. In the optical
domain, Fabry-Perot resonators made of
highly reflecting spherical mirrors with a
multi-dielectric coating, facing each other at
a millimetre distance, have photon damping
times in the microsecond range.

Microsphere resonators of about 100 um
diameter, made of highly transparent fused
silica [6], are also very promising for future
optical atom-cavity force studies (Fig. 1).
These microspheres can sustain very weak-
ly damped “whispering gallery modes” in
which the field runs around the surface
along a thin ring with transverse dimensions
of the order of an optical wavelength. We
have recently measured on these micro-
spheres photon damping times of the order
of one microsecond [7]. An atom located

EPS LECTURER

Professor Serge Haroche has agreed to
be the EPS Lecturer for 1993/4. Starting
in October 1993, he will be speaking at a
number of centres throughout Europe on
cavity quantum electrodynamics and
other topics in atomic physics and quan-
tum optics.

Europhys. News 24 (1993) 51



close to the surface of the sphere should
couple to the whispering gallery mode with a
characteristic frequency in the 10-100 MHz
range. Strong atom-field correlations can
thus build up during the photon storage time.

Inverse Stern-Gerlach Experiment

Adding photons to the cavity to enhance
the tiny atom-cavity forces can be done by
weakly coupling the cavity to an external
radiation source. The atom-cavity exchange
process is indeed stimulated by additional
photons, its rate increasing linearly with the
field amplitude. Photons introduced into the
cavity add discrete quanta of energy to the
antibinding state and subtract quanta of
energy to the binding one, modifying
accordingly the force felt by an atom in the
cavity. This effect could be exploited to
develop new, non-destructive ways to count
small numbers of photons stored in a cavity.
Many related schemes have been dis-
cussed recently as Gedanken experiments,
and we are now trying at the ENS to reduce
theory to practice.

In the simplest possible version [8-9], one
would merely send one atom with a known
velocity across the cavity and observe its
trajectory (see Fig. 2). The atom will follow a
different trajectory for each possible photon
number. The detection of the atom, pinning
down the trajectory, would reduce the field
in the cavity into a well-defined photon
number state. This is essentially analogous
to the classic Stern-Gerlach experiment
in which trajectories of particles passing
through an inhomogeneous magnetic field
are quantized according to their spin states.
Here, the cavity is the Stern-Gerlach mag-
net and the observation of the atomic path
yields information, not on the particle spin,
but on the “magnet” internal states. For this
reason, we have proposed calling this
an “inverse Stern-Gerlach” experiment [8].
If the atom is sent along a symmetry axis
of the cavity mode, the force is co-linear
to the trajectory and the mechanical ef
fects merely amount to a delay or an advan-
ce of the atom’s propagation, whose meas-
urement again yields the photon number in
the cavity [9].

microwave
pulse

Fig. 3 — Sketch of the ENS atomic interferometry quantum non-demolition experiment. a, upper)
The wavepacket of an atom, initially prepared in the upper state of the atomic transition, crosses
the apparatus from left to right. The first microwave pulse changes it into a superposition of upper
and lower state wavepackets, shown for clarity with different vertical offsets. The two parts of the
wave function are delayed by different amounts in the cavity. In the situation illustrated here, the
differential delay amounts to one-half the de Broglie wavelength. The second microwave pulse
reconstructs in this case the upper atomic state. The atom state is analysed downstream with two
field ionization detectors sensitive, repectively, to the upper and lower states of the transition.

b, lower) The probabilities of detecting the atom in the upper and lower states exhibit interference
fringes as a function of the number of photons in the cavity; these fringes are in phase opposition
for the two states. Recording the fringe pattern by detecting a train of atoms amounts to a QND o 2

measurement of the photon number.
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Fig. 2 — Schematic illustration of an inverse Stern-Gerlach experiment. An atom crossing the
cavity is deflected into a trajectory which depends on the number of photons in the cavity.

In order to avoid an ambiguity in the
assignment of a photon number to each tra-
jectory, the atom-cavity system should be
prepared in a pure binding or antibinding
state, and not in a mixture of both. Such a
preparation can be achieved by detuning
slightly the atomic transition from the cavity
mode. If the atomic transition frequency is a
little short of cavity resonance, an excited
atom in the presence of a given number of
photons has slightly less energy than the
state corresponding to the de-excited atom
with one photon more. As an excited atom
moves into the cavity, the system will then
naturally evolve into the lower energy bind-
ing state. If the detuning has the opposite
sign, the same trick will produce the anti-
binding state as well. These properties are
reversed if the atom enters the cavity in its
lower energy state (negative atom cavity
detuning branches the system in the anti-
binding state in this case). These conclu-
sions rely on the adiabatic theorem of quan-
tum mechanics, which says that if a sys-
tem’s rate of evolution is slow enough, it
follows continuously the state it is initially
prepared in, provided the energy of this state
never coincides with that of another one.

per second rubidium atom, for example, has
a wavelength of 0.15 A. The advance or
retardation of the atom’s motion means that
its de Broglie wave is dephased by an angle
depending on the photon number in the
cavity. A delay equal to half the atom wave-
length, a mere 0.075 A, will result in the
replacement of a crest of the matter wave by
a trough, an effect which interferometric
methods can easily demonstrate.

The method we have designed at the
ENS [10], and are presently aiming to imple-
ment, is a variant of Ramsey fringe interfe-
rometry performed on Rydberg atoms
(Fig. 3). It adds a few tricks to the simple
scheme described above. Rydberg atoms
are subjected to an auxiliary microwave
pulse, which prepares them in a linear
superposition of the upper and lower states
of the atomic transition, just before entering
the superconducting cavity containing the
microwave field to be measured. When
each atom enters the cavity, these states
branch into the binding and antibinding
atom-cavity states, respectively, so that the
atom’s wave function splits into an advan-
ced part and a retarded part. On exiting the
cavity, a second microwave pulse mixes
again the upper and lower atomic states, in
such a way as to construct the lower state,
provided no phase lag occurred in the cav-
ity. If the relative delay of the two parts of
the atom wave function is equal to one-half
the atom’s de Broglie wavelength (or an odd
number of it), the second microwave pulse
reconstructs instead the upper atomic state.
More generally, the probability of detecting
either atomic state after the second micro-
wave pulse appears as a periodic function

Atomic Interferometry to Count Atoms
A simple measurement of the atom'’s posi-
tion at the cavity exit may not have enough
resolution to distinguish small photon num-
bers from one another. Far more sensitive
methods relying on atomic interferometry
have been recently discussed [10-11]. Each
atom in fact corresponds to a small wave
packet with a de Broglie wavelength inver-
sely proportional to its velocity. A 300 metre
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of the delay between the advanced and
retarded parts of the atom’'s wave function.

Measuring the atom’s final state thus pro-
vides information about the cavity-induced
delay, and hence about the photon number
in the cavity. State-selective detection of the
atoms is performed by ionizing them in two
small detectors and counting the resulting
electrons. Each detector consists of plates
with a small electric field across them: the
first detector operates at a low field to ionize
atoms in the upper level, and the second
one at a higher field to ionize the lower level.

The radiation field fed into the cavity by a
weak radiation source usually presents rela-
tively large photon number fluctuations of an
inherently quantum nature. Prior to meas-
urement, the cavity thus contains a field
described by a quantum photon number
“‘wave function”. The squared modulus of
each wave function's component is the pro-
bability that the cavity stores a given photon
number. Computer simulations show that
this wave function progressively collapses
into a pure photon number state, known as
a Fock state, as successive atoms cross the
cavity and are detected. If the experiment is
resumed, each time with the same initial
field in the cavity, the statistical distribution
of photon numbers will be retrieved by the
histogram of individual measurements. In
any given run, however, the photon number
will remain constant after it has been pinned
down.

A Quantum Non-Demolition Method

The above method, which relies on atom-
cavity force effects using a slightly detuned
cavity, will realise a feat of observation
known as quantum non-demolition (QND).
The photons are indeed counted without
being destroyed, as opposed to conven-
tional photodetection methods based on
photon to electron conversion. The atoms
are strongly coupled to the cavity field while
they are inside the resonator, but they
decouple adiabatically as they exit the cavi-
ty, leaving the field energy unaffected. The
atom-cavity “collision” is an “elastic” process
and the atom carries away information
about the photon number, which is not
destructive for the field intensity. After the
field has been reduced into a Fock state, it
remains unperturbed by further measure-
ments, which will all yield the same result.
This is completely at variance with conven-
tional photon counting, which continuously
deplete photons from the measured field.
The method has the potential to measure
extremely weak fields down to the single
photon or even cavity vacuum level. Spu-
rious photon counts will be essentially due
to the low noise level of the state-selective
atomic ionization counters and should be
unlikely. Such QND measurements would
have a sensitivity unattainable by conven-
tional detection methods in the microwave
region.

Atom-cavity QND methods should allow
one to monitor events impossible to observe
otherwise. For example, if a single photon
disappears in the cavity walls due to small
losses, this quantum jump event would re-
gister as a change of the atomic states
detection probabilities. In this way, the death

of photons could be witnessed, so to speak,
in real-time without affecting its natural rate
by the measurement process itself. The
creation of a single photon in the cavity
could be monitored as well. Such exquisitely
sensitive measurements, performed at the
quantum level, may one day be used to
detect tiny forces which slightly deform the
cavity boundaries, inducing discrete
changes to photon numbers. QND pro-
cesses were first mentioned in the context
of gravity wave detection experiments [12],
which imply the monitoring of exceedingly
small length changes of a gravitational
antenna. It remains to be seen whether the
QND methods described here, or some vari-
ations based on them, can be of help in
these very challenging experiments.
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High-Energy C,, Beams Available

S. Della-Negra and Y. Le Beyec of the Institut de Physique Nucléaire, Orsay,
outline progress in upgrading facilities for producing high-energy beams of

cluster ions including fullerenes.

The interactions of ions with surfaces and
solid material have been investigated using a
large variety of projectiles, ranging from the
commonly used monoatomic ions up to dust
particles. Recent work in several laboratories
has demonstrated enhancement, relative to
the rate for individual ions, of secondary ion
emission (SIE) from various targets under the
impact of clusters of atoms. The bombard-
ment of organic and inorganic materials by
keV ion clusters has also shown that cluster
projectiles eject complex secondary ions
from the surfaces more efficiently than single
ions (Fig. 1 from [1]).

The energies of the beams used to per-
form these experiments are in the keV to a
few tens of keV range; the yield of secondary
electrons is rising sharply with the energy
of impact so it is interesting to increase
the kinetic energy using clusters with high
masses. There are today no facilities avai-
lable capable of producing suitably heavy
and fast projectiles.

The availability of high energy, heavy pro-
jectile beams will also open up new domains
owing to the large amount of energy deposi-
ted in a small volume of solid. For example,
the linear energy loss easily reaches 5 keV/A

Fig. 1 — The yield of molecular ions from a
phenylalanine target bombarded with Au* and
Au cluster projectiles [1]. Data are plotted as a
function of the projectile energy per unit mass
(E/A), equivalent to the square of the projec-
tile velocity, so that the desorption yields
obtained with different gold cluster projectiles
can be compared at the same velocity. The

which is larger than the maximum values
obtained with atomic projectiles such as ura-
nium at a few MeV per nucleon. Secondly,
the simultaneous impact of several atoms on
a small surface (100 A2) can induce coherent
effects: phenomena which must be studied
include energy loss and fragmentation of the
projectile, the charge density of the solid,
pressure pulses and shock waves, defect
production in insulators, and physical modifi-
cation of the surface.

For example, it is necessary to validate
theoretical work at Orsay [2] showing that a
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molecular ion yield increases by a factor 30 on going from Au3* to Au5*, implying that a non-
linear effect arises during cluster impact in the keV range. Other complex projectiles lead to the

same yield enhancement.
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