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Summary. — The principles of cavity QED experiments are described, in which
fields exhibiting coherences between different mesoscopic states are generated and
studied. These experiments, based on the Ramsey method of atomic interfero-
metry, are presently under way at Ecole Normale Supérieure, Paris. They will
constitute tests of the quantum measurement theory and could open the way to
interesting applications in quantum eomputing and cryptology.

PACS 03.65.Bz — Foundations, theory of measurement, miscellaneous theories.
PACS 32.80 — Photon interactions with atoms.

PACS 42.50.Wm - Optieal tests of fundamental laws and forces (including QED,
Bell inequalities, parity-conservation violation, relativistic effects, gravity waves).
PACS 01.30.Cec — Conference proceedings.

1. - Introduction: «Schridinger cats» and macroscopic coherences in physics.

Professor Cini, who has always shown a great interest in the fundamental aspects
of Quantum Theory, has explored in several papers the paradox of the measurement
process in microphysics. This paper, which discusses some aspects of this paradox
and suggests experiments to illustrate them, was presented at the Conference
organized in his honour in Rome in February 1994.

The interference of probability amplitudes is at the heart of Quantum Theory. The
reason why it is very hard to «understand» quantum mechanics comes from the fact
that our classical intuition is based on the observation of nature at a macroscopic
level, where probability of events merely adds up, without exhibiting interferences.
We have thus developed an intuition of the world where interferences have no real
place, making it for some people very hard to be at ease with the tricks of Nature at
the microscopic scale. Quantum interference implies many puzzling concepts such as
«non-loeality» (a particle can be at the same time at different places) or non-local

(*) Paper presented at the International Conference «Mesoscopic Physics and Fundamental
Problems in Quantum Mechanics», Rome, February 14-17, 1994.
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entanglement (manifestations of the so-called EPR paradox). Some of these effects
can be very involved, but, as noticed once by Feynman, the difficulty of
understanding quantum mechanics can always be reduced, in firne, to the basic
interference problem encountered in the Young double-slit experiment.

Schriodinger has illustrated the difficulty of connecting the classical to the
quantum worlds in his famous «cat paradox»[1], which can be described in very
simple terms. According to quantum mechanics, microscopic systems may exist in
superposition states, with the possibility of interference for the corresponding
probability amplitudes. For example, a decaying particle is described, before any
measurement is performed, as being in a superposition of the excited state and of the
decaying product states. Furthermore, a microscopic event can trigger a macroscopic
phenomenon in an avalanche process (detection of a single photon, for example).
There is thus a direct connection, via the detection mechanism, between the miero-
and the macro-worlds. This connection opens the possibility to copy, at the
macroscopic scale, the superposition states of the micro-world. For instance, the
photon emitted by a single microscopic decay event could be used to trigger a gun and
kill a cat trapped in a closed box. Since there is at any given time an amplitude that
the photon has been emitted and an amplitude that the microscopic system is still
excited, does it mean that the cat is, before being observed (i.e. before the box is
opened), in a linear superposition of the dead and alive states? The meaning of this
statement may be discussed at various levels (physical, or philosophical). At the
physical level, the only one relevant here, it is possible to give it a very simple and
operational sense: if the cat is in a superposition state, it should be possible to design
an experiment whose result would be sensitive to the interference between the «cat
alive» and «dead cat» states. In other words, the physics of the cat in the box should
be different from the classical situation where one knows that the cat is dead with a
given probability or alive with the complementary probability, without interference
between these two possibilities.

The cat paradox is important because it is directly connected to the theory of
measurement in quantum physics[2]. In short, one may say that the cat is a
macroscopic «meter» used to measure the photon emission process. The «dead cat»
state corresponds to the position of the «meter» when the photon has been emitted,
while the «cat alive» state corresponds to the position of the «meter» when the photon
is not yet there. The fact that it is a complicated meter and a rather cruel
measurement proeess is beyond the point (after all, canaries have been used to detect
the level of carbon monoxyde in coal mines!). One could as well replace the cat by a
«needle» with two positions and rephrase the discussion in similar terms. The real
question is «why do we never observe interferences between the states of a
macroscopic needle?» or «why does a needle sets instantaneously into one or the other
position?» (why do we observe only dead or alive cats and never anything in
between?). Stated in this way, the cat paradox is obviously related to the problem of
the wave function collapse in quantum mechanics [2].

The measurement (or cat’s) paradox has been discussed at length during the last
six decades and many explanations have been given for the non-observation of
quantum coherences at the macro-level. An interesting summary of this problem may
be found in Leggett’s Les Houches Lectures in 1986 [3]. One line of explanation,
proposed among others by Cini[4], says that the large size of the measuring device
makes it impossible to distinguish, for all practical observables, between the pure
state vector of the total «object + apparatus» system and a statistical and essentially



MESOSCOPIC COHERENCES IN CAVITY QED 547

classical description in terms of a density matrix. Another line of explanation invokes
the irreversible damping of the macroscopic coherences, due to the unavoidable
coupling of the system to its large-size environment [5]. This environment might be,
for example, the radiation field, the emission of a single photon by the system being
enough to destroy the macroscopic quantum coherence. An important parameter in
all these discussions is the size of the apparatus, in short the size of the «needle».
Since the quantum coherence does exist at the microscale of small systems and
disappears at the large scale of macroscopic objects, there should be an intermediate
«mesoscopic» scale at which the decoherence process should be experimentally
accessible.

2. - From «Gedanken» to real experiments in mesoscopic coherence studies: the
principle of the cavity QED experiments.

Up to recently, the study of quantum coherence at the mesoscopic level was utopic
and all the discussions of Schrodinger cat situations belonged to the realm of
«Gedankenexperiments». Owing to many technological progresses, this is no longer
the case now. At least two experimental domains, the physics of superconducting
Junctions [3,6] and quantum optics [7-14], offer real possibilities to prepare in the
laboratory superpositions of states with macroscopie, or more precisely «mesoscopic»
sizes and to witness their decoherence. In this article, the status of the quantum
optics experiments performed at Ecole Normale Supérieure (ENS) will be presented.
The interest of these experiments is to give a concrete illustration of the main ideas
briefly discussed above and to relate, on a simple example, various intriguing
concepts of quantum mechanics such as non-locality, entanglement, superpositions
and interferences....

The new domain of Quantum Optics where such experiments have become
possible is called «Cavity Quantum Electrodynamics»[9]. Cavity QED, as it is
usually abbreviated, deals with individual atoms and a few photons coupled together
in an electromagnetic resonator. Due to recent progresses in the technology of high-Q
cavities and in atomic-beam manipulation, photons could now be continuously
observed in a cavity and counted non-destructively, in a way quite similar to the
counting and manipulation of material particles [10-14]. «Einstein-Podolsky-Rosen»
(EPR) situations [15], involving atoms correlated at macroscopic distances via their
interaction with a cavity field eould be studied [16]. More to the point of our present
discussion, non-classical fields could also be generated in high-Q -cavities[11,
12,14,17,18], which would display some of the properties discussed by Schridinger
in the cat paradox. Fields which are superpositions of states corresponding to
different phases or amplitudes could be generated and studied. Fields occupying two
or more cavities, with a quantum coherence between the states localized at different
places could also. be studied [18]. These fields could be made of a relatively large
number of photons, up to a few tens likely, making the scale of these systems
somewhat intermediate between the truly microscopic single-photon scale and the
macroscopic dimension of large classical fields.

A simple Rydberg-atom-superconducting-cavity set-up, sketched in fig. 1, can
be used to prepare and study these mesoscopic states. The principle of the system
operation is quite simple. An atomic beam, emerging from an oven O, crosses the
cavity C. The atoms are prepared, before entering C into a superposition of Rydberg
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Fig. 1. — Sketch of the eircular Rydberg-atom—superconducting-cavity set-up for mesoscopic field
state studies.

states |e) and |g) of different energies. The preparation into state |e), which involves
laser and radiofrequency excitation, takes place inside the preparation box B. A
microwave cavity R, between B and C is then used to apply a resonant pulse on the
atoms, admixing the intially prepared Rydberg state |e) with another state |g) of
slightly different energy. In this way, an initial atomic state of the form c,|e) + c,|g)
is injected into C. The coefficients ¢, and ¢, can be adjusted at will by choosing the
parameters of the microwave pulse applied in R;. In the following discussion, we
choose for the sake of simplicity |c,| = |c,| =1/V2 (corresponding to a =/2
microwave pulse in R,). The atoms then interact with the field in C while erossing it.
The cavity, fed by the microwave source S, sustains a mode whose frequency is
slightly off-resonant with the transition linking |e) to |g) so that no energy exchange
but only phase alterations can occur on the atom and the field systems. After leaving
C, the atoms cross a second microwave zone R, identical to R; and are detected
downstream by field-ionizing them and counting the resulting ions in the detector D.
By adjusting the ionizing electric field, this detection can be made energy-sensitive
and one can thus count the atoms in |e) and |g) and determine how the probability of
finding them in either level is affected by the coupling with R;, C and R,[9].

Let us focus here on important orders of magnitude. The atom-field coupling is
characterized by the angular frequency Q, which represents the rate at which the
atom and the empty cavity exchange a photon at resonance (vacuum Rabi
frequency) [9]. Typically, Q/2x is equal to 25kHz in our system. The quantum
correlations produced by the atom-field interaction are destroyed in a time of the
order of the atom and field relaxation times T, and T.,. The experiments must thus
be carried out within a time shorter than T, and T, and the conditions QT > 1,
QT >>1 must be fulfilled. Atoms prepared in circular Rydberg states with principal
quantum number 7 around 50 appear as ideal tools to perform such experiments [19].
Circular states are a special kind of Rydberg states, in which the valence electron
precesses in an orbit corresponding to the maximum possible value of the
angular-momentum projection along the quantization axis [20]. Not only these atoms
correspond to huge electric dipoles associated with very large Q values, but they also
have extremely long damping times T,, in the 107%s range for n =50. The
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preparation of these atoms, which oceurs in the box B (fig. 1) is described in detail
in [19]. The resonant frequency between the n and n — 1 circular states (the ¢ and ¢
states of our present discussion) falls in the 50 GHz range for n» = 50 (wavelength of
about 0.6 cm). The high-Q cavity C coupled to the atom has thus a centimetre size.
The cavity is made of separated mirrors facing each other, such a resonator being
easy to tune (by displacing the mirrors). Moreover, the cavity can sustain a static
electric field across the mirrors, which is very useful to maintain the direction and the
shape of the circular orbit while the atom crosses the apparatus [21]. The cavity C,
made of superconducting niobium cooled at 1 K or below, and submitted to a proper
surface treatment, has a damping time in the millisecond range (@ = 10%). This is
longer than the flight time of thermal-velocity atoms over a distance of the order of a
few centimetres from C to D, a condition required to keep quantum coherences alive
during the experiment.

This set-up is an interferometer quite similar to a Young double-slit apparatus.
The first zone R, prepares atoms in a linear superposition of atomic states which
undergo different «histories» while the atom crosses C, with a probability amplitude
for each. The second zone R, admixes again the two parts of the atomic wave function,
before detection occurs. The probability of detecting the atom in |e) or |g) may then
exhibit an interference term, which oscillates between 0 and 1 when the frequency v
of the microwave field applied in R; and R, is varied. This modulation is known as a
«Ramsey fringe» signal[22]. The spatial interference of the wusual Young
interferometer is here replaced by an interference in time, and there is a close
analogy between Young and Ramsey fringes. The interaction of the atom with a field
in C may affect differently the two probability amplitudes associated with levels |e)
and |g), resulting in a shift of the Ramsey-fringe pattern whose measurement yields
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Fig. 2. — Population transfer signal between the circular Rydberg levels |¢) (= = 51) and |g)
(n = 50) as a function of the frequency v applied in the microwave zones R, and R,. The cavity
(detuned by ¢ = 150 kHz from the atomic transition) contains zero photons (lower trace) or one
photon on average (upper trace). The translation of the Ramsey-fringe pattern reveals the
dispersive light shift produced by subphoton fields (from ref.[23]).
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a precious information about the atom-field interaction. Figure 2 shows as an example
a typical recording of the fringes obtained with this Ramsey interferometer when the
cavity is empty (lower trace) and when it contains on average one photon (upper
trace). In this experiment, the atomic transition and the cavity mode are detuned by
8 = 150 kHz, the non-resonant atom-field interaction leading to small energy shifts of
the levels |e) and |g). This experiment, described in detail in [23], demonstrates that
our circular Rydberg-atom—cavity system has the sensitivity required to observe a
single photon and to carry out the experiments discussed below.

Since the cavity and the atomic transition are slightly mistuned, with a frequency
difference ¢, any exchange of energy between atom and field is made impossible. The
atom-field coupling is then purely dispersive and the atom can be viewed as a purely
«measuring device» for the field initially stored in C[10,11]. The interaction then
produces a mere dephasing of the field (index effect of the atom crossing C) and also
dephases the atom’s wave function by an angle depending upon the number of
photons in the cavity and of the quantum state of the atom. More precisely, if N
photons are present in the cavity, the initial state of the «atom + field» system is
|¥1) = c.|e, N) + ¢, |9, N) and immediately after the atom has crossed C it becomes
| ¥2) = c,exp[ie(N + 1)t]|e, N) + c,exp[—ieNtl|g, N), where t is the atom-cavity
crossing time. The Bohr frequency of the atomic transition is shifted by (2N + 1),

where the quantity 2¢ =202/¢ is the frequency shift per photon of the atomic
transition, averaged over the trajectory of the atom across the cavity. This shift is
precisely the quantity measured in the experiment described above [23] (see fig. 2).
Note that, in addition to the light shift effect (terms proportional to N in the
argument of the exponentials appearing in the expression of |¥’;) above), there is
even for N = 0 a shift of the upper Rydberg level |e) (+ 1 term in the argument of the
first exponential in the expression of | ¥';)). This is the «Lamb shift> produced by the
vacuum field in the cavity [23].

Let us now study the effect produced by an atom on a coherent state of the field
|a) [24]. This state is characterized by its complex amplitude « and can be expressed
as a superposition of different photon numbers states, |a) = ECN |N) with Cy =

= exp[ - |«|2/2][«¥ /\/N!]. It can be produced by coupling C to a classical source of
current (S in fig. 1) which is switched off immediately before the atom is sent across
the apparatus. After the atom has left the cavity, the state of the «atom +field»
system is expressed as the superposition:

(1 |7Ps) =c,exp [iat]le){% Cyexp [isNt]|N)} +c, lg){% CNexp[—iaNt]Ig)} =

= ¢ explictl|e, aexplict]) + ¢, |g, xexp[—ict]).

Clearly, an atom in |e) (respectively, in |g)) dephases the field in the cavity by the
angle + ¢t (respectively, —et). This is a mere index effect, obtained at the single-atom
level. If the atom is in a linear superposition of the two levels, the phase shift results
in an entanglement of the system after the interaction, the internal state of the atom
being correlated to the phase of the field in the cavity. The number of photons in C
cannot be changed by the atom-field interaction and the entanglement results from a
purely dispersive phase shift distorsion of the wave funection, different for each
photon number and atomic state.

If the mierowave zone R, is left inactive, measuring the atom’s state in D results
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in the collapse of the field phase to a single value, leaving the field in either the state
|« exp[ict]) or the state |aexp[ —ict]). A very interesting situation arises when a /2
microwave pulse mixing levels |e) and |g) is applied on the atoms in Ry. Then, the
atom +field state immediately after the atom leaves R, becomes

@ |¥) = c.(explict]/V2)l |e, xexplist]) + |g, xexplict])] +

+(c, /V2)L|g, aexp[—ict]) — |e, xexp[ —ict])

and the subsequent detection of the atom in level [g) or |e) results in the collapse of
the field into one of the two states:

3) |@%) = c,exp[ict]|aexp[ict]) + ¢, |aexp[—ict]).

These are linear superposition of field states with different classical phases which, for
obvious reasons, have been dubbed «Schridinger cat states» of the field [7]. This
scheme of «Schrddinger cat» state preparation involving the dispersive interaction of
a single atom with a coherent field was described first in ref.[8] and its first
discussion in the eontext of Ramsey experiments in cavity QED can be found in
ref. [11].

The processes leading to the «cat states» are closely related to those involved in
the EPR paradox[15]. The atom and the field in the cavity are entangled by their
interaction. This entanglement survives the system separation. One subsystem (the
field) collapses into a state which depends upon the result of the measurement
performed on the other part (the atom), even if these two parts are far apart when
this measurement is performed. The state into which this collapse occurs depends
upon the kind of measurement one decides to perform (by adjusting the microwave
parameters in R,). This decision can even be made after the systems have ceased to
interact (one can change these parameters while the atom is flying from C to R,, thus
realizing a «delayed choice» experiment). There is, however, a practical difference
with the usual EPR situation which involves some correlation between the states of
spin-like partieles flying apart from each other. Here, we correlate a spin-like particle
(the atom) to an harmonic-oscillator-like system (the field). Moreover, we know how
to measure the «spin» (by the field ionization detection in D), but we do not have any
convenient way of measuring directly the field stored in C. In fact, the only practical
way to get information on the field is to couple it to atoms which are subsequently
detected. We are thus naturally led to consider what happens if we send several
atoms across the same cavity and perform correlated measurements on them.

3. — Witnessing the decoherence of the mesoscopic superposition (a proposal for
an experiment in progress).

For the sake of definiteness, let us adjust the atom’s parameters to the values
¢, = —i/V?2, =1 /V?2, et = /2. Equation (3) then becomes

@ | $hase) = (1/V2)X([B) = | = BY

with 8 =da. The field in the cavity is then prepared in a linear superposition of
two coherent-field states with opposite phases. These particular superpositions are
even (respectively, odd) photon number states when the sign in eq. (4) is + (respec-
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tively, —). These Schrodinger cat states have been studied extensively in theoretical
papers [11,25-28]. Cavity QED provides for the first time a practical means not only
to generate, but also to deteet them.

We have described elsewhere [17] a possible way of probing the coherent nature of
the state superposition enabling us to distinguish between a field described by eq. (4)
and a mere statistical mixture of the |3) and | — ) field states. The method consists
in sending a second atom after the first one and to measure the conditional probability
of detecting both atoms in the same or in different states. This probability presents
an interference term between two probability amplitudes, one associated to each of
the |8) and | —B) states. This interference is constructive for the probability of
detecting the second atom in the same state as the first one, making this conditional
probability equal to 1 and destructive for the probability of the second atom to be
detected in a state different from the first one, making this conditional probability
equal to zero. If the field in C is instead in a statistical mixture, the interference
vanishes and both conditional probabilities level off to 1/2.

We have neglected in the analysis so far the relaxation of the field in the
cavity [11]. Dissipative processes have a strong effect on these quantum
superpositions. In a time of the order of T, /N, where N = |«|? is the average
number of photons in the coherent field, they evolve into a classical statistical
mixture. The time T, /N appears indeed as the average time for the absorption
of the first photon from the field in the cavity walls. As soon as this first
photon has been lost, the quantum coherence has essentially vanished, a quite
general feature of this kind of mesoscopic coherences. We thus expect the conditional
probability of detecting the first and the second atom in the same (or in different)
quantum state to be a function of the delay T' between the two atomic detections.
Figure 3 shows the predicted evolution of the conditional probability to detect
the two atoms in different states as a function of T. For short delays (T << T,y /N),
this probability should be close to 0. For large delays (T /N KT <KTy), it
should take the value 1/2. The continuous change of this probability from 0

0.0 1 | 1 i 1
0.0 0.1 0.2 0.3 0.4 0.5

T/T,

cav

Fig. 3. — Probability P(g, ¢) to detect the atom preparing the «cat state» and the subsequent
probe atom in different levels (g and e, respectively), as a function of the delay 7 between the two
atoms (10 photons on average in the cavity). The variation of this probability from 0 to 0.5 over a
time of the order of T, /10 reveals the decay of the mesoscopic coherence in the cavity (from
ref. [17]).
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to 1/2 as T is increased should be a direct evidence of the «Schrodinger cat»
decoherence.

As discussed in the introduction section, it is possible to interpret the phase of the
field in C as a kind of «needle» pointing in two possible directions, each direction
being correlated to one of the two Rydberg states ]e) or |g) of the first atom crossing
C (see eq. (1)). This «needle» remains for some time in a quantum superposition of its
two possible classical positions, but in the end it chooses one or the other (when the
quantum superposition has evolved, due to the field dissipative coupling to its
environment, into a statistical mixture). For «small needles» (N = |«|?=1), this
decoherence oceurs in the relatively long time T,,. For «mesoscopic needles» (N =
= |«|?=10 to 100), the decoherence becomes much faster, but should still be
observable. Since we can adjust the intensity of the field initially present in the
cavity from small to large values of N, such an experiment would enable us to explore
the fuzzy boundary between the quantum world (where «small needles» are, at least
for some time, quantum objects existing in several possible states susceptible to
create interference effects), and the classical world (where «large needles» decohere
into mutually exclusive states much faster than the velocity at which they can be
observed).

We have discussed so far the preparation and study of «phase cats» of the field.
Other kinds of cats can be generated with simple variants of this cavity QED set-up.
Instead of preparing a coherent field inside the cavity prior to the first atom
injection, it is possible to employ the atom itself as a kind of «quantum switch»
governing the flow of the field inside the cavity [18]. The cavity must then be
connected to a classical source slightly mistuned, so that, in the absence of an atom, it
cannot feed any field inside C. The atomic parameters are then adjusted so that an
atom crossing C in level |e) provides exactly the mode frequency shift required to
tune it into resonance with the source. On the other hand, the atom in level |g) leaves
the cavity and the source mistuned. We take again here advantage of the single-atom
index effect, the atom behaving as a kind of dispersive «plunger» tuning C in and out
of resonance with the source. Such a device allows us to prepare «amplitude cat

field ionization
_ detectors
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Fig. 4. — Set-up for the preparation of a field delocalized in two ecavities (an experiment in
project). The source S feeds both cavities through a T-shaped waveguide. An atom sent across
both cavities acts as a switch. The state of the switch is controlled by the pulses applied in the
zones R, and R,. The non-local field is prepared when the atom is detected by the field ionization
detectors, following a =/2 pulse applied in zone Ry (adapted from ref. [18)).
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states»> of the form |¢Zmae)=(1/V2)(|x) = |0)), whose coherence can also be
tested by sending a second atom across the system and measuring the conditional
probability that both atoms end up being detected in the same or in different
quantum states.

The quantum switch can also be used to generate non-local cat states in two
identical cavities C, and C,[18] (see fig. 4). The two cavities are now coupled
symmetrically to a slightly mistuned source and a single atom is sent across both
cavities. A microwave zone R, in front of C; prepares again the atom in a linear
symmetrical superposition of |e) and |g) states, realizing the quantum switch device.
A 7 microwave pulse applied in zone R, turns |e) into |g) between C; and C, and
exchanges the open and closed states of the switch. The two levels |e) and |g) are
finally mixed again in the downstream zone R; before the atom is detected. In this
way, one can generate the superposition state |¢ 2,10} = (1/V2)(|a; 0) £ |0; ), a
non-local field with equal (or opposite) probability amplitudes for the coherent field to
be in the first or in the second cavity (the first and the second symbol in each ket refer
to the field in C,; and C,, respectively).

4. — Conclusion: feasibility and possible applications of these experiments.

We have presented the principles of cavity QED experiments aiming at
generating and probing various mesoscopic «cat» states of the electromagnetic field.
We have shown that all these experiments are exploiting the remarkable properties
of a Ramsey atomic interferometer in which atoms are following two interfering
paths across the cavity containing the field. This set-up is quite analoguous to a more
familiar Young double-slit apparatus. In fact, we have analysed elsewhere[12]
experiments with a Young design and shown that the strangeness of the
«Schrodinger cat» is deeply related to the behaviour of a particle which follows two
paths at the same time and is used to control the evolution of a macro- or meso-scopic
system. In its Young version, the experiment is of the «Gedanken» type, since many
orders of magnitude on several key parameters would have to be gained to make it
feasible[12). The Ramsey version is realistic, though, and we have already
demonstrated the operation of an interferometer able to detect the phase shifts
produced by less than one photon on average in the cavity [23], a key condition for the
observation of the «cat states». We are left with the important task of demonstrating
that this state can be protected well enough against relaxation. The cavity damping
time T, must be long enough so that the quantum coherence can be observed over
times T, /N longer than the atom-cavity transit time 1073 to 107*s), with N of the
order of 10 at least. Recent progresses in the technology of open superconducting
cavities at ENS, in which cavity damping times of the order of 103s have been
achieved, show that this condition can be fulfilled and open encouraging perspectives
for Schrodinger cat state experiments in the near future.

Beyond testing fundamental laws of quantum mechanics, these experiments could
lead to interesting applications. Quantum switches [18] exhibiting coherence between
their open and closed states would open the possibility of realizing new kinds of gates
for computers, operating according to quantum logics, as opposed to the classical
logic of usual computers. Such quantum ecomputers, which would manipulate
probability amplitudes instead of classical bits of information, are now being
seriously considered and studied by mathematicians [29]. Cavity QED experiments
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of the kind discussed above seem very promising to demonstrate the feasibility of
quantum logic gates [30]. Cryptography [31] and particle teleportation [32] are other
possible domains of application of these experiments. Sharing EPR entangled
particles between two observers wishing to exchange secretely information has been
proposed as a way to produce unbreakable quantum cryptographic keys[31]. It has
also been suggested that sharing EPR pairs of particles could be used in principle as a
way of teleporting an unknown quantum state from one observer to the other [32].
Cavity QED experiments of the kind analysed above could be very useful to
implement in practice these ideas. We have shown, for example, that a field
delocalized between two cavities could be used instead of the EPR pair of particles to
teleport the state of a Rydberg atom from one cavity to the other and to achieve in
this way teleportation in a realistic experiment [33]. Clearly, many fascinating fields
of quantum optics would be opened by the demonstration of the existence of
mesoscopic coherences in cavity QED experiments.

® k¥

The research reported here is carried out at Ecole Normale Supérieure
(Laboratoire Kastler Brossel), in collaboration with J. M. Raimond, M. Brune, and a
team of students (F. Bernardot, P. Nussenzweig, A. Maali) and visitors (F.
Schmidt-Kaler, E. Hagley, W. Gawlik). L. Davidovich and N. Zagury , from Rio de
Janeiro (PUC and Federal University) are working with us on the theoretical aspects
of this work.

REFERENCES

[1] ScHRODINGER E., Naturwiss., 23 (1935) 807, 823, 844.

[2] VoN NEUMANN J., Die Mathematische Grundlagen der Quantenmechanik (Springer-
Verlag, Berlin) 1932; Heprp K., Helv. Phys. Acta, 45 (1972) 237; BELL J. S., Helv. Phys.
Acta, 48 (1975) 93; WHEELER J. A. and ZURek W. (Editors), Quantum Theory and
Measurement (Princeton University Press, Princeton) 1983; ZUREK W., Phys. Rev. D, 24
(1986) 1516; HAAKE F. and WaaLs D., Phys. Rev. A, 36 (1986) 730.

[8]1 LEGGETT A. J., in Chance and Matter, Proceedings of Les Houches, session XLVI, edited
by J. SOULETIE, J. VANNIMENUS and R. Stora (North-Holland) 1987.

[4] CiN1 M., Nuovo Cimento B, 73 (1983) 27.

[6] See, ZUREK W., Phys. Today, 44 (1991) 86, and references therein.

[6] LEGGETT A. J. and GARG A., Phys. Rev. Lett, 54 (1985) 857.

[7] YURKE B. and STOLER D., Phys. Rev. Lett., 57 (1986) 13; MILBURN G. J., Phys. Rev. A, 33
(1986) 674; MILBURN G. J. and HouMES C. A., Phys. Rev. Lett., 56 (1986) 2237.

[8] SavaGe C. M., BRAUNSTEIN S. L. and WaLLs D. F., Opt. Lett., 15 (1990) 628.

[9]1 HaroCHE 8., Cavity quantum electrodynamics, in Systémes Fondamentoux en Optique
Quantique, Les Houches, session LIII, edited by J. DALiBARD, J. M. RAIMOND et J.
ZINN-JUSTIN (Elsevier Science Publishers) 1992.

[10] BrunE M., HaRoCHE S., LEFEVRE V., RAIMOND J. M. and ZAGURY N., Phys. Rev. Lett., 65
(1990) 976.

[11] BRUNE M., HAROCEE S., RaMOND J. M., DavipovicH L. and ZAGURY N., Phys. Rev. A, 45
(1992) p. 5193.

[12] HarocHE 8., BRUNE M. and RAIMOND J. M., Appl. Phys. B, 54 (1992) 355.

[18] HarocHE S., BRUNE M. and RamvonD J. M., J. Phys. II, 2 (1992) 659.



556 S. HAROCHE

[14] HarocHE S. and Ramvonp J. M., in Cawvity Quanium Electrodynamics, supplement
of Adv. Atom. Mol. Phys., edited by P. BERMAN (Academic Press) 1994.

[15] EINsTEIN A., PopoLSKY B. and ROSEN N., Phys. Rev., 47 (1935) T77.

[16] HAROCHE 8., in Fundamental Problems in Quantum Theory, edited by D. GREENBERGER,
Annals of the New York Academy of Sciences (New York, N.Y.) 1995.

[17] HAROCHE S., BRUNE M., RamMonp J. M. and DavibovicH L., Mesoscopic quantum
coherences in cavity QED, in Fundamentals of Quantum Optics III, edited by F.
EHLOTZKY (Springer-Verlag) 1993.

[18] DavipovicH L., MAALI A., BRUNE M., RaiMonD J. M. and HAROCHE S., Phys. Rev. Lett.,
71 (1993) 2360.

[19] NussenzvEIG P., BERNARDOT F., BRUNE M., HARE J., RAiMOND J. M., HAROCHE S. and
GAWLIK W., Phys. Rev. A, 48 (1993) 3991.

[20] HULET R. G. and KLEPPNER D., Phys. Rev. Letl., 51 (1983) 1430.

[21] GRross M. and LiaNG J., Phys. Rev. Lett., 57 (1986) 3160.

[22] RaMseY N., Molecular Beams (Oxford University Press, New York, N.Y.) 1985,

(23] BRUNE M., NUSSENZVEIG P., SCHMIDT-KALER F., BERNARDOT F., MaALI A., RAIMOND J.
M. and HAROCHE 8., Phys. Rev. Lett., 72 (1994) 3339.

{24] GLAUBER R., in Quantum Optics and Electronics, Les Houches 196, Summer School,
edited by C. DEWITT, A. BLANDIN and C. COHEN-TANNoUDJI (Gordon and Breach, New
York, N.Y.) 1965.

[25] MALKIN 1. A. and MaN'RoO V. L., Dynamical Symmetries and Coherent States of Quantum
Systems (Nauka, Moscow) 1979,

[26] JANSKY J. and VINOGRADOV A. V., Phys. Rev. Lett., 64 (1990) 2771.

[27] ScHLEICH W., PERNIGO M. and LEKIEN F., Phys. Rev. A, 44 (1991) 2172,

[28] BuzEk V., Mova-Cessa H., KNigHT P. L. and PHOENIX S. D. L., Phys. Rev. A4, 45 (1992)
8190,

[29] DeutscH D., Proc. R. Soc. London, Ser. A, 400 (1985) 87; DEuTscH D. and Josza R., Proc.
R. Soc. London, Ser. A, 439 (1992) 553; BERTHIAUME A. and BRASSARD G., in Proceedings of
the Seventh Annual IEEE Conference on Structwre in Complexity Theory, Boston, 1992
(IEEE, New York, N.Y.) 1992, p. 132.

[80] EXERT A., in Afomic Physics 14, Proceedings of the XIV International Conference on
Atomic Physics, edited by C. WEIMAN and D. WINELAND (1995).

[31] C. H. BENNET, G. BRassARD and A. Ekert, Sci. Am., 267 (1992) 50; BENNET C. H.,
BESSETTE F., BRASSARD G., SALvAIL L. and SmoLiN J., J. Cryptol., 5 (1992) 3.

[32] BENNET C. H., BRrassARD G., CREPEAU C., JoszA R., PERES A. and WoOTTERS W., Phys.
Rev. Lett., 70 (1993) 1895.

{33] DavipovicH L., MaaL1 A., BRUNE M., RA1MOND J. M. and HAROCHE S., Phys. Rev. A, 50
(1994) 895.



