
Abstract. The paper gives a brief review of experiments on
cavity quantum electrodynamics. Special emphasis is given to
recent results on the one-atom maser.

1. Introduction

The simplest and most fundamental system for studying
radiation ±matter coupling is a single two-level atom inter-
acting with a single mode of an electromagnetic field in a
cavity. It received a great deal of attention shortly after the
maser was invented, but, at that time, the problem was of
purely academic interest since the matrix elements describing
the radiation ± atom interaction are usually so small that the
field of a single photon is not sufficient to lead to an atom
field evolution time shorter than the other characteristic
times of the system, such as the excited state lifetime, the
time of flight of the atom through the cavity and the cavity
mode damping time. It was therefore not possible to test
experimentally the fundamental theories of radiation ±mat-
ter interaction, which predict among other effects (see, e.g.,
Ref. [1]):

(a) a modification of the spontaneous emission rate of a
single atom in a resonant cavity,

(b) oscillatory energy exchange between a single atom and
the cavity mode, and

(c) the disappearance and quantum revival of Rabi
nutation induced in a single atom by a resonant field.

The situation changed abruptly after frequency-tunable
lasers became available. They can be used to excite large
populations of highly excited atomic states characterised by a
high principal quantumnumber nof the valent electron. These
states are generally called Rydberg states, since their energy
levels can be described by the simple Rydberg formula. Such
excitedatomsareverysuitableforobservingquantumeffects in
radiation ± atom coupling for three reasons. Firstly, the states
are very strongly coupled to the radiation field (the induced
transition ranges between neighbouring levels scale as n4);
secondly, transitions are in the millimetre wave region so that
low-order mode cavities can be made large enough to allow
rather long interaction times; finally, Rydberg states have
relativelylonglifetimeswithrespecttospontaneousdecay[2,3].

The strong coupling of Rydberg states to radiation
resonant with transitions to neighbouring levels can be
understood in terms of the correspondence principle: with n
increasing the classical evolution frequency of the highly
excited electron becomes identical with the frequency of the
transition to the neighbouring level. The atom therefore
corresponds to a large dipole oscillating with the resonance
frequency; the dipole moment is very large since the atomic
radius scales as n2.

In order to understand the modification of the sponta-
neous emission rate in an external cavity, it is important to
remember that in quantum electrodynamics this rate is
determined by the density of modes of the electromagnetic
field (at the atomic transition frequency o0), which is
dependent on the square of the frequency. If the atom is not
in free space but in a resonant cavity, the continuum ofmodes
is changed into a spectrum of discrete modes and one of them
may be in resonance with the atom. The spontaneous decay
rate of the atom in the cavity gcav will then be enhanced in
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relation to that in free space gfree by a factor given by the ratio
of the corresponding mode densities:

gcav
gfree
� rcav�o0�
rfree�o0� �

2pQc3

Vcavo3
0

� Ql30
4p2Vcav

;

where Vcav is the volume of the cavity and Q is the quality
factor of the cavity which expresses the sharpness of the
mode. For low-order cavities in the microwave region
Vcav � l30; this means that the spontaneous emission rate is
increased by roughly a factor of Q. However, if the cavity is
detuned, the decay rate will decrease. In this case, the atom
cannot emit a photon, since the cavity is not able to accept it,
and therefore the energy has to stay with the atom.

Recently, a number of experiments have been performed
with Rydberg atoms to demonstrate this enhancement and
inhibition of spontaneous decay in external cavities or cavity-
like structures. These experiments will be briefly reviewed in
Section 2.

More subtle effects due to the change in the mode density
can also be expected: radiation corrections such as the Lamb
shift and the anomalous magnetic dipole moment of the
electron are modified with respect to the free space value,
although the changes are of the same order as the present
experimental accuracy. Roughly speaking, one can say that
such effects are determined by a change in virtual transitions
and not by real transition as in the case of spontaneous decay.
A brief review on this topic will be given in Section 3 especially
with respect to recent experiments.

Section 4 describes the one-atom maser representing the
idealised case of a two-level atom interacting with a single
mode of a radiation field. The theory of this system was
treated by Jaynes and Cummings [1] many years ago, and we
shall concentrate on the dynamics of the atom± field interac-
tion predicted by this theory. A review will be given in Section
5. Some of the features are explicitly a consequence of the
quantum nature of the electromagnetic field: the statistical
and discrete nature of the photon field leads to new dynamic
characteristics such as collapse and revivals in the Rabi
nutation. Sections 6 ± 11 give an overview on experiments
performed with the one-atom maser in connection with the
dynamics of the photon exchange between an atom and a
cavity mode, the statistics of maser radiation, the observation
of quantum jumps, atomic interferometry in the one-atom
maser and on planned experiments. In Section 12, the work
on optical microlasers will be briefly discussed.

2. Modification of the spontaneous transition
rate in confined space

The spontaneous decay rate of an excited atom is propor-
tional to the density of modes of the electromagnetic field
above the atomic transition frequency. As a consequence the
spontaneous emission rate is increased if the atom is
surrounded by a cavity tuned to the transition frequency.
This was noted years ago by Purcell [4]; conversely, the decay
rate decreases when the cavity is mistuned.

To change the decay rate of an atom, in principle no
resonator need to be present; any conducting surface near the
radiator affects the mode density and, therefore, the sponta-
neous radiation rate. Parallel conducting planes can some-
what alter the emission rate but they can only reduce the rate
by a factor of 2 owing to the existence of TEMmodes, which
are independent of the distance between planes.

In order to demonstrate experimentally the modification
of the spontaneous decay rate, it is not necessary to go to
single-atom densities in both cases. The experiments where
spontaneous emission is inhibited can also be performed
with large atom numbers. However, in the opposite case,
when an increase in the spontaneous rate is observed, a
large number of excited atoms may disturb the experiment
by induced transitions. The first experimental work on
inhibited spontaneous emission was done by Drexhage,
Kuhn and Sch�afer (for a review see Ref. [5]). The fluores-
cence of a thin dye film near a mirror was investigated. A
reduction of the fluorescence decay by up to 25% results
from the standing wave pattern near the mirror. In recent
years similar experiments were conducted by de Martini et
al. [6]

Inhibited spontaneous emission was also observed by
Gabrielse and Dehmelt [7]. In these neat experiments with a
single electron stored in a Penning trap they observed that
cyclotron orbits show lifetimes which are up to 10 times larger
than that calculated for free space. The electrodes of the trap
form a cavity which decouple the cyclotron motion from the
vacuum radiation field leading to the longer lifetime.

Experiments withRydberg atoms regarding the inhibition
of spontaneous emission have been performed by Hulet et al.
[8] and by Jhe et al. [9]. In the latter experiment a 3.4 mm
transition was suppressed.

The first observation of enhanced atomic spontaneous
emission in a resonant cavity was published byGoy et al. [10].
This experiment was performed with Rydberg atoms of Na
excited in the 23rd state in a niobium superconducting cavity
resonant at 340 GHz. Cavity tuning-dependent shortening of
the lifetime was observed. The cooling of the cavity had the
advantage of totally suppressing the blackbody field. The
latter effect is completely absent if optical transitions are
observed. The first experiments on optical transitions were
performed by Feld and collaborators [11]. They succeeded in
an enhancement of spontaneous transitions even in higher
order optical cavities.

In modern semiconductor devices both electronic and
optical properties can be tailored with a high degree of
precision. Therefore, electron ± hole systems producing
recombination radiation analogous to radiating atoms can
be localised in cavity-like structures, e.g. in quantum wells.
Thus, optical microcavities of half or full wavelength size are
obtained. Both suppression and enhancement of spontaneous
emission in semiconductor microcavities were demonstrated
in experiments by Yamamoto and collaborators [12]. Similar
structures have been used by Yablonovitch et al. [13]
exhibiting a photonic band gap with spontaneous emission
forbidden in certain frequency regions. In recent years it has
also become possible to produce microlasers using semicon-
ductor microstructures. These techniques are briefly reviewed
in the last section of this paper.

3. Modification of atomic energies in confined
space

In Section 2 we have focused on changes of radiation rates of
atoms near conducting walls or in cavity-like structures. Next
we will discuss the more subtle phenomenon of energy shifts.
While radiation rates are modified by the field component in
phase quadrature with an atomic dipole, energy shifts are
caused by the dispersive part of the interaction or in other
words by the field part in phase.
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Resonant and nonresonant phenomena have to be dis-
tinguished. The resonant self-energy shift of a decaying
atomic dipole in the vicinity of a conducting wall can be
determined from the average polarisation energy produced by
the image dipole field. For distances comparable to the
wavelength the near-field condition is satisfied, resulting in
the zÿ3 dependence of the static dipole ± dipole interaction
characteristic for Van der Waals energy; under far-field
conditions the distance dependence is given by zÿ1. The
polarisation of the atom by the nonresonant parts of the
broad-band electromagnetic field causes energy shifts, of
which the Lamb shift is the most prominent one. In the
sense of the nonrelativistic treatment by Bethe [14] we can
describe the major contribution of that shift as being a result
of the emission and reabsorption of virtual photons. It is
plausible that just as the real emission of a photon is modified
in confined space, so also is the virtual process. The latter
`real' radiation energy shift is thus a consequence of vacuum
fluctuations only. It is identical with the energy shift predicted
by Casimir and Polder [15] and is analogous to the better-
known result of Casimir [16] on the force between two plane
neutral conducting plates.

The question of modification of atomic energies in
confined space has recently found considerable interest and
many calculations of the phenomenon have been performed
(for reviews see Refs [17] and [18]). Direct application to the
energy shift of Rydberg atoms, which are of special interest
for experimental studies, was performed by Barton [19]. In
that paper the direct electrostatic interaction with a conduct-
ing wall and the radiation induced (retarded) effects were
estimated. The result was that in the case of two parallel plates
the electrostatic effect is dominant when the distance L
between the conducting plates is small, L < n3a0=a (n is the
principal quantum number, a0 is the Bohr radius, and a is the
fine-structure constant), and the radiative effect plays amajor
role when large distances are used, L > n3a0=a.

Experiments to measure the Casimir ± Polder force using
the deflection of atoms between conducting planes were
performed in the group of Hinds [20]. They clearly demon-
strate the difference of the forces in the near field and far field
regime.

In what follows we would like to describe the first
experimental data on the radiative shifts of rubidium Ryd-
berg atoms byWegener at al. [21] andWegener [22]. For these
measurements the Ramsey double-field method is used. The
atoms are excited in s-Rydberg states (n� 30) by two-photon
transitions using the light of an ultrastable dye laser, whose
line width is less than 10 Hz. The laser intensity was enhanced
in a folded cavity which was locked to the laser frequency.
Both interaction zones necessary for the Ramsey method
were enclosed in this cavity.

Between the two interaction regions the atoms pass
through a pair of conducting plates, the distance L between
which can be changed. The shift of the Ramsey interferences
was measured as a function of the plate distance. Using the
Ramsey method has the advantage that the shift can be
determined without direct probing of the atoms in the room
between the plates.

Especially large level shifts were found when the cut-off
frequency of the plate arrangement (mode with polarisation
parallel to the planes) agreed with the transition frequency to
the next higher or lower Rydberg level [23]. In the present
measurements the level shifts are still enhanced by thermal
photons. The variation of the shift at the cut-off region

amounts to roughly 1 kHz. The line width observed for the
Ramsey fringes is 7.4 kHz, corresponding to the time flight
between the two laser interaction zones. The pure radiative
shift is expected to be observed when the setup is cooled to
lower temperatures in order to exclude thermal photons.

We should mention here that the self-energy shift pro-
duced by the reflected field of decaying atoms has also been
measured [24], this shift is of course much larger than the pure
radiative shift of the Casimir ± Polder type.

4. Review of the one-atom maser

In the one-atom maser or micromaser a single atom interacts
with a single mode of a resonant cavity. This system, at first
glance, seems to be another example of a `Gedanken' experi-
ment, but such a one-atom maser [25] does exist and can in
addition be used to study the basic principles of radiation ±
atom interaction.

The main features of the setup are:
(1) it is the first maser which sustains oscillations with

much less than one atom on the average in the cavity;
(2) the maser allows one to study the dynamics of the

energy exchange between an atom and a single mode of the
cavity field as treated in the Jaynes ±Cummings model [1];

(3) the setup makes it possible to study in detail the
conditions necessary to obtain nonclassical radiation, espe-
cially radiation with sub-Poissonian photon statistics in a
maser system directly;

(4) it is possible to study a variety of phenomena of a
quantum field such as quantum jumps and nonlocal aspects
of the quantum measurement process.

What are the tools that make this device work? It is the
enormous progress in superconducting cavities constructing
with high quality factors together with the laser preparation
of highly excited atoms, i.e. Rydberg atoms, that have made
the realisation of such a one-atom maser possible [25].
Rydberg atoms are obtained when one of the outermost
electrons of an atom is excited into a level close to the
ionisation limit. The main quantum number of the electron
is then typically of the order of 60 ± 70. Those atoms have
quite remarkable properties [2, 3] which make them ideal for
the maser experiments: the probability of induced transitions
between neighbouring states of a Rydberg atom scales as n4,
where n denotes the principle quantum number. Conse-
quently, a few photons are enough to saturate the transition
between adjacent levels. Moreover, the spontaneous lifetime
of a highly excited state is very large. We obtain a maser by
injecting these Rydberg atoms into a superconducting cavity
with a high quality factor. The injection rate is such that on
the average there is much less than one atom inside the
resonator.

The experimental setup of the one-atommaser is shown in
Fig. 1. A highly collimated beam of rubidium atoms passes
through a Fizeau velocity selector. Before entering the super-
conducting cavity, the atoms are excited into the upper maser
level 63p3=2 by the frequency-doubled light of a cw ring dye
laser. The superconducting niobium maser cavity is cooled
down to a temperature of 0.5 K by means of a 3He cryostat.
At this temperature the number of thermal photons in the
cavity is about 0.15 at a frequency of 21.5 GHz. The quality
factor of the cavity can be as high as 3� 1010 corresponding
to a photon storage time of about 0.2 s. Twomaser transitions
from the 63p3=2 level (to 61d3=2 and to 61d5=2) are studied. In a
new setup equipped with a dilution, refrigerator temperatures

July, 1996 One-atom maser and other experiments on cavity quantum electrodynamics 729



in the range of 0.1 K are obtained. Some of the experiments
described in this review have been performed with the latter
setup.

The Rydberg atoms in the upper and lower maser levels
are detected by two separate field ionisation detectors. The
field strength is adjusted to ensure that in the first detector the
atoms in the upper level are ionised, but not those in the lower
level; the lower level atoms are then ionised in the second field.

To demonstrate maser operation, the cavity is tuned over
the respective transition and the flux of atoms in the excited
state is recorded simultaneously. Figure 2 shows the result for
63p3/2! 61d3/2. Transitions from the initially prepared state
to the 61d3=2 level (21.50658 GHz) are detected by a reduction
of the electron count rate.

In the case of measurements at a cavity temperature of
0.5 K, shown in Fig. 2, a reduction of the 63p3=2 signal can be
clearly seen for atomic fluxes as small as 1750 atoms sÿ1. An
increase in flux causes power broadening and a small shift.
This shift is attributed to the AC Stark effect, caused
predominantly by virtual transitions to neighbouring Ryd-
berg levels. Over the range from 1750 to 28000 atoms sÿ1 the
field ionisation signal at resonance is independent of the
particle flux which indicates that the transition is saturated.
This, and the observed power broadening, shows that there is
a multiple exchange of photons between Rydberg atoms and
the cavity field.

For an average transit time of the Rydberg atoms through
the cavity of 50 ms and a flux of 1750 atoms sÿ1 we estimate
that approximately 0.09 Rydberg atoms are in the cavity on
the average. According to Poisson statistics this implies that
more than 90% of the events are due to single atoms. This
clearly demonstrates that single atoms are able to maintain a
continuous oscillation of the cavity, with a field correspond-
ing to a mean number of photons between unity and several
hundred.

Among the studies performed with the one-atom maser
are themeasurements of the dynamics of the photon exchange
between a single atom and a cavity mode [26, 27]. Before we
discuss some experiments with the one-atom maser, the
theory will be briefly reviewed.

5. Theory of the one-atom maser

The simplest form of interaction between a two-level atom
and a single quantised mode of the electromagnetic field is

described by the Jaynes ±Cummings Hamiltonian [1, 28]

H � 1

2
�ho0sz � �hoaya� �h�gaysÿ � adj:� � H0 � V ;

where

H0 � 1

2
�ho0sz � �hoaya ; V � �h�gaysÿ � adj:� :

Here, o0 is the atomic transition frequency, o is the field
frequency, a and ay are the photon annihilation and creation
operators of the fieldmode, with �a; ay�=1, sz, s� and sÿ are
atomic pseudo-spin operators, while �s�; sÿ� � sz, and

g � pEo
2�h

sin�KZ�

is the electric dipole matrix element at the location Z of the
atom, where Eo is the `electric field per photon',
Eo � ��ho=e0V�1=2.

The Jaynes ±Cummings model plays a central role in
quantum optics owing to several reasons: it gives the simplest
description of Rabi flopping in a quantised field and the
simplest illustration of spontaneous emission; furthermore, it
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Figure 1. Scheme of the one-atom maser: A Ð atomic beam oven, B Ð

velocity selector, C Ð laser excitation, D Ð maser cavity, E Ð channel-

tron detectors, F Ð field ionisation, G Ð atomic beam. To suppress

blackbody-induced transitions to neighbouring states, the Rydberg atoms

are excited inside the liquid-Helium-cooled environment.
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N � 5000 sÿ1

N � 18000 sÿ1

N � 28000 sÿ1

T � 0:5K

21.506 577 800 GHzÿ300 kHz �280 kHz
Cavity frequency

Figure 2. A maser transition 63p3/2! 61d3/2 (21.506 577 800 GHz) of the

one-atom maser manifests itself in a decrease of 85Rb atoms in the excited

state. The flux of excited atoms N governs the pump intensity. Power

broadening of the resonance line demonstrates the multiple exchange of a

photon between the cavity field and the atom passing through the

resonator.
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can be solved exactly and thus describes the true quantum
dynamics observed with the one-atom maser such as collapse
and revivals of the atomic inversion. The model describes the
situation realised in the one-atom maser and allows to
investigate in detail the complexities of the atom± field
dynamics in the simplest of all situations.

A few results following from the Jaynes ±Cummings
model are reviewed in light of their relevance to this paper.

The eigenstates of the Jaynes ±Cummings Hamiltonian
are

E1n � �h

�
ÿ 1
2
o0 � �n� 1�o� 1

2
�On � d�

�
;

E2n � �h

�
1

2
o0 � noÿ 1

2
�On � d�

�
;

where d � o0 ÿ o is the atom± field frequency detuning,On is
the generalised n-photon Rabi-flopping frequency

On �
��������������������������������
4g2�n� 1� � d2

q
:

The corresponding eigenvalues are those of the dressed atom:

j1; ni � sin ynja; ni � cos ynjb; n� 1i ;

j2; ni � cos ynja; ni ÿ sin ynjb; n� 1i ;

where jai and jbi are the upper and lower atomic states,
respectively, and jni are the number states (i.e. states of well-
defined photon number) of the field mode with ayajni � njni:
The angle y is defined by means of the relations

cos yn � On ÿ d��On ÿ d�2 � 4g2�n� 1��1=2 ;
sin yn � 2g

�����������
n� 1
p��On ÿ d�2 � 4g2�n� 1��1=2 :

Note, in particular, that

cos 2yn � ÿ d
On

and

sin 2yn � 2g
�����������
n� 1
p

On
:

In the vacuum field at n � 0 and on resonance o0 � o, the
dressed states are separated by the frequency O0 � 2g
generally called vacuum Rabi splitting.

One of the interesting phenomena described by the
Jaynes ±Cummings model is the dynamical behaviour of the
system.Whenwe assume that the atom is initially in the upper
state jai and the field is in the number state jni, it follows for
the probability of an atom to be in the upper state��Can�t�

��2 � cos2
ÿ
gt

�����������
n� 1
p �

:

This shows that the upper state population oscillates
periodically at the Rabi-flopping frequency, similar to the
case of classical fields. If the field is initially described by the

photon statistics pn, the above results have to be generalised
to: ��Ca�t�

��2 �X
n

pn cos
2
ÿ
gt

�����������
n� 1
p �

:

It has been shown that, in the case where the field mode is
initially in a coherent state, jCa�t�j2 undergoes a collapse
followed by a series of revivals [26]. The collapse is due to the
destructive interference of quantum Rabi floppings at differ-
ent frequencies; a similar phenomenon may also occur with a
classical field, however, the revivals are a purely quantum
mechanical effect that originates in the discreteness of the
quantum field. Collapse and revivals have been observed in a
micromaser experiment [27]. In this experiment the interac-
tion time of the atoms with the cavity was varied and the
probability was investigated that the atoms leave the cavity in
the excited state. As will be shown below, the photon statistics
in the maser cavity changes when the interaction time is
varied, therefore the photon statistics pn is not a pure
distribution. Nevertheless the revival shows up, as was also
confirmed in a computer simulation of the results on the basis
of the Jaynes ±Cummings model [27].

In the following we would like to summarise the results of
the quantum theory of the one-atom maser. Since the atom±
field interaction takes place in a closed single mode cavity,
there is no spontaneous emission rate into free space modes.
Owing to the extremely high quality factors achieved in the
superconducting cavities, the photon lifetime is extremely
long compared to the transit time of the atoms through the
resonator. This means that cavity damping can be practically
ignored while an atom interacts with the field. Since the
atomic flux is kept so small as to have at most one atom
inside the cavity at a time, the cavity is therefore empty most
of the time and cavity damping can be disregarded during the
rare instances when an atom interacts with the cavity mode.

The one-atom maser theory is therefore based on the
following strategy [29]: while an atom is in the cavity, the
coupled atom± field system is described by the Jaynes ±
Cummings Hamiltonian and for the interval between atoms
the evolution of the field density matrix is described by a
master equation considering damping and in addition the
mean number of thermal photons in the cavity.

Besides this microscopic theory there is also a macro-
scopic theory based on the quantum theory of the laser [30].
The resulting probability distribution of the photons depends
characteristically on the pump rate and on the interaction
time tint of the atoms with the cavity field. One obtains the
following result for the probability of finding n photons in the
maser cavity P�n� in steady state:

P�n� � P0

�
nb

nb � 1

�n Yn
m�1

�
1� N

nbg
sin2�g ����������

mtint
p �
m

�
;

with N being the atomic pump rate; nb is the thermal photon
number and g is the cavity decay rate. P0 is determined by the
normalisation condition

P
P�n� � 1. One can now evaluate

the mean photon number hni and the field variance in the
form of the Qf parameter:

Qf � hn
2i ÿ hni2 ÿ hni

hni :
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Figure 3 shows the mean photon number as a function of the
interaction time of the atoms with the cavity. The photon
number is scaled to Nex; here Nex is the average number of
atoms that enter the cavity during the cavity decay time
Nex � N=g. Themaser thresholds occurs atY � 1 and regions
of sub-Poissonian photon statistics are betweenY � p and 2p
as well as between 3p and 4p. The sub-Poissonian character
leads to a negativeQf. A large negative value is obtained close
before 2p [28, 29].

To get amore intuitive insight into this effect we recall that
the Fizeau velocity selector preselects the velocity of the
atoms. Hence, the interaction time is well defined, which
leads to conditions usually not achievable in standardmasers.
This has a very important consequence when the intensity of
the maser field grows as more and more atoms transfer their
excitation energy to the field: even in the absence of
dissipation this increase in photon number is halted when
the Rabi frequency increasing leads to a situation where the
atoms reabsorb the photon and leave the cavity in the upper
state. This situation is close to a quantum non-demolition
case. For any photon number this situation can be achieved
by appropriate adjusting of the atoms velocity. Then the
number distribution of the photons in the cavity is sub-
Poissonian.

Unfortunately, the measurement of the nonclassical
photon statistics in the cavity is not straightforward. The
measurement process of the field involves the coupling to a
measuring device, whereby losses lead inevitably to a destruc-
tion of the nonclassical properties. The ultimate technique to
obtain information about the field employs the Rydberg
atoms themselves: for this purpose the population and the
statistics of the atoms in the upper and lower maser levels are
probed when they leave the cavity. Accordingly, the atoms
play a double role: (i) they pump the cavity and (ii) they are
used for the diagnostics. These two roles interfere with one
another because the detection of the atom in a known final
state leads to a quantum mechanical reduction of the photon
state inside the resonator. Frequent detection is accompanied
by quasipermanent state reduction which can prevent the
cavity field from relaxing to the steady state that would be
reached if the atoms were left unobserved. Nevertheless, the

steady state properties determine the statistics of the clicks
recorded by the atom detectors.

The theoretical treatment of the one-atommaser produces
predictions about both the photon field and the emerging
atoms. Only the latter can be tested experimentally, and the
success of such tests feeds our confidence in the predictions
about the quantised radiation field inside the cavity. The
pump atoms are statistically independent in the standard one-
atom-maser experiments, so that their arrival times are
subject to a Poissonian statistics; we shall, therefore, restrict
the discussion to this standard Poissonian situation.

Inasmuch as the atoms arrive at random, they are
recorded at equally random times, and so the only reprodu-
cible data are statistical. Consequently, one is led to studying
the statistics of the detector clicks. Numerical simulations
investigating the effect of repeated atomic measurements on
the evolution of the cavity field have been performed by
Meystre [31] as well as Meystre and Wright [32]. The relation
between the counting statistics of the detected atoms emer-
ging from the resonator and the photon-number statistics of
the field inside the cavity has been studied analytically by
Rempe andWalther [33] as well as by Paul andRichter [34]. In
Ref. [33] the results are also compared with numerical
simulations showing good agreement; experimental results
are reported by Rempe et al. [35].

In a recent paper a general method for the computation of
various statistical properties of the click distribution was
presented [36]. This method does not resort to numerical
simulations. Naturally, the efficiencies of the detectors (far
from the ideal 100%, unfortunately) are taken into account.
The central tool used in those calculations is a nonlinear
master equation that governs the dynamics of the photon field
in the periods between the detector clicks. The nonlinearity
arises from the necessity to distinguish between the notions of
observation and detection. When the detectors are active, all
emerging atoms are observed but only a fraction is actually
detected.Most of the time the experimenter observes but does
not detect Ð he listens but does not hear.

In another approach, on the basis of the concept of light
beams counting statistics, atomic counting probability, wait-
ing-time distribution, and the `two-atom correlation' func-
tion for a Poissonian atomic beam exciting the micromaser
cavity are also calculated. In an analytic treatment it is shown
how the waiting-time distribution converges into the atom
correlation function for vanishing detection efficiency [37].

Under steady state conditions, as mentioned above, the
photon number and the photon statistics of the maser field
are essentially determined by the dimensionless parameter Y
(see also Section 8). The quantity hni � hni=Nex shows the
following generic behaviour (see Fig. 3): it suddenly increases
at the threshold value Y � 1 and reaches a maximum for
Y � 2. As Y further increases, hni decreases and reaches a
minimum atY � 2p, and then abruptly increases to a second
maximum. This general type of behaviour recurs roughly at
integer multiples of 2p, but becomes less pronounced with an
increase in Y. The reason for the periodic maxima of hni is
that for Y � 2p and multiples thereof, the pump atoms
perform an almost integer number of full Rabi flopping
cycles, and start to flip over at a slightly larger value of Y,
which leads to enhanced photon emission. The maser thresh-
old at Y � 1 shows the characteristics of a continuous phase
transition, whereas the subsequent maxima in hni can be
interpreted as first-order phase transitions [28, 29]. In the
intervals between the phase-transition points, the photon
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statistics is mostly sub-Poissonian. The field is super-
Poissonian for all phase transitions, the large photon
number fluctuations above Y � 2p and multiples thereof
being caused by the presence of two maxima in the photon
number distribution P�n�. They result from the fact that
atoms in the upper maser level may or may not tip over to
the lower level.

The phenomenon of the two coexisting neighbouring
maxima in P�n� was also studied in a semi-heuristic Fok-
ker ± Planck (FP) approach [29]. There, the photon number
distribution P�n� is replaced by a probability function P�n; t�
with continuous variables t � t=tcav and n�n� � n=Nex, the
latter replacing the photon number n. The steady state
solution, obtained for P�n; t�; t4 1, can be constructed by
means of an effective potential V�n� showing minima at
positions where maxima of P�n; t�; t4 1 are found. Close to
Y � 2p and multiples thereof, the effective potential V�n�
exhibits two equally attractiveminima located at stable gain ±
loss equilibriumpoints ofmaser operation. Themechanism at
the phase transitions mentioned is still the same: a minimum
of V�n� loses its global character when Y is increased, and is
replaced in this role by the next one. This reasoning is a
variation of the Landau theory of first-order phase transi-
tions, with

�������n�p
being the order parameter. This analogy

actually leads to the notion that in the limit Nex !1 the
change in the micromaser field around integer multiples of
Y � 2p can be interpreted as first-order phase transitions.

In the region of the first-order phase transitions long field
evolution time constants tfield are expected. This phenomenon
was experimentally demonstrated, as well as related phenom-
ena, such as spontaneous quantum jumps between equally
attractive minima of V�n�; and bistability and hysteresis [38].
Some of those phenomena are also predicted in the two-
photon micromaser [39].

If there are no thermal photons in the cavity (a condition
achievable by cooling the resonator to temperatures below
100 mK) very interesting features such as trapping states
show up [40]. The investigation of the trapping states is
discussed in detail in a recent review [41].

In the following we would like to review several experi-
ments with the one-atom maser. The first one is the observa-
tion of the energy exchange of a single atom in a cavity, then
the measurement of the photon statistics of the one-atom
maser, and the last one is the observation of quantum jumps
and bistability in the maser field at the first- order phase
transition points. Then we discuss a quite recent experiment
on atomic interferometry in the micromaser.

6. Dynamics of a single atom

With very low atomic beam fluxes, the cavity of the single-
atommaser contains essentially thermal photons only, whose
number varies randomly, obeying the Bose ± Einstein statis-
tics. At high fluxes, the atoms deposit energy in the cavity and
themaser reaches the threshold so that the number of photons
stored in the cavity increases and their statistics changes.

For a coherent field the probability distribution is
Poissonian, which results in a dephasing of the Rabi oscilla-
tions, and therefore the envelope of Pe�t�, the probability of
finding the atom in the upper maser level, collapses. After the
collapse, Pe�t� starts oscillating again in a very complex way.
Such changes recur periodically, the time interval being
proportional to the square root of the photon number stored
in the cavity. Both collapse and revival in the coherent state

are pure quantum features with no classical counterpart (see,
e.g., Ref. [26]).

Collapse and revival also occur in the case of a thermal
Bose ± Einstein field where the spread in the photon number is
far larger than for a coherent state, and the collapse time is
much shorter. In addition, revivals overlap completely and
interfere, producing a very irregular time evolution. On the
other hand, a classical thermal field represented by an
exponential distribution of the intensity shows collapse but
no revival at all. From this it follows that revivals are pure
quantum features of the thermal radiation field, whereas the
collapse is less clear-cut as a quantum effect [42, 43].

The above-mentioned effects have been demonstrated
experimentally by Rempe et al. [27], using the Fizeau velocity
selector to vary the interaction time of the atoms with the
cavity (see Fig. 1). Figure 4 shows a series of measurements
obtained with the single-atom maser, where Pe�t� is plotted
against interaction time for different atomic fluxes N. The
strong variation of Pe�t� for interaction times between 50 and
80 ms disappears for larger N and a revival shows up for
N � 3000 sÿ1 for interaction times larger than 140 ms. The
average photon number in the cavity varies between 2.5 and 5,
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about 2 photons being due to the blackbody field correspond-
ing to a temperature of 2.5 K.

7. Sub-Poissonian photon statistics
in the micromaser

One of the most interesting questions in connection with the
one-atommaser is the photon statistics of the electromagnetic
field generated in the superconducting cavity. This problem
will be discussed in the following section.

Electromagnetic radiation may exhibit nonclassical prop-
erties (for reviews see Refs [44, 45]) that cannot be explained
by classical theory. We know of essentially three phenomena
which demonstrate the nonclassical character of light: photon
antibunching [46, 47], sub-Poissonian photon statistics [48,
49] and squeezing (see, e.g., Ref. [50]). Methods of nonlinear
optics are most often employed to generate nonclassical
radiation. However, the fluorescence light from a single
atom caught in a trap also displays nonclassical features [49,
51].

Another nonclassical light generator is the one-atom
maser. The Fizeau velocity selector, it will be recalled,
preselects the velocity of the atoms; hence the interaction
time is well-defined, leading to conditions usually not achiev-
able in standard masers. This has a very important conse-
quence when the intensity of the maser field grows as more
and more atoms give their excitation energy to the field: even
in the absence of dissipation, this increase in photon number
is stopped when the increasing Rabi frequency leads to a
situation where the atoms reabsorb the photon and leave the
cavity in the upper state. For any photon number this can be
achieved by appropriate adjusting of the atoms velocity. In
this case the maser field is not changed any more and the
number distribution of the photons in the cavity is sub-
Poissonian [29, 30], i.e. narrower than a Poisson distribution.
Even a number state, i.e. a state of well-defined photon
number, can be generated as shown in Ref. [52] by using a
cavity with a high enough quality factor. If there are no
thermal photons in the cavity (a condition achievable by
cooling the resonator to an extremely low temperature) very
interesting features such as trapping states show up [40]. In
addition, steady state macroscopic quantum superpositions
can be generated in the one-atom maser field when two-level
atoms are injected in a coherent superposition of their upper
and lower states [50].

The measurement of the photon statistics via the dynamic
behaviour of the atoms in the radiation field, i.e. via collapse
and revival of the Rabi oscillations, is one possibility to
obtain information about the field. However, since the
photon statistics depends on the interaction time, which has
to be changed when collapse and revivals are measured, it is
much better to probe the population of the atoms in the upper
and lowermaser levels when they leave the cavity. In this case,
the interaction time is kept constant.Moreover, this measure-
ment is relatively easy since electric fields can be used to
perform selective ionisation of the atoms. The detection
sensitivity is sufficient for the atomic statistics to be investi-
gated. This technique maps the photon statistics of the field
inside the cavity via the atomic statistics, and then the number
of maser photons can be inferred from the number of atoms
detected in the lower level. In addition, the variance of the
photon number distribution can be deduced from the number
fluctuations of the lower-level atoms [33]. In the experiment
we are therefore mainly interested in the atoms in the lower

maser level. Experiments carried out along these lines are
described in the next section [35].

8. Experimental results. A sub-Poissonian beam
of atoms

Under steady state conditions, the photon statistics of the
field is essentially determined by the dimensionless parameter
Y � �Nex � 1�1=2Otint, which can be understood as a pump
parameter for the one-atom maser [29]. Here, Nex is the
average number of atoms that enter the cavity during the
lifetime of the field, tint is the time of flight of the atoms
through the cavity, andO is the atom± field coupling constant
(one-photon Rabi frequency). The one-atommaser threshold
is reached for Y=1. At this value and also at Y=2p and
integer multiples thereof, the photon statistics is super-
Poissonian. At these points the maser field undergoes first-
order phase transitions [29]. In the regions between those
points sub-Poissonian statistics are expected. The experimen-
tal investigation of the photon number fluctuation is the
subject of the following discussion.

In the experiments [35] the numberN of atoms in the lower
maser level is counted for a fixed time intervalT roughly equal
to the storage time Tcav of the cavity. By repeating this
measurement many times the probability distribution P�N�
of finding N atoms in the lower level is obtained. The
normalised variance

Qa � hN
2i ÿ hNi2 ÿ hNi
hNi

is evaluated and is used to characterise the deviation from
Poissonian statistics. A negative (positive) Qa value indicates
sub-Poissonian (super-Poissonian) statistics, while Qa � 0
corresponds to a Poisson distribution with hN 2i ÿ hNi2 �
hNi. The atomicQa is related to the normalised varianceQf of
the photon number by the formula [33]

Qa � EPgQf�2�Qf� ; �1�

with Pg denoting the probability of finding an atom in the
lower maser level. It follows from Eqn (1) that the non-
classical photon statistics can be observed via sub-Poissonian
atomic statistics. The detection efficiency E for the Rydberg
atoms reduces the sub-Poissonian character of the experi-
mental result. The detection efficiencywas 10% in experiment
[35]; this includes the natural decay of the Rydberg states
between the cavity and the field ionisation detection [35].

We start the discussion of the experimental results by
describing measurements in the build-up period of the maser
field. For this purpose, the mean number of atoms passing
through the cavity during a fixed sampling time interval
shorter than the cavity decay time is varied. For each flux,
the normalised variance Qa of the probability distribution of
atoms detected in both the upper and the lower maser levels is
determined. Experimental results are plotted in Fig. 5. Open
circles (full circles) represent the normalised variance of
atoms in the lower (upper) maser level leading to a sub-
Poissonian (super-Poissonian) atom statistics. About 20,000
experiments are averaged for each data point to keep the
uncertainty of Qa below 1%. For a low temperature of the
atomic beam oven, the horizontal error bars are determined
by the Poisson statistics of the total flux of atoms. This
statistics is measured with the cavity out of resonance so
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that all atoms leave the cavity in the upper level. The result is
given by a Poisson distribution with Qa � 0.

The two solid lines are calculated by a numerical simula-
tion of the maser process which explicitly takes into account
the measurement of atoms and the corresponding change of
the cavity photon statistics. Details of this procedure are
given in Ref. [33]. For a comparison with the results of Fig. 5
the method was extended to the transient regime of an
increasing maser field starting from the thermal field of 0.5
K. The detection efficiency of atoms in the lower and upper
maser levels amounts to 10% and 7%, respectively. In the
simulation, the Poisson statistics of the flux, the temperature
of the cavity field (0.5 K), and the damping of the maser field
in the time interval between adjacent atoms are also con-
sidered. The agreement between the numerical simulation and
the experimental results is good.

The sub-Poissonian statistics of atoms in the lower level
proves the nonclassical character of the maser field. As is
expected from simple statistical arguments, the probability
distribution of atoms in the upper maser level is always super-
Poissonian. With the single-photon Rabi frequency given by
g � 44 kHz, two photons �n � 2� are able to induce a 2pRabi
nutation of the atom during the atom± field interaction time
of tint � 40 ms:

2g�n� 1�1=2tint � 6:10 :

This number is slightly smaller than 2p to reduce the influence
of the velocity distribution on themaser photon statistics. The
simulation shows that, averaged over many experiments, the
probability distribution of finding n maser photons after
about 8 atoms have crossed the cavity has a mean of hni � 2
and a variance of hn2i ÿ hni2 � 0:2hni. In the experiment, this
value corresponds to Qa � ÿ6� 10ÿ2. Figure 5 shows that
for a higher flux of atoms (more than 20), the normalised
variance of the probability distribution for atoms in the lower
level increases slowly, indicating that the 2p trapping condi-
tion is not exactly fulfilled.

We shall now continue the discussion of our results on the
maser in steady state. Experimental results for the transition

63p3=2 ! 61d3=2 are shown in Fig. 6. The measured
normalised variance Qa is plotted as a function of the flux of
atoms. The atom± field interaction time is fixed at tint � 50
ms. The atom± field coupling constant g is rather small for this
transition, g � 10 kHz. A relatively high flux of atoms
Nex > 10 is therefore needed to drive the one-atom maser
above threshold. The large positive Qa observed in the
experiment proves the large intensity fluctuations at the
onset of maser oscillation at Y � 1. The solid line is plotted
according to Eqn (1) using the theoretical predictions for Qf

of the photon statistics [29, 30]. The error in the signal follows
from the statistics of the counting distribution P�N�. About
2� 104 measurement intervals are needed to keep the error of
Qa below 1%. The statistics of the atomic beam is measured
with a detuned cavity. The result is a Poisson distribution.
The error bars of the flux follow from this measurement. The
agreement between theory and experiment is good.

The nonclassical photon statistics of the one-atom maser
is observed at a higher flux of atoms or at a larger atom± field
coupling constant. Therefore the 63p3=2 ! 61d5=2 maser
transition with g � 44 kHz was also studied. Experimental
results for this transition are shown in Fig. 7. Fast atoms with
an atom± cavity interaction time of tint � 35 ms are used. A
very low flux of atoms of Nex >1 is already sufficient to
generate a nonclassical maser field. This is the case since the
vacuum field initiates a transition of the atom to the lower
maser level, thus driving the maser above threshold. The sub-
Poissonian statistics can be understood fromFig. 8, where the
probability of finding the atom in the upper level is plotted as
a function of the atomic flux. The oscillation observed is
closely related to the Rabi nutation induced by the maser
field. The solid curve was calculated according to the one-
atommaser theory with a velocity dispersion of 4%. A higher
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flux generally leads to a higher photon number, but for
Nex < 10 the probability of finding the atom in the lower
level decreases. An increase in the photon number is therefore
counterbalanced by the fact that the probability of photon
emission in the cavity is reduced. This negative feedback leads
to a stabilisation of the photon number [33]. The feedback
changes sign at a fluxNex � 10, where the secondmaser phase
transition is observed at Y � 2p. This is again characterised
by large fluctuations of the photon number. Here the
probability of finding an atom in the lower level increases
with increasing flux. For even higher fluxes, the state of the
field is again highly nonclassical. The solid line in Fig. 7
represents the results of the one-atom maser theory using
Eqn (1) to calculate Qa. Agreement with the experiment is
very good.

The sub-Poissonian statistics of atoms near Nex � 30,
Qa � ÿ4%, and Pe � 0:45 (see Fig. 7) is generated by a
photon field with a variance hn2i ÿ hni2 � 0:3hni, which is
70% below the shot noise level. Again, this result agrees with
the prediction of the theory. The mean number of photons in
the cavity is about 2 and 13 in the regions Nex � 3 and
Nex � 30, respectively. Near Nex � 15, the photon number
abruptly changes between these two values. The next maser
phase transition with a super-Poissonian photon number
distribution occurs above Nex � 50.

The sub-Poissonian statistics is closely related to the
phenomenon of antibunching, for which the probability of
detecting a next event shows a minimum immediately after a
triggering event. The duration of the time interval with
reduced probability is of the order of the coherence time of
the radiation field. In our case this time is determined by the
storage time of the photons. The Qa value therefore depends
on the measuring interval T. Experimental results for a flux
Nex � 30 are shown in Fig. 9. The measured Qa value
approaches a time-independent value for T > Tcav. For very
short sampling intervals, the statistics of atoms in the lower
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level shows a Poisson distribution. This means that the cavity
cannot stabilise the flux of atoms in the lower level on a time
scale which is short in relation to the intrinsic cavity damping
time.

We want to emphasise that the reason for the sub-
Poissonian atomic statistics is the following: a changing flux
of atoms changes the Rabi frequency via the stored photon
number in the cavity. By the interaction time adjusting , the
phase of the Rabi-nutation cycle can be chosen so that the
probability for the atoms leaving the cavity in the uppermaser
level increases when the flux and therefore the photon number
is enlarged or vice versa. We observe sub-Poissonian atomic
statistics in the case where the number of atoms in the lower
state decreases with an increase in the flux and the number of
photons in the cavity. The same argument can be applied to
understand the nonclassical photon number in the cavity: any
deviation of the number of light quanta from its mean value is
counterbalanced by a correspondingly changed probability of
photon emission for the atoms. This effect leads to a natural
stabilisation of the maser intensity by a feedback loop
incorporated into the dynamics of the coupled atom± field
system. This feedback mechanism is also demonstrated when
the anticorrelation of the coupled atoms leaving the cavity in
the lower state is investigated. Measurements of these
`antibunching' phenomena for atoms are described as fol-
lows.

For steady state conditions, experimental results are
displayed in Fig. 10. Plotted is the probability g�2��t� of
finding an atom in the lower maser level 61d5=2 at time t
after a first atom has been detected at t � 0. The probability
g�2��t� was calculated from the actual count rate by normal-
ising with the average number of atoms determined in a large
time interval. Time is given in units of photon storage time.
The error bar of each data point is determined by the number
of about 7000 lower level atoms counted. This corresponds to
2� 106 atoms that have crossed the cavity during the total
measurement time. The detection efficiency is near Z � 10%.
Themeasurements were taken forNex � 30. The time of flight
of the atoms through the cavity was tint � 37 ms, leading to
Y � 9.

The fact that anticorrelation is observed shows that the
atoms in the lower state are more equally spaced than
expected for Poissonian distribution. This means that when
two atoms enter the cavity close to each other the second atom
performs a transition to the lower state with a reduced
probability.

The experimental results presented here clearly show the
sub-Poissonian photon statistics of a one-atom maser field.
An increase in the flux of atoms leads to the predicted second
maser phase transition. In addition, the maser experiment
leads to an atomic beam with atoms in the lower maser level
showing number fluctuations which are up to 40% below
those of the Poissonian distribution usually found in atomic
beams. This is interesting because atoms in the lower level
have emitted a photon to compensate for cavity losses
inevitably present under steady state conditions. This is a
purely dissipative phenomenon giving rise to fluctuations,
nevertheless the atoms still obey sub-Poissonian statistics.

At the end of this section we would like to give a simple
physical picture for the reason that sub-Poissonian statistics is
observed in themicromaser. The regions where this is the case
are slightly below the Y � 2p or multiples thereof. There the
atoms enter and leave the cavity in the upper state. That
means a measurement of the field is performed without
changing the field. This is a situation close to a quantum
non-demolition measurement [53]. The measurement process
does not introduce additional fluctuations, therefore sub-
Poissonian statistics is observed.

9. Quantum jumps of the micromaser field

The setup used for these measurements is similar to that
described above. As before, 85Rb atoms were used to pump
themaser. They are excited from the 5S1=2,F � 3 ground state
to 63P3=2, mj � �1=2 states by linearly polarised light of a
frequency-doubled cw ring dye laser. The polarisation of the
laser light is linear and parallel to the likewise linearly
polarised maser field, and therefore only Dmj � 0 transitions
are excited. Superconducting niobium cavities resonant with
the transition to the 61D3=2,mj � �1=2 states were used. The
experiments were performed in a 3He/ 4He dilution refrig-
erator with cavity temperatures T � 0:15 K. The cavity Q-
values ranged from 4� 109 to 8� 109. The velocity of the
Rydberg atoms and thus the time tint of their interaction with
the cavity field were preselected by exciting a particular
velocity subgroup with the laser. For this purpose, the laser
beam irradiated the atomic beam at an angle of approxi-
mately 82�. As a consequence, the UV laser light (linewidth
� 2 MHz) is blue-shifted by 50 ± 200 MHz by the Doppler
effect, depending on the velocity of the atoms [38].

As before, information on the maser field and interaction
of the atoms in the cavity can be obtained solely by state-
selective field ionisation of the atoms in the upper or lower
maser level after they have passed through the cavity. The
field ionisation detector was recentlymodified, so that there is
now a detection efficiency of Z � �35� 5�%.For different tint
the atomic inversion has been measured as a function of the
pump rate; the coupling constant is about g � 40 rad sÿ1.

Depending on the parameter range, essentially three
regimes of the field evolution time constant tfield can be
distinguished [38]. We shall restrict our discussion here only
to the results for intermediate time constants. The maser
operated under steady state conditions close to the second
first-order phase transition (C in Fig. 3). The interaction time
was tint � 47 ms and the cavity decay time was tcav � 60 ms.
The value of Nex necessary to reach the second first-order
phase transition wasNex � 200. For these parameters the two
maxima in P�n� are manifested in spontaneous jumps of the
maser field between the two maxima with a time constant of
approximately 5 s. This fact and the relatively large pump rate
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lead to the clearly observable field jumps shown in Fig. 11.
Due to the large cavity field decay time, the average number
of atoms in the cavity was still as low as 0.17. The two discrete
values for the counting rates correspond to the metastable
operating points of the maser, which correspond to approxi-
mately 70 and 140 photons. In the FP description, the two
values correspond to two equally attractive minima in the FP
potential V�n�. If one considers, for instance, the counting
rate of lower-state atoms (Fig. 11b), the lower (higher)
plateaus correspond to time intervals in the low (high) field
metastable operating point. If the actual photon number
distribution is averaged over a time interval containing
many spontaneous field jumps, the steady state result P�n�
of the micromaser theory is recovered.

In a parameter range where switching occurs much faster
than in the case shown in Fig. 11, the individual jumps cannot
be resolved any more owing to the reduced Nex necessary in
this case. Therefore, a different procedure has to be chosen for
the investigation. Those experiments will not be discussed
here, details are described in Ref. [38].

10. Atomic interferometry in the micromaser

In this section we report on the observation of the maser
resonance under conditions where atomic interference phe-
nomena in the cavity become observable. Since a nonclassical
field is generated in themaser cavity, we are able to investigate
for the first time atomic interference phenomena under the
influence of nonclassical radiation; owing to the bistable
behaviour of the maser field the interferences show quantum
jumps; thus the quantum nature of the field becomes directly
observable through the interferences. Interferences occur
since a coherent superposition of dressed states is produced
by mixing the states at the entrance and exit holes of the
cavity. Inside the cavity the dressed states develop differently
in time, giving rise to interferences [54] when the maser cavity
is tuned through resonance.

The setup used in the experiment is identical to the one
described before (see Section 9). However, the flux of atoms
through the cavity is by a factor of 5ÿ10 higher than that in
the previous experiments, where we also used the 63p3=2!
61d5=2 transition. The atoms are excited into the upper maser
level, 63p3=2, when they enter a cylindrical cavity. The velocity
of the atoms can be selected by exciting a velocity subgroup.
Behind the cavity the atoms are detected in separate detectors

for upper and lower maser levels. The Q-value of the cavity
was 6� 109 corresponding to a photon decay time of 42 ms.

Figure 12a shows the standard maser resonance which is
obtained when the resonator frequency is tuned. At large
values of Nex �Nex > 89� sharp, periodic structures appear.
These structures consist typically of a smooth red wing and a
vertical step on the blue side. The clarity of the pattern rapidly
decreases when Nex increases to 190 or beyond. We shall see
later that these structures have to be interpreted as interfer-
ences. It can be seen that the atom± field resonance frequency
is red-shifted with an increase inNex and reaches 200 kHz for
Nex � 190. Under these conditions there are roughly 100
photons on the average in the cavity. The large red shift
cannot be explained by AC Stark effect, which for 100
photons would amount to about 1 kHz for the transition
used. Therefore it is obvious that other reasons must be
responsible for the observed shift.

There are small static electric fields in the entrance and
exit holes of the cavity. It is supposed that these fields are
generated by patch effects at the surface of the niobiummetal
caused by rubidium atoms from the beam or by microcrys-
tallites formed when the cavities are tempered after machin-
ing. The tempering process is necessary to achieve high
quality factors. The influence of those stray fields is only
observable in the cavity holes; in the centre of the cavity they
are negligible owing to the large atom±wall distances.

Figure 13 shows the variation of the structure when the
interaction time tint between the atoms and the cavity field is
changed. The recording shown in Fig. 13a is the same as in
Fig. 12d. For large tint no clear substructures can be observed.
In Fig. 13b a substructure is still present on the left side, but it
is less pronounced than in Fig 13a. The plots in Fig. 13a,b
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show that the period of the substructures reduces with an
increase in the interaction time. The substructure disappears
for tint > 47 ms. Furthermore, an increasing shift of the whole
structure to low frequencies is observed when tint is increased.

In order to understand the observed structures we have to
analyze first the Jaynes ±Cummings dynamics of the atoms in
the cavity. This treatment is more involved than that in
connection with previous experiments, since the higher
maser field requires detailed consideration of the field in the
periphery of the cavity, where the additional influence of stray
electric fields is more important. In subsequent analysis we
follow the micromaser theory [29, 30].

The usual formalism for the description of the coupling of
an atom to the radiation field is the dressed atom approach
[55], which leads to a splitting of the coupled atom± field
states, depending on the vacuum Rabi-flopping frequency O,
the photon number n, and the detuning d. We face a special
situation at the entrance and exit holes of the cavity. There we
have a position-dependent variation of the cavity field, as a
consequence of which O is position dependent. Additional
variation results from the stray electric fields in the entrance
and exit holes. Owing to the Stark effect these fields lead to a
position-dependent atom± field detuning d.

The Jaynes ±Cummings Hamiltonian couples only pairs
of dressed states. Therefore, it is sufficient to consider the
dynamics within such a pair. In our case the system is in one of
the two dressed states prior to the atom± field interaction.
For parameters corresponding to the periodic substructures
in Figs 12 and 13 the dressed states are mixed only at the
beginning and at the end of the atom± field interaction. The
mixing at the beginning creates a coherent superposition of
the dressed states. Afterwards the system develops adiabati-
cally, whereby the two dressed states accumulate a differential
dynamic phase F which strongly depends on the cavity
frequency. The mixing of the dressed states at the entrance
and exit holes of the cavity, in combination with the
intermediate adiabatic evolution, generates a situation similar
to a Ramsey two-field interaction.

The maximum differential dynamic phase F resulting
from the maser field alone is roughly 4p under the experi-
mental conditions used here. This is not sufficient to explain
the interference pattern of Fig. 12, where we have at least six
maxima corresponding to a differential phase of 12p. This
means that an additional energy shift differently affecting the
upper and lower maser states is present. Such a phenomenon
can be caused by the above-mentioned small static electric
fields present in the holes of the cavity. The static field causes
a position-dependent detuning d of the atomic transition from
the cavity resonance; as a consequence we get an additional
differential dynamic phase F. In order to interpret the
periodic substructures as a result of the variation of F with
the cavity frequency, the phaseF has to be calculated from the
atomic dynamics in the maser field.

The quantitative calculation can be performed in the
following way. First, the variation of the static electric field
in the cavity has to be estimated. This is done by numerically
solving the Laplace equationwith the boundaries of the cavity
and assuming a particular field strength in the cavity holes.
Then, for different interaction times, photon numbers, and
cavity frequencies the dynamics of the atom± field wave-
function is calculated by numerical integration of the
Jaynes ±Cummings model. This integration has to include
the local variation of O inside the cavity owing to the mode
structure of the microwave field (the TE121 mode in our case).
Furthermore, the variation of the detuning d resulting from
the static electric fields in the cavity holes has to be
considered. In order to use the micromaser model we extract
the bn values, which denote the probabilities of an atom
emitting a photon in a field of nÿ 1 photons prior to the
interaction.

In the second step of the calculation, using the bn values,
the photon number distribution P�n� of the cavity field under
steady state conditions is obtained from the recursion
formula

P�n� � nb
nb � 1

�
1�Nexhbni

nb

�
P�nÿ 1� :

Here nb stands for the number of thermal photons. The h i
indicates that the bn have to be averaged over all statistical
fluctuations such as the spread of tint caused by the velocity
distribution. With P�n�, the average photon number hni and
hni=Nex are calculated. The latter quantity corresponds to the
probability of finding an atom in the lower state, as do the
experimental results displayed in Figs 12 and 13.

A theoretical result of hni=Nex obtained in this way is
shown in Fig. 14. Plot 1 shows the maser resonance line
expected without any static electric field. By increasing DC
field strength in the cavity holes the structure changes with
the curve 4 for 309 mV cmÿ1 coming very close to the plots
displayed in Figs 12 c, d forNex � 89 and 125 and in Fig. 13a.
It should be emphasised that the field values indicated in Fig.
14 correspond to the maximum field strength in the cavity
holes. The field value in the central part of the cavity is
roughly 100 times smaller and therefore negligent in low-flux
maser experiments. Figure 14 also shows that the qualitative
structure of the maser line is the same for all fields larger
than about 200 mV cmÿ1. Thus, the conditions required to
find the periodic substructures experimentally are not very
stringent.

The calculations also reproduce the experimental finding
that the maser line shifts to lower frequencies when Nex is
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increased. The mechanism for that can be explained as
follows: the blue edge of the maser line does not shift with
Nex at all, since this part of the resonance is produced in the
central region of the cavity, where practically no static electric
fields are present. The low-frequency cutoff of the structure is
determined by the location where the mixing of the dressed
states occurs.With a decrease in cavity frequency those points
shift closer to the entrance and exit holes, with the difference
between the particular cavity frequency and the unperturbed
atomic resonance frequency giving a measure of the static
electric field at the mixing locations. Closer to the holes the
passage behaviour of the atoms through the mixing locations
becomes non-adiabatic for the following reasons. Firstly, the
maser field strength decreases towards the holes. This leads to
a reduced repulsion of the dressed states. Secondly, the stray
electric field strongly increases towards the holes. This implies
a larger differential slope of the dressed state energies at the
mixing locations, and therefore leads to a stronger non-
adiabatic passage. At the same time the observed signal
extends further to the `red' spectral region. Since the photon
emission probabilities bn decrease towards longer wavelength
their behaviour finally defines the red boundary of the maser
resonance line. AsNex increases the photon number n rises. As
for larger n values the photon emission probabilities bn get
larger, also an increase in Nex leads to an extension of the
range of the signal to lower frequencies. This theoretical
expectation is in agreement with the experimental observa-
tion.

In the experiment it is also found that the maser line shifts
towards lower frequencies as tint increases (see Fig. 13). This
result also follows from the developed model: the red shift
increases with tint since a longer interaction time leads to a
more adiabatic behaviour in the same way as a larger Nex

does.
The calculations reveal that on the vertical steps displayed

in the signal the photon number distribution has two
distinctly separate maxima. This situation is similar to the

conditions discussed in Ref. [38], where maser field hysteresis
and metastability are observed. Therefore, the maser field
should exhibit hysteresis and metastability under the present
conditions as well. The hysteresis should show up when the
cavity frequency is linearly scanned up and down with a
modest scan rate. An experimental result is shown in Fig. 15,
where each step in the steady state maser line is, indeed,
related to a hysteresis loop.

Under steady state operation of the maser on steep steps
of the maser line we also observed spontaneous jumps of the
maser field between metastable field states. The results
displayed in Fig. 16 show that the field basically jumps
between a larger and smaller field of the maser, whereby the
difference in the photon numbers can be as low as 25.
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The calculations also show that on the smooth wings of
the more pronounced interference fringes the photon number
distribution P�n� of the maser field is strongly sub-Poisso-
nian. This leads to the conclusion that we are observing
Ramsey-type interference induced by a nonclassical radiation
field. The sub-Poissonian character of P�n� results from the
fact that on the smooth wings of the spikes the photon gain
reduces locally when the photon number is increased. This
feedback mechanism stabilises the photon number resulting
in a non-Poissonian photon distribution.

In conclusion it is stated that the maser model presented
explains all the observed experimental facts. The periodic
structures in the maser lines are interpreted as Ramsey-type
interferences. If there was more accurate information on the
DC fields in the cavity, a multi-level calculation taking into
account the magnetic substructure of the involved fine-
structure levels would make sense. Under the present
conditions, however, the stray electric field amplitudes close
to the cavity holes can only be estimated. The interference
structure extends towards lower frequency as far as about
500 kHz for Nex � 200; this results in an electric field of
about 25 mV cmÿ1 in a distance of few millimetres from the
cavity holes.

In this paper we describe the first observation of Ramsey
type atomic interferometry in the nonclassical field of the
micromaser. To our knowledge it is the first time that it is
demonstrated that non-adiabatic mixing can lead to Ramsey
interferences. Besides other phenomena the bistable char-
acter of the micromaser field can be observed in jumps of
the interferences; the observed interferences thus show a
discontinuous behaviour owing to the quantum properties
of the field Ð it is the first time that such a discrete
quantum behaviour is directly observed in interferences.
One of the applications of the described Ramsey inter-
ferometer could be the quantum non-demolition measure-
ment of the photon number in a cavity along the lines
proposed in Refs [56, 57]. For this purpose the atoms in the
cavity have to be dispersively coupled to a third level via a
second quantum field. The second field could be another
cavity mode. Assuming that the photon lifetime of the
second field is much longer than the photon lifetime
corresponding to the maser transition, the number of
photons in the second field can be determined from the
shift of the interference patterns.

11. Linewidth and phase diffusion
of the one-atom maser

In the following discussion we would like to highlight another
special feature of the one-atom maser: the spectrum. It is
determined by the decay of the expectation value of the
electric field [41]



E�t�� �X1

n�0
�n� 1�1=2rn; n�1�t� :

Hence the micromaser spectrum is different from the other
effects discussed so far since it involves the off-diagonal
elements rn; n�1 of the radiation density matrix rather than,
e.g., the photon statistics, i.e. the diagonal elements rn; n; and
it requires their time dependence rather than their steady state
values. It could be shown that the linewidth D of the maser is
given by

D � 4r sin2
�

gtint

4
�������hnip �

� g �2nb � 1�
4hni :

For small gt=4
�������hnip

the sine function can be expanded;
this leads to the familiar Schawlow ±Townes linewidth

D � a� g�2nb � 1�
4hni ;

where

a � gÿ ��������
Nex

p
gtint

�
:

The complicated pattern of the micromaser linewidth
results, in part, from the complicated dependence of hni on
the pump parameter, which enters in the denominator.

We emphasise that the one-atom maser linewidth goes
beyond the standard Schawlow ±Townes linewidth. The sine
function suggests in the limit of large pumping parameters an
oscillatory behaviour of the linewidth confirmed in an exact
numerical treatment. (For details see also Refs [58, 59].)

It was pointed out that the maser linewidth can be
measured when two phase coupled microwave fields are
used; one before the atoms enter the microwave cavity and
one after, corresponding, in principle, to a modified Ramsey
setup. The first micromaser field creates a superposition of
the two maser states which are then probed by the second
field. The first field is only applied for an initial period in
order to `seed' a phase in the micromaser cavity, while in the
second field the phase diffusion is probed. This technique will
provide the basis for future experiments to measure the
linewidth. It was tested by computer simulations and analy-
tical calculations which showed that coherent pumping of the
maser leads to new and interesting phenomena which cannot
be discussed here. The first time coherent injection for the
one-atom maser was proposed in the paper by Krause et al.
[60] and discussed later in connection with the measurement
of the phase diffusion linewidth [61]. Also the phase dynamics
of the maser field in steady state operation was discussed by
Wagner et al [62]; in the latter case only onemicrowave field is
used for probing after the micromaser cavity. The latter
scheme was further pursued in connection with the entangle-
ment of states byWagner et al. [63]. The entangled state of the
atom± field system occurs since a factorisation in field and
atom part is not possible. This fact leads to applications of the
micromaser for Einstein ± Podolsky ±Rosen type of experi-
ments and to non-local field correlations in two distant
cavities. Also the test of complementarity by means of two
micromasers was discussed [64 ± 66].

12. Microlasers

With respect to technical applications it is interesting to
investigate whether similar phenomena can also be observed
in cavities for optical radiation. The simplest approach to
fabricating an optical microcavity is to shrink the spacing
between the mirrors of a Fabry ± Perot resonator to l=n (here
n stands for the refractive index) while reducing the lateral
dimensions to the same range, as shown in Fig. 17. This
structure provides a single dominant longitudinal field mode
that radiates into a narrow range of angles around the cavity
axis as indicated by the dotted line.
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The first optical microcavity experiments used dye
molecules between high-reflectivity dielectric mirrors in the
Fabry ± Perot configuration [67]. Because spontaneous emis-
sion is a major source of energy loss, speed limitations and
noise in lasers, the capability to control spontaneous
emission is expected to improve laser performance. If the
fraction of spontaneous emission coupled into the lasing
mode is made close to unit, the `thresholdless' laser [68, 69] is
obtained, i.e. the light output increases nearly linearly with
the pump power instead of exhibiting a sharp turn-on at the
pump threshold.

Semiconductor microcavities provide high-Q Fabry ±
Perot cavities for both basic studies and potential applica-
tions. Molecular beam epitaxy or organometallic chemical
vapor deposition techniques are used to deposit high-reflec-
tivity mirrors consisting of alternating quarter-wavelength
layers of lattice-matched semiconductors. For example, 15 to
20 pairs of quarter-wave layers of Al0,2Ga0,8As and AlAs
result in a reflectivity greater than 99% and Q values greater
than 500. The optically active layer in such a microcavity is
typically a GaAs quantum well located at the midplane of the
cavity, where the field strength has a maximum. Figure 17
shows an example of the very-small-diameter microcavities
that can be achieved by photolithographic patterning and
etching of these layered materials. For detailed review see
Refs [68, 69].

Whispering gallery modes [70, 71] are a second successful
route for achieving high-Q microcavities. Total internal
reflection along a curved boundary between two materials
with different optical indices results in high-Q modes propa-
gating within a half-wavelength from the boundary. Semi-
conductor whispering gallery mode resonators have been
demonstrated in disk and cylindrical geometries. For a review
see Ref. [69].

It should also be mentioned here that Feld et al. recently
succeeded in realising a one-atom microlaser [72]. It can be
expected that this set up will also be a useful tool in testing
fundamental phenomena in radiation ± atom interaction.

In connection with semiconductor microcavities it is
noteworthy that they have an extremely low threshold,

which means that their efficiency will also be high. Low-
cost, high density light source arrays and photonic circuits are
possible because of the small size and low power consumption
of such resonators. One will be able to produce entire wafers
containing millions of microlasers with a multipole arrange-
ment instead of having to cleave each individual semiconduc-
tor laser as at present. This improvement will lead to higher
yields and lower cost per element. Another advantage of
surface emitting microcavity sources is the efficient optical
coupling of their stable symmetric mode patterns into optical
fibres or waveguides. So it is quite certain that these lasers will
cause a revolution in optical computing and in optical
communication in the future.
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