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CAVITY QUANTUM ELECTRODYNAMICS:
RYDBERG ATOMS IN ATOMIC PHYSICS AND QUANTUM OPTICS

G. Rempe and H. Walther

Sektion Physik, Universitdt Minchen,

and Max-Planck-Institut fir Quantenoptik
D-8046 Garching, f.R. Germany

ABSTRACT. The progress achieved during the last years in using Rydberg
atoms to investigate radiation-atom interaction is reviewed. In particu-
tar, the influence of blackbody radiation, the modification of the spon-
taneous emission rate in confined space, and the periodic exchange of
photons between Rydberg atoms and a cavity field are discussed. In the
latter case, the collapse and the revival in the dynamical behavicur of
the atoms are observed. Furthermore, the generation of nonclassical
radiation fields in the micromaser is addressed.

1. Introduction

The advent of the laser, and even more the development of freauency-
tunable lasers have revolutionized spectroscopy. An outstanding exampie
of the new possibilities is the spectroscopy of highly excited atomic
states, the so-called Rydberg states or Rydberg atoms. These are atoms
with a valence electron excited into an orbit of very high principal
quantum number, i.e. far from the ionic core. The energies of these
highly excited levels are well described by the Rydberg formula, because
of their hydrogenic nature. The existence of hydrogen Rydberg atoms has
been known from radio astronomy for many years. In space, they are pro-
duced when protons capture electrons in high orbits; radio waves are
then emitted when the electron jumps to lower energy levels. Until re-
cently, however, it was impossible to investigate Rydberg atoms in the
laboratory. In particular, it is not possible to populate highly excited
states in discharges, since their large collisional cross-section pre-
vents their formation. It was the availability of tunable Tasers of
sufficient intensity and narrow bandwidth that first made the selective
excitation of these states possible. An excellent review on the proper-
ties of Rydberg atoms is given in the book of Stebbings and Dunning {1].

Owing to their high principal quantum numbers, and also to the
small energy difference between neighbouring levels, Rydberg atoms exhi-
bit a number of classical properties. In particular, according to Bohr's
correspondence principle, the transition frequency between neighbouring
levels approaches the classical evolution frequency of the electron. On
the other hand, these systems also represent an almost ideal testing



ground for some of the most fundamental models and predictions cf low
energy quantum electrodynamics (QED). The reasons are the follow ::

(a) The dipole interaction between electromagnetic radiatiion and
Rydberg atoms is very large, .the corresponding matrix elements petween
neighbouring levels scale as n? {n is the principal gquantum number;. for
high enough n, stimulated effects can overcome spontanecus emission even
for fields with very small photon numbers. As a consequence, Rydberg
atoms are very sensitive, e.g. to blackbody radiation [2-8].

(b) Because of the large wavelength of the radiation emitiec in
Rydberg transitions, it is possible to modify the radiative properties
of the atoms by modifying the boundaries of the space in which the atoms
are contained [9-19]. The consequences are the enhancement or inhibition
of the rate of spontaneous emission, depending upon an external cavity
being tuned on or off resonance with a transition frequency. The Lamb
shift can be modified as well in such experiments [20-22].

(c) For cavities with high qualtity factors, the photon emitted by a
Rydberg atom is stored inside the resonator long enough to be reapsorb-
ed. In this way, it is possible to realize a single-atom maser [£3-24].

(d) A single Rydberg atom inside a Tow-loss single-mode vresonator
is the experimental version of the Jaynes-Cummings model [25], which
describes the interaction between a single two level atom and & single
mode of the electromagnetic field. This model has been the subject of
considerable attention in the past, and a number of purely quantum
mechanical predictions on the dynamics of this system have bezn made.
These include the collapse and the revivals in the dynamics of the
atomic population [26-34]. Rydberg atoms for the first time offer a
possibility to test these predictions.

(e) The field generated inside the cavity of the single-atcm maser
shows nonclassical properties [35-40). The photon number distribution is
narrower than a Poissonian distribution. Theory predicts, that under
suitable conditions even a number state of the electromagnetic field can
be generated [37-38]. This purely quantum mechanical state has ro inten-
sity fluctuations. The one-atom maser can therefore be used to stuay for
the first time the interaction of atoms with a light field with fluctua-
tions below the shot noise limit.

The rest of this paper is organized as follows. In section 2, we
briefly review some important properties of Rydberg atoms. Section 3
discusses the influence of blackbody radiation on their dynamics, and
section 4 shows how the rate of spontaneous emission is modified by
placing the atom in an appropriate environment. In section 5, we turn to
a brief discussion of the one-atom maser, while section 6 recalls some
results of the quantum-mechanical Jaynes-Cummings model. Section 7
discusses the experimental observation of collapse and revival of the
oscillatory energy exchange between the atom and the field. Section 8
reviews the most important properties of the field generated by the
one-atom maser. Finally, section 9 contains a summary and conclusions.

2. Properties of Rydberg atoms

When a valence electron of an atom is excited into a state of high prin-
ciple quantum number n, the energy of the atom can be described by the



Rydberg formula with n replaced by an effective principle quantuw number
n . In general, n depends on the phenomenological quantum defect &7 of
the state of angular momentum 1. For Jow-1 states, where the o-bits of
the classical Bohr-Sommerfeld theory are ellipses of high eccentricity,
the penetration and polarization of the electron core by the valence
electron lead to large quantum defects and strong departures from hydro-
genic behaviour. As 1 increases, the orbits become more circular and the
atom more hydrogenic; as,g result, &y decreases. The radius of the
Rydberg atom scales as n Rydberg aloms therefore are very sensitive
to external electric fields. As a consequence, they ionize in rather
weak fields. This opens the possibility of very effective detection.

The large Rydberg atom orbitals are characterized by natural life-
time§3much longer than tggse of less excited atoms. The lifetimes scale
as n > (1 small) or as n ° (1 1large). The rate of spontaneous emission
for a transition from state n to n’ is given by the Einstein coefficient

Apnt = 16ﬂ3v3e2<rnn,>2/360hc3,

~where v is the transition frequency and <r,,,> the matrix element of the
electric dipole operator between the initia? state n and final state n’.
For the case n'<<n, <rp,> is small, owing tg ghe sma]l radial overlap
of the wavefunctions for n’ and n, and A,,an "2 and n "2 for smai] and

large }, *Eespective]y. If n'=n, the energy diffe;egce E,-Eqron 77 and
<rppr>cen , so that A, becomes ggoportiona1 ton 7. Since the matrix
element <rp,/> (n=n’) scales as n ¢, this leads to rather high induced

transition probabilities. Rydberg atoms therefore strongly abscrb micro-
wave radiation. As a consequence, blackbody radiation emitted e.g. by
the walls of the vacuum chamber may cause strong mixing of the states.

3. Influence of blackbody radiation on Rydberg atoms

We now turn to a discussion of the scaling laws related tc these
blackbody induced effects. The indﬂced transition rate due to blackbody
radiation is proportional to <r, . .>“S, , where S, is the energy flux of
blackbody radiation per unit bandwid%h and unit surface area. At Jow
frequencies (Rayleigh-Jeans limit) S, jncreases as v“. As the distance
between the Rydberg states scales as n™° (for simplicity, we will use,.n
instead of n* fgr the following discussion}, S, is proport}ona1 to n°8.
Since <r n’>2“" , the induced transition rate scales as n"“. Important
in experiments is the ratig beiween induced and spogtaneous transition
rates, which scales with n"¢/n"*=n for small 1, and n” for large 1. This
means that for a given atom and a given temperature, there exists an n
above which the blackbody-induced rate overcomes spontaneous emission,
Blackbody radiation mainly induces transitions to nearby states. As
a result the population will evolve as a function of time after pulsed
laser excitation. Changes in the populations typically appear on a
microsecond time scale. Experiments were done using field ionization of
Rydberg atoms with an electric field pulse rising linearly in time.
Since various Rydberg states ionize at different electric field
strengths, the population distribution among Rydberg states can be
measured in a single shot. We measured this population distribution for
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Fig.1: Blackbody-induced transitions between Rydberg states of Sr. The
23f level is excited by pulsed laser radiation. The detection of the
Rydberg states is performed by an electric field increasing linearly
in time and starting 1, 2, 6, and 12gs after the laser excitation.
The field ijonization signal at smaller field strengths results from
Rydberg levels populated by blackbody radiation originating from the

walls of the vacuum chamber at 300K.

various time delays between the pulsed laser excitation and the icnizing
electric field pulse. It was observed that for increasing delay the
population initially prepared in a Rydberg state was transferred to
higher-lying states (fig.l1). In these experiments, the temperature of
the walls of the vacuum chamber was 300K {6].

Direct observations of the temperature dependence of the population
transfer were performed in [7], where sodium atoms of a thermal beam in
a cooled environment were excited to the 22d state using two continuous
wave dye lasers. The interaction region was cooled to 14K. In another
experiment on rubidium Rydberg atoms the environment was cooled to
liquid helium temperature [8}. Fig.2 shows the experimental set-up. Two
Rb atomic beams were excited stepwise by the 1light of three
semiconductor diode lasers. The atomic beam on the left-hand side of
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Fig.2: Experimental set-up of the 'Rydberg detector’. The two atomic
beams are shielded with liquid nitrogen and liquid helium cocled sur-
faces. The left atomic beam is used to stabilize the frequency of the
diode lasers; the right beam is used to detect microwave raciation.

fig.2 was used to stabilize the frequency of the diode lasers. Lasers ]
and 2 were stabilized using the fluorescence of the beam, whereas laser
3, which populated the Rydberg 1level, was stabilized by means of the
signal current produced in the field ionization region.

The Rb beam on the right-hand side of fig.2 was used to study the
interaction with the blackbody radiation. Fig.3 shows the signal
obtained in the field ionization region of this beam when the 40P,
Jevel was populated. The blackbody radiation populates the higher levéls
as indicated by the arrows on the left-hand side of fig.3. The strongest
contribution results from the 181 GHz transition. The p-d trensitions
have a transition probability 100 times smaller than p-s transitions.

Changing the field strength of the ionizing field allowed the
population of either the 435,,, or 4281/2 Tevel to be monitered. The
contribution of the 40D and 4}6 levels can be neglected. The two signals
are shown on the right-hand side of fig.3, as the upper and lower trace,
respectively. Since the induced transition rate of the 40P132'42P1/2
transition is about a factor of two larger than that of 40P ;%-4331 ,
the field ionization signal of the 425,,, is correspondingly ?arger. 4%9
signals on the right-hand side of fig. 3 were obtained from 77K and 300K
blackbody radiation, respectively. In the first case, it was emitted by
the walls of the liquid nitrogen-cooled surface, and injected into the
apparatus through the waveguide shown in fig. 2 (with the 1liquid
helium-cooled flap open), while in the second case both flaps were open
and the radiation was due to the 300K walls of the vacuum chamber. When
comparing the results, it is of course important to take into account
the different solid angles in each situation.

The evaluation of the data of fi?73 leiga to a noise equivalent
power of the ‘Rydberg detector’ of 107'/WHz '/¢, a value comparable to
the result of our earlier experiment [7]. But this new set-up clearly
demonstrates that semiconductor 1lasers can be used to populate the
Rydberg levels, making the Rydberg detector a more practical device.
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Riga{: F1e{§

ionization signal of the 435,,, level (upper trace) and
the 4251/2 level (lower trace), respective}§

Aside from population transfer, blackbody radiation aiso affects
Rydberg atoms in a more subtle way. The spectral energy density diitri—
bution of thermal radiation at 300K has its maximum at about 2'10°°Hz.
This is to be compared to a typical electric dipole tran?1t1or,s*crt1no
from an atomic ground state, which has a frequency ?f 104%-104°Hz and a
transition between two Rydberg states, at about 10114 The blzckbody
radiation thus appears as a slowly varying field to a ground-state atom,
and as a rapidly varying one to a Rydberg atom. This leads to & dynamic
Stark shift of the Rydberg levels. An accurate evaluation of this shift
was performed by Fariey and Wing [41]}, who found that all Rydberg states
experience roughly the same energy shift of about 2.4kHz at 300K,

Since the shift induced by blackbody radiation is roughty the same
for all Rydberg states, it can be detected only as a change of freguency
of the optical transition to the ground state. The extremely smail shift
was measured using Doppler-free two-photon absorption to excite the
Bs-36s transition in rubidium atoms [42]. With the Ramsey m?xhod of
separated fields, the spectral width of the signal at Hz was
decreased to 40kHz. The line centre could be determined w1th an accuracy
of 150Hz. When the temperature of the blackbody source was raised to
about 500K, a shift in the line position of 1.4kHz was observed. The
study of thﬁ temperature dependence also showed agreement with the
predicted T¢ scaling. As pointed out in [43], the absolute temperature

of the environment can be determined by measuring the blackbody-induced
level shift.



4. Single atom in a cavity - modification of the spontaneous lifetlime

It is well-known that the spontaneous lifetime of an excited atom is
proportional to the density of modes of the electromagnetic figid p(wy}
about the atomic transition frequency wy [44). The spontaneous emission
rate for a two-level system is increased if the atom is surrounded by a
cavity tuned to the transition frequency. This was noted years ago by
Purcell [9]. Conversely, the decay rate decreases when the cavity is
mistuned [12]. In the case of an ideal cavity far off the atomic
resonance, no mode 1is available to accept the emitted photon. As a
consequence, spontaneous emission cannot occur. In the following, we
would like to discuss this phenomenon in more detail.

Consider a cubic cavity of length L and quatlity factor Q. Owing to
the finite @, the cavity exhibits some losses which yield a cavity
linewidth Sw=w/Q. For a Lorentzian 1lineshape, the density of modes
around a cavity mode of frequency w. and mode volume V. is given by

pelw) = (1/279.0Q) [uo/ ((0-0) 24 (/20)9)) .

At resonance wyp=w., this gives
T = Te(0/4n) (33/v,)

where T'. and T¢ are the spontaneous emission rates in the resonator and
in free space, respectively.

From this equation, we draw two important conclusions. Al optical
frequencies, the size of the resonator js Jlarge compared to the
wavelength, resulting in a small ratio A°/V. However, for cavities
operating negar their fundamental frequencies in the microwave region,
the ratio X%/V.=l, which typically results in high enhancements in the
case of high resonators. We conclude that when an atom is placed
inside a cavity yith a single mode at its transition frequency, it
radiates about Q/n¢ faster than in free space. This enhancement of the
radiation rate was first pointed out by Bloembergen and Pound [45] and
is the rational for using resonant cavities in lasers and masers.

Since a resonant cavity enhances spontaneous emission, it is not
surprising that a nonresonant cavity depresses it. Consider for instance
a cavity whose fundamental frequency is at twice the resonant frequency
of the atomic transition. In this case, the radiation rate becomes

I, = Tgpc(wg=20)/pglw) = Te/dn2Q .

[, can be made arbitrarily small by making Q sufficiently large.

It is clear that cavity effects will in general also influence the
Lamb shift of energy eigenstates. Since the Lamb shift itself is already
fairly small for highly excited states, the expected changes turn out to
be extremely small [20-22].

To demonstrate experimentally the modification of the spontaneous
decay rate, it is not always necessary to use single atoms. The
experiments where the spontaneous emission 1is inhibited can also be
performed with higher densities. However, in the opposite case where an



increase of the spontaneous rate is observed, a large number of ercited
atoms increases the field strength in the cavity and the induced
transitions disturb the experiment.

The first experimental work on inhibited spontaneous emissicn 1is
due to Drexhage, Kuhn and Schifer performed in 1974 [10]. They studied
the fluorescence of a dye film on a mirror and observed an alteration of
the fluorescence lifetime arising from the interference of the mcizcular
radiation with its surface image.

Inhibited spontaneous emission was observed cleariy for the first
time by Gabrielse and Dehmelt [13]. They studied a single electron
stored in a Penning trap and observed that the cyclotron excitation
showed a lifetime up to ten times Tlarger than that calculated for a
cyclotron orbit in free space. The electrodes of the trap form a cavily
which decouples the cyclotron motion from the vacuum radiation fieid.

Recently, an experiment with Rydberg atoms was performed [14]. When
the atom was placed between two parallel conducting plates a change in
the absorption of infrared radiation was observed. A similar set-up was
used to demonstrate inhibited spontaneous emission [15}. The atoms used
in this experiment were excited to a circular orbit with n=22 and
angular momentum quantum number 1=21,|m]|=21. The only decay channel to
the state with n=21,1=20,|my|=20 was partly suppressed by the plates.
This led to a longer lifetime of the excited state by a factor of 20.

Recently, experiments were done with low-lying atomic states as
well. A 13-fold increase of the 1lifetime of the low-lying 5d state of
Cesium atoms between plates separated by only one micrometer could be
demonstrated [16]. In addition, shifts in the frequency of the rescnance
transition of Barium atoms in an optical resonator, due to raciative
effects, and changes in the linewidth, due to enhanced and suppressed
spontaneous emission were observed [17]. The change of the fluorescence
lifetime under short-pulse laser excitation of dye molecules 1in a
microscopic cavity was also observed [18].

The first observation of enhanced atomic spontaneous emission in a
resonant cavity was published by Goy, Raimond, Gross and Haroche [19].
Their experiment was performed with Rydberg atoms of Na excited to the
23s state in a niobium superconducting cavity resonant at 340GHz. A
shortening of the lifetime was observed taking advantage of the high Q
value of the superconducting resonator. The cooling necessary for
superconducting operation also had the advantage of totally suppressing
the blackbody field contributions, a necessary requirement to test
purely spontaneous emission effects in the cavity.

In spite of this enhancement of spontaneous emission, the cavity
damping rate of the radiation was still much higher. The probability of
reabsorbing the emitted photon either by the same atom, or by a new atom
entering the cavity, could be neglected. Further improvements of the
cavity Q lead to a regime where these effects become important. This
allows in particular the experimental realization of a single-atom maser
[23-24] and for the first time provides experimental conditions close to
those required to test the Jaynes-Cummings model [25], which describes
the simplest and at the same time most fundamental interaction between a
single radiation field mode and a single two-level atom. This set-up
will be discussed in the following.



5. The one-atom maser

" The Rydberg maser experiment [23)] employs an atomic beam to ensure
collision-free conditions for the highly excited Rydberg states. A
diagram of the vacuum chamber with atomic beam arrangement and microwave
cavity is shown in fig.4. These parts are mounted inside a heiium bath
cryostat., In the experiment, rubidium atoms with a Maxwellian velocity
distribution are used. (The velocity selector is inserted at a later
stage of the experiment)}. The atoms enter through small apertures into
the liquid helium cooled part of the apparatus. There, the atoms are
excited by Tlaser radiation to the upper maser level and enter the
cavity. Behind the cavity, they are monitored by field ionization and
the subsequent detection of the ejected electrons in a channeltron
electron multiplier.

The 63p3/2 Rydberg state of 85Rb was excited using the narrowband
(6v=2MHz} frequency doubled ultraviolet light of a continuous wave dye
taser. The cavity was manufactured from niobium. The frequency could be
tuned by squeezing the cavity. The temperatuFe could b? varied from 4.3
to 0.5K, corresponding to Q factors of 1.7-10' and 3-10 0, respectively.
Single photons could therefore be stored up to 200ms. The thermal
background field inside the cavity is determined by the temperature of
the walls. The average number of photons of blackbody radiation per mode
is n=[exp(hv/kT)-1]"*, which gives about n=3.8 at 4.3K and 0.15 at 0.5K
{(v=21.5GHz). The continuous wave excitation requires also a continuous
detection of the Rydberg atoms. Having left the cavity, the Rb atoms
move into the inhomogeneous electric field of a plate capacitor. If the
maximum field strength is chosen properly, atoms in the initially
prepared 63py,, state are selectively ionized. Transitions to other
levels are tﬁés detected by a reduction of the electron count rate.
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Fig.4: One-atom maser with atomic beam, velocity selector and microwave
cavity. The upper part is cooled to liquid helium temperature,
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To demonstrate maser operation, the cavity was tuned over the
63p3/2-61d3/2 transition (see fig.5). An increase in flux caused power
broadening”and a small shift. This shift is attributed to the ac Stark
effect caused predominantly by virtual transitions to the 61d5/ level,
which is only 50MHz away from the maser transition. The fact %hat the
field ionization signal at resonance is independent of the particle flux
indicates that the transition is saturated. Together with the observed
power broadening, this shows that there is a muitiple exchange of pho-
tons between Rydberg atoms and the cavity field.

With an average transit time of the Rydberg atoms through the
cavity of 50us, one calculates for a flux of 1750 atoms per second a
probability of 0.09 of finding an atom in the cavity. According to
Poisson statistics, this implies that more than 90 per cent of the
events are due to a single atom. This clearly demonstrates that single
atoms are able to maintain continuous oscillations of the cavity.

Since the transition is saturated, half of the atoms initially
excited in the 63p3/2 state Jeave the cavity in the lower 6ld3,, maser
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Fig.6: Squares of the halfwidth of the maser resonances versus atomic
flux. The straight line shows that power broadening is present. This
proves that a maser field is built up in the cavity.

level. For the average transit time of 50us the decay to other levels
can be neglected. The energy radiated by those atoms is stored 1in the
cavity for its decay time, increasing the field strength. The average
number of photons left in the cavity by the Rydberg atoms is given by

nn = T4(N/2)

where 74 is the characteristic decay time of the cavity and N the number
of Rydberg atoms entering the cavity in the upper maser level per un1§
time. For the highest particle flux used in our experiment N=28-10
atoms per second, one finds n=400 Photons at 0.5K (74=30ms).

When the squares of the halfwidth &év of the signal curves are
plotted versus the Rydberg atom flux, a straight line is obtained as
expected (fig.6). This line intersects the (éwv)* axis at a finite value
determined by transit time broadening.

The coupling constant between atom and radiation is large engugh
for a multiple exchange of photons between the cavity mode and a single
Rydberg atom to occur. It foilows that under the conditions of the expe-
riment the atom performs on the average up to 3 Rabi periods during its
passage through the cavity. Before discussing the experimental results
of this Rabi-nutation, we review the main effects predicted by the
Jaynes-Cummings model that describes the interaction of a single two-
level atom with a single mode of the radiation field (see also [46-47})

6. The Jaynes-Cummings model

For a brief discussion of the theoretical predictions of the
Jaynes-Cummings model [25-34], we consider a two-level atom which enters
a resonant cavity with a field of n photons. The time development of the
probability Pe,n of the atom in the excited state is then given by

Pe.n(t) = cos?((n+1)1/2¢)
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where I is the single-photon Rabi frequency, which can be detsrmined
from the dipol matrix element and the cavity mode structure.

In the realistic case, there will always be a fluctuating numper of
photons initially present in the cavity and the quantum Rabi sciution
has to be averaged over the probability distribution p(n) of having n
photons in the mode at t = 0:

Po nlt) = 5 p(n) cosZ(a(n+1)1/%t)
’ n=0

At a low atomic beam flux, the cavity contains essentially trermal
photons and their number is a random quantity conforming to
Bose-Einstein statistics. In this case, p{(n) is given by
pth(n) = nthn/(nth + 1)n+1,

with the average number of thermal photons nth=[exp(hv/kT)-l]'1. The
distribution of Rabi frequencies then results in an apparent random
oscillation Py 4y,

At higher’agomic beam fluxes, the number of photons produced by

stimulated emission in the cavity will increase and the statistics
change. For a Poissonian distribution representing a coherent field:

pcin) = exp(-<n>)-<n>"/n!

As first shown by Cummings, the Poisson spread in n gives dephasing of
the Rabi oscillations, therefore P, . first exhibits a collapse [28].
This iﬁ described in the resonan%’ case by the approximate enveiope
exp(-Q t2/2) and is independent of the average photon number <r> [30].
After the collapse, there is a range of interaction times for which P,
is independent of time, and this even in the absence of a decav mecﬁé—
nism in the model [26-34]. Later, P, . exhibits recorrelations (reviv-
als) and starts oscillating again in a’'complex way. As has been shown by
Eberly and co-workers, the recurrences occur at times given by [30]

t=kTg (k=1,2,3,...), with Qg = 2nn!/?

The revival in the coherent field is a pure quantum feature and has no
classical counterpart. Eberly and co-workers have shown that the
physical reason for collapse and revival is the Poisson photon number
distribution leading to a "granularity" of the quantized radiation field
present even at high average photon numbers.

This can be understood by noting that only a classical field can
have a well defined amplitude and phase. However, in quantum mechanics,
Heisenberg’s uncertainty relation imposes an upper limit on the product
of the variances of two canonically conjugate variables 1like the number
of photons and the phase of the field. The minimum uncertainty state of
the radiation field corresponds to a Poissonian number distribution.
This represents a coherent wave in the classical 1imit. In this case,
the phenomena of collapse and revival of the Rabi-nutation are observed.



The inversion also collapses and revives in the case of a chaotic
Bose-Einstein field [33]. Here, the photon number spread is larger than
for a coherent state. As a consequence the collapse time is much short-
er. In addition, the revivals completely overlap and interfere to pro-
duce a very irregular time evolution. A classical thermal field repre-
sented by a Gaussian distribution of amplitudes also shows collapse, but
revivals are absent. Therefore, the revival can be considered as a clear
quantum feature, but the collapse is less clear-cut as a quantum effect.

We conclude this section by noting that in the case of Raman iype
two pho}99 processes the Rabi frequency turns out to be 2{ln rather than
2Q{n+1)"/ <, enabling the sum over the photon numbers in P, . to be
carried out in simple closed form. In this case, the inversion revives
perfectly with a completely periodic sequence [34].

7. Single atom inside a resonant cavity - oscillatory regime

The experimental set-up described in section 5 is suitable to test the
Jaynes-Cummings model. An important requirement is that the atoms of the
beam have a homogenecus velocity so that it is possible to observe the
Rabi-nutation induced by the cavity field directly. This is not possible
with the broad Maxwellian velocity distribution. A Fizeau-type velocity
selector is therefore inserted between the atomic beam oven and the
cavity, so that a fixed atom-field interaction time is obtained [24].
Changing the selected velocity leads to a different interaction time and
leaves the atom in another phase of the Rabi cycle when it reaches the
detector.

The experimental results obtained for the 63p /2-61d5 7 transition
are shown in fig. 7-9. In the figures the ratic between the field
ionization signals on and off resonance are plotted versus the
interaction time of the atoms in the cavity. The solid curve in fig.7
was calculated using the Jaynes-Cummings model, which is in very good
agreement with the experiment. The total uncertainty in the velacity of
the atoms is 4% in this measurement. The error in the signal follows
from the statistics of the ionization signal and amounts tg 4%. The
measurement is made with the cavity at 2.5K and Q=2.7-10% (74=2ms).
There are on the average 2 thermal photons in the cavity. The number of
maser photons is small compared with the number of blackbody photons.

The experimenta) resulf shown in fig. 7 is obtained with very tow
atomic beam flux (N = 500s™" and ny = 0.5; ng is the number of phoions
accumulated in the cavity). When the atomic beam flux is increased, mor
photons are piled up i? the cavity. Measurements with N = 2008s°
(np =2} and N = 3000s™" (np = 3) are shown in figs. 8 and 9. The
maximum of P,(t) at 70us fIaTtens with inc¢reasing photon number, thus
demonstrating the collaps of the Rabj nutation induced by the resomant
maser field. Figs. 8 and 9 together show that for atom-field interaction
times between 50pus and about 130us P,(t) does not change as a function
of time. Nevertheless, at about 150us, P_,(t) starts to oscillate again
(fig. 9), thus showing the revival pregicted by the Jaynes-Cummings
model. The variation of the Rabi nutation dynamics with increasing
atomic beam fluxes and thus with increasing photon numbers in the cavity
generated by stimulated emission is obvious from figs. 7-9.
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8. Maser radiation below the shot noise limit

The results discussed in section 7 represent the change of the Rabi-nu-
tation with increasing flux of atoms. This means that the photon statis-
tics also change starting with a Bose-Einstein distribution. Now we will
discuss the photon statistics in the maser cavity, which under appro-
priate conditions turn out to be nonclassical [35-40]. The maser field
therefore has to be described within the framework of quantum mechanics.

There are two approaches to the quantum theory of the one-atom
maser. Filipowicz et al. [35] describe the device via a microscopic
approach. On the other hand, Lugiato et ai. [36] show that the standard
macroscopic quantum laser theory leads to the same steady state photon
statistics. The special features of the one atom maser were not empha-
sized in the standard laser theory because the broadening due to sponta-
neous decay obscured the Rabi cycling of the atoms {48]. When similar
averages in the microscopic theory associated with inhomogeneous {inter-
action time) broadening are performed, equivalent results are obtained.

In the one-atom maser, the phT}Qn statistics depend on the normal-
jzed interaction time 8 = Qt(Td/ta) , where t is the interaction time
of the atoms and the field, 74 the photon damping time of the cavity,
and t, the average time between two atoms entering the cavity after each
other. At threshol 9=12 the Bhoton statistics are first strongiy super-
Poissonian (i.e. 0%=(<n®>-<n>¢)/<n>»1). There are further super-Poisson-
ian regions around 8=2mk (k=1,2,...). These peaks become less pronounced
for increasing 6. Between these peaks, the field becomes sub-Poissonian.
Since the experimental results are in good agreement with the Jaynes-
Cummings theory it can also be expected that the photon statistics of
the micromaser field is sub-Poissonian for most 1T6eraction times 6.

For a cavity with a quality factor of Q=3-10"", the lifetime of the
photons in the resonator amounts to 200ms. This time is then long com-
pared to the buildup time of the micromaser field; furthermore, no ther-
mal field is present anymore since the cavity is operated at tempera-
tures lower than 0.5K. Under these circumstances, fluctuations are sup-
pressed in the experiment and it is possible to obtain a pure number
state of the field in the cavity [37-38]. The Rydberg atoms which were
injected into the cavity in the upper state are probed for excitation
when they leave the cavity. When all the atoms are counted which are in
the lower state (and which therefore have emitted a photon), the total
number of photons in the cavity is known, assuming that there were no
photons in the cavity at the beginning of the experiment.

This means that the state of the field is reduced to a pure number
state by the determination of the number of atoms that have emitted a
photon. The photon number of the field is always fixed and known after
the experiment. Before the experiment starts, however, only the probabi-
lity to obtain a certain photon number n is known, depending on the num-
,ber of interacting atoms m. This probability distribution must not be
confused with the photon statistics of the maser field. In this case,
the photon number distribution of the field is always a é-function.
Therefore, the one-atom maser is a new tool for studying the infiuence
of repeated measurements on a single quantum system. New dynamics and
jnstabilities are expected [49] which are not apparent when conventional



ensemble average predictions are considered. Experiments to measure the
highly nonclassical maser field have Jjust been completed in our
laboratory and will be presented elsewhere {50].

9. Conclusion

We have reviewed progress towards developing Rydberg atoms as tocls to
test basic principles of quantum electrodynamics. Their unique oroper-
ties lead to a situation where it is for the first time possitiz to
study light-matter interaction in confined space such as: switching-off
the vacuum, enhancing spontaneous emission, modifying the Lamb shift and
testing the Jaynes-Cummings model. Further areas of investigation not
mentioned here, such as the classical/quantum chaos {51-53], present
further evidence for the increasing importance of Rydberg atoms in fun-
damental research. In addition, the one-atom maser can be used as a new
probe of complementarity in quantum mechanics [54]. Rydberg atoms were
also used to demonstrate for the first time maser operation on a two-
photon transition [55]. The tremendous experimental progress of thez last
years also promises exciting and surprising results for the future.
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