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collapse and revivals of the Rabi nutation10, atom interference11,
bistability and quantum jumps of the field12, atom–field and atom–
atom entanglement13.

The generation of number states in the micromaser has long been
anticipated13,14. In this connection trapping states were of interest,
as, under certain conditions, the ‘trapped’ steady-state field repre-
sents number states. We briefly discuss here the essential features of
trapping states of the micromaser field, as our results will also be
compared with those expected for the trapping situation.

The interaction of a two-level atom with a single mode of the
cavity field is the model system described by the Jaynes–Cummings
hamiltonian15. In this model, an atom in the presence of a resonant
quantum field undergoes Rabi oscillations. Trapping states occur
when the atom–field coupling, ›, and the interaction time, tint, are
chosen such that in a cavity field with n photons each atom
undergoes an integer number, k, of Rabi cycles. This is summarized
by the condition:
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When this condition is satisfied, the photon number is left
unchanged following the interaction of an atom with the field and
the photon number is therefore trapped16. It has been
demonstrated4 that trapping states up to n = 5 are present. In the
trapping states, whenever a photon is lost from the field due to
dissipation, the next excited-state atom entering the cavity will emit
a photon with a high probability and restore the photon number.

Here we report on an alternative method of generating number
states. This method has the advantage that the generated states can
be analysed in an unambiguous way afterwards. In the usual
operation of the micromaser, atoms in the upper state of the
maser transition are injected into the cavity. In the absence of
dissipation, atoms detected in the lower state must have emitted a
single photon into the cavity field. The interaction of an atom with a
field that is initially in the vacuum state |0〉, or more generally in a
state |n〉, changes the field state to a superposition of the states |n〉
and |n + 1〉. By measuring an atom in the ground state, the
superposition is reduced to the state |n + 1〉. Therefore the
determination of the state of all outgoing atoms reduces the state
of the cavity field to a pure number state17. Without state reduction a
mixture of the |n〉 and |n + 1〉 states would persist in the cavity. The
presence of dissipation complicates the discussion and as a result a
fixed number state is not precisely reached (see the data analysis
below).

In the presence of a cavity photon number, |n〉, the relative
populations of the excited and ground states of an atom will oscillate
at a frequency ›
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. Experimentally the atomic inversion,

given by I = Pg − Pe, is measured. Here Pg and Pe are the probability
of finding a ground-state or excited-state atom, respectively. If the
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Figure 1 The experimental set-up. A frequency-doubled dye laser (l = 297 nm) was used
to excite rubidium 85Rb atoms to the Rydberg 63P3/2 state from the 5S1/2 (F = 3) ground
state. The maser cavity is tuned to the 63P3/2–61D5/2 (21.456 GHz) transition and tuning
of the cavity is performed with two piezo translators. Velocity selection is provided by
angling the excitation laser towards the main atomic beam at 118 to the normal. The dye
laser was locked to a reference beam, using an external computer control, to the 5S1/2–
63P3/2 transition of the reference atomic beam excited under normal incidence. In order to
obtain controlled continuous tuning of the laser frequency, and hence the atomic velocity,
a Stark field was applied to the reference beam. This Stark field was produced by means
of a high-quality programmable power supply. The cavity is cooled below 300 mK by the
cryostat, corresponding to a maximum thermal photon number of 0.033. For interaction
times below 40 ms the excitation spectra of 63P1/2 and 63P3/2 levels overlap, leading to
excitation of 63P1/2 atoms which do not interact in the cavity field; however, they are
counted in the detectors leading to a perturbation of the counting statistics. The Rydberg
atoms are detected by field ionization in two detectors set at different voltages so that the
upper and lower states, 63P3/2 and 61D5/2, can be counted separately.
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Figure 2 Three Rabi oscillations. a, b and c represent the number states n= 0, 1 and 2,
respectively. The plots in d, e and f display the coefficients Pn. The photon distribution Pn

was calculated for each Rabi cycle by fitting equation (2) to each plot for the set of photon
numbers n = 0 to n = 3. The relative phase of the Rabi frequency was fixed because all the
atoms enter in the excited state of the maser transition. In each fit the highest probability
was obtained for the target number state. Unlike the n = 1 and n = 2 Rabi cycles, the n = 0
oscillation in a was obtained in the steady-state operation of the micromaser in a very low-
flux regime. The fit to this curve was performed for Rabi cycles from n = 0 to n = 2. The
low visibility of this curve was due to the low flux (,1 Hz) which was required to reduce the
steady-state operation of the micromaser to below-threshold behaviour; hence, detector
dark counts become comparable to the real count rates and therefore contribute to a large
background. To improve the measurements for photon number of n = 3 and higher, the
range of interaction times would have to be extended beyond 120 ms, but this is not
possible with the current apparatus. During the Rabi cycle the cavity photon number
changes periodically. At each maximum there is one photon more than at the minimum.
The Rabi oscillation thus allows a non-destructive and repeated measurement of the
photon number to be performed. See refs 7 and 8 for comparison. In connection with the
discussion of trapping states, it is interesting to note that minima in the number-state Rabi
oscillations correspond precisely to the trapping-states conditions of the steady-state
field4. Therefore the large possible storage times of single photons would permit
investigation of the transition from a pulsed to a steady-state experiment.
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