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Quantum Rabi Oscillation: A Direct Test of Field Quantization in a Cavity
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We have observed the Rabi oscillation of circular Rydberg atoms in the vacuum and in small
coherent fields stored in a high cavity. The signal exhibits discrete Fourier components at frequencies
proportional to the square root of successive integers. This provides direct evidence of field quantization
in the cavity. The weights of the Fourier components yield the photon number distribution in the field.
This investigation of the excited levels of the atom-cavity system reveals nonlinear quantum features at
extremely low field strengths.

PACS numbers: 42.50.Ar, 03.65.—w, 32.80.—t

Since Planck’s hypothesis, the quantization of radiatioratom-field coupling and the/n + 1 terms represent, for
is a universally accepted fact of nature. Besides the blackeach photon number, the dimensionless field amplitude
body radiation law, many phenomena such as the Comptarlevant for an atomic emission process [4]. For large
effect, spontaneous emission, and radiative QED correcoherent fields, the relative dispersion ef values is
tions point to the existence of field quanta. In gquantunnegligible and, during realistic observation times, the Rabi
optics, nonclassical field behaviors, such as squeezing, anutation practically occurs at a single angular frequency
tibunching, or sub-Poissonian noise statistics have beet()+/n + 1, associated with the mean photon number
recently demonstrated [1]. However, the most generallyclassical limit). Quantum behavior of the Rabi nutation
admitted evidence of field quantization, the discrete naturean be observed only when the coherent field is weak, and
of the photodetection current, is perfectly explained by ahe n fluctuations relatively important. The beating be-
classical description of the field, provided that the lineartween the uncommensurate frequencies is then expected to
detector is a quantum system [2]. Another simple factproduce a collapse of the oscillation amplitude, followed
granted in all guantum field descriptions, i.e., the discreteat a later time by a revival [5].
ness of the energy of the radiation stored in a cavity mode, An experiment on the Rydberg atom micromaser [6]
has up to now escaped direct observation. Obviously, has revealed an oscillation of the atomic population in
detector more subtle than an ordinary linear photodetea thermal field(1.5 < 7 < 3.8) and in the micromaser
tor counting “clinks” is required. Other difficulties also field. The limited range of interaction times did not pro-
conspire against field quantization evidence. When theide enough resolution to separate frequencies associated
field energy is large compared to the quantum, incrementalith successive: values. The signal in the micromaser
photon number changes are unnoticeable. Quite generallfield exhibited features similar to the “collapse and re-
cavity relaxation tends to blurr the photon number and tovival” effect expected in a coherent field. However, the
make field measurements sensitive to average values onlgtom was not only the probe but also the source of the
which behave as classical variables. field, whose statistics were changing with interaction time.

The study of the Jaynes-Cummings Hamiltonian [3], We describe here the observation of the Rabi nutation
which describes the ideal coupling of a two-level atomin the vacuum and in a weak coherent field. Atomic
to a single field mode, indicates that a signature of themission effects have negligible influence. The atom-
discrete nature of field quanta could be provided by thecavity interaction time and the cavity damping time are
observation of a single atom’s Rabi nutation in a weakong enough to permit the resolution of discrete frequencies
radiation field. This effect corresponds to the populatiorproportional to the sequence of successive square root
oscillations between two atomic levels and g, when integers. This experiment provides a direct evidence of
the field is resonant on the — g transition. Usually, field energy quantization in a cavity mode.
the field presents a dispersion of photon numbers. If it The setup, sketched in Fig. 1, is cooled to 0.8 K. Ru-
is thermal, the probability?(n) of finding n photons is  bidium atoms, effusing from the ove®, are prepared by
exponential, while it is Poissonian for a coherent field.a time resolved process into the circular Rydberg state
When relaxation is negligible, the Rabi oscillation is (principal quantum number 51) in the b8{7]. Atarep-
predicted to be a superposition of sinusoidal terms, eacétition rate of 660 Hz, 2us long pulses of Rydberg atoms
corresponding to an value. The weights of the various start fromB with a Maxwellian velocity spread (mean ve-

components in the sum reflect tikén) distribution. locity vo = 350 m/s). The atoms cross the cavifymade
For an atom initially in the upper state the proba- of two niobium superconducting mirrors (diameter 5 cm,
bility P..(r) to find it at a later timer in g is P.,(1) = radius of curvature 4 cm, mirror separation 2.75 cm). This

3, P(n)sit Q+/n + 1+, where Q is the intrinsic cavity, whose axis is vertical, sustains the two T&M
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velocity v of each detected atom from the knowledge
of its arrival time in D and of its preparation time in
B. We then deduce an effective interaction timéy

the relatiorr = (1/Q0) [~.. Q(z)dz/v = Jmw/v. The
Maxwell velocity distribution yields reasonable atomic
statistics in the ranggs0 < v < 700 m/s,i.e.,15 < t <

40 ps. This corresponds to the central part of fheg(r)
signal, recorded in about 40 min. For longer times, we
select slower atoms, which forces us to increase the overall
atomic flux. To avoid cavity field buildup due to emission
by fast atoms, we apply on the cavity mirrors a pulse of
detuning field which is switched off just before the slow
atoms enter the cavity. In this way, we reaghvalues
modes with orthogonal linear polarizations and transversi the range 110 to 250 f8, corresponding td0 < r <
Gaussian profiles (waist at center= 5.96 mm). Be- 90 us. Recording this part of the signal takes 1 h. Finally,
cause of a slight mirror ellipticity, the mode degeneracywe proceed to record the signal corresponding to short
is lifted (splitting 111 kHz). The lower frequency mode is interaction times (0 to 1s). We detect fast atoms and
tuned into resonance with tketo g transition between ad- we further reduce with the help of the detuning electric
jacent circular Rydberg states with principal quantum numfield. In each sequence this field is switched on at a
bers 51 and 50 (frequency 51.099 GHz). A small statigoreset time;, corresponding to an atomic positiof(v, #;)
electric field (0.36 Ycm) is applied across the mirrors to inside the cavity. The interaction times then shortened
stabilize the circular state orbit in the horizontal plane ando the valuer = (1/9Q) fi‘gov’“) QO (z)dz/v. This part is

to provide fine tuning of the atomic frequency (via therecorded in 40 min. The three parts are then combined
Stark effect). This field can also be set to a larger valuend we check that they merge smoothly. Each recording
to detune the atom and the cavity by an amount (1 MHz}korresponds to aboat X 10° detected atoms.

which makes the interaction between them negligible. The The signals are presented in Fig. 2. Figures 2(A)
modeQ factor is7 X 107, corresponding to a photon life- to 2(D) show the Rabi nutations for increasing field
time 7.,y = 220 us, which is longer than the atom-cavity amplitudes. Figure 2(A) presents the nutation in cavity
interaction time. A very stable sourceis used to inject vacuum (with a very small correction due to thermal field
continuously into the cavity a small coherent field with aeffects). Four oscillations are observed, up2Qy: =
controlled energy varying from zero to a few photons. The87z. This signal exhibits the reversible spontaneous
atoms are detected after the cavity by state selective fieldmission and reabsorption of a single photon in an
ionization (detectoD) and the transfer rate fromto g is initially empty cavity mode, an effect predicted by the
measured. Jaynes-Cummings model but never observed so far in the

In circular Rydberg atoms [8], the valence electron istime domain. When a small coherent field is injected
confined near the classical Bohr orbit. These atoms haviigs. 2(B), 2(C), and 2(D)], the signal is no longer
a long radiative lifetime (32 and 30 ms far and g,  sinusoidal, as it would be for an atom interacting with
respectively), which makes atomic relaxation negligiblea classical field. In Figs. 2(C) and 2(D), after a first
during the atom transit time across the apparatus. Thesgscillation, a clear collapse and revival feature is observed
atoms are strongly coupled to radiation and the atomf5]. Cavity relaxation plays a marginal role in the
field coupling at cavity centerQo/27m = 25 kHz, is decrease of the oscillation amplitude in the 0—}09
entirely determined by the size of the Bohr orbit and thetime range (it would lead to complete transfer fram
volume of the cavity mode [7]. In fact, the coupling to g at times much longer than 22@s). Dark counts
varies along the atom trajectory according to the lawin the ionization detectors are one of the main causes of
Q(z) = Qpexp(—z?/w?), wherez is the position of the oscillation damping (they become increasingly important
atom along the beam axig & 0 at cavity center). The at long times, i.e., low atomic fluxes). Decoherence by
atomic beam, which has a vertical dispersion of 0.5 mmgollisions with background gas may also contribute to the
is adjusted to cross the cavity at an antinode level. oscillation relaxation.

It is important to keep the atomic flux low enough Figures 2(a) to 2(d) show the Fourier transform of
to avoid field buildup by cumulative atomic emission the nutation signal, obtained after symmetrization with
(micromaser effect [6]). The average delay betweemrespect tor = 0. Discrete peaks at frequencies=
successive atoms is adjusted to be 2.5 ms, much longd? kHz, »~/2, »~/3, and even 2 are clearly observable,
thanT.,,. Each atom thus experiences a field restored byevealing directly the quantized nature of the field up to
S to its initial state. Taking into account the detectionthree photons. The frequenay is in good agreement
efficiency, the actual counting rate is 30's with the expected valuegQy/7 = 50 kHz. The low

The control of the atom-cavity interaction timeis  frequency noise in these spectra is an artifact due to a
essential. First, we determine to an accuracy of 1% thslow modulation in the signal to noise ratio introduced by
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FIG. 1. Sketch of the experimental setup.



VOLUME 76, NUMBER 11 PHYSICAL REVIEW LETTERS 11 MRcH 1996

our data collection procedure. Note also the scale changeverage photon number = 0.06(+0.01), corresponding
from Fig. 2(a) to 2(d). We have checked that the totalwell with the value deduced from the cavity temperature
area of the Fourier transform curve remains constant, a®.05 photon af’ = 0.8 K). With an injected coherent
required byP(n) normalization. The height of the Fourier field [Figs. 2(8) to 2(6)], there is a very good agreement
peaks thus decreases with the field amplitude, explainingetween the experimental data and a Poisson law (solid
the decrease in the signal to noise ratio from 2(a) to 2(d)lines), providing an accurate value of the mean photon
The time dependent signals are fitted by a sum ohumber in each cased.40(+0.02), 0.85(+0.04), and
damped sinusoids, with frequencieg’n + 1, n varying  1.77(*0.15), respectively. The residual thermal field
from 0 to 5 [solid lines in Figs. 2(A) to 2(D)]. The causes no appreciable deviation from the Poisson law for
agreement is very good. From the relative weights othese mean photon numbers.
the terms in these fits, we determine photon number This experiment can also be viewed as a measurement
probabilities, shown in Figs. &), (B), (y), and ). of the atom-cavity spectrum [9], deduced from the Jaynes-
When no field is injected [Fig. 2()], this distribution fits Cummings Hamiltonian [3]. The excited levels of this
the thermal radiation law (solid line) with the very small system are organized in doublets, separated by one field
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FIG. 2. (A), (B), (C), and (D): Rabi nutation signal representihg,(¢), for fields with increasing amplitudes. (A) No injected
field and0.06(+0.01) thermal photon on average; (B), (C), and (D) coherent fields Qvith(+0.02), 0.85(*+0.04), and1.77(*0.15)

photons on average. The points are experimental [errors bars in (A) only for clarity]; the solid lines correspond to theoretical fits

(see text). (a), (b), (c), (d) Corresponding Fourier transforms. Frequenciest7 kHz, vv/2, v+/3, and 2 are indicated by
vertical dotted lines. Vertical scales are proportional to 4, 3, 1.5, and 1 from (a) to &d).(8), (y), () Corresponding photon
number distribution inferred from experimental signals (points). Solid lines show the theoretical thejroalcpherent [B), (),
(8)] distributions which best fit the data.
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quantum. The splittings of doublets corresponding tosuperconducting cavity. One of us (F.S.K.) has been
increasing energies are precisély, hv+/2, hv~/3,...  supported by an individual EEC grant.

The Rabi nutation is thus a quantum beat signal, resulting

from the coherent excitation and detection of linear super-

positions of all these levels. The spectral component at

frequencyr, the only one to be excited if the field is in
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