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Observation of oscillatory energy
exchange in a coupled-atom–cavity system
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Observations of the oscillatory exchange of excitation between N two-state atoms and a single mode of a high-
finesse optical cavity are reported in a regime of weak-field excitation and of comparable atomic and cavity
damping rates. The observed frequencies of oscillation, approximately given by g

p
N , where g is the single-

photon Rabi frequency, are in reasonable agreement with theoretical predictions.  1995 Optical Society of
America
1. INTRODUCTION

In recent years a great deal of attention has been fo-
cused on the study of the interaction of one atom or of
a small collection of atoms with a single mode of a reso-
nant cavity.1 – 4 The boundary conditions associated with
the cavity may lead to substantial modifications of the
radiative processes relative to those encountered in free-
space emission and absorption. The presence of the cav-
ity mode enhances the coupling between the atoms and
the electromagnetic field. In particular, if the coupling of
the collective atomic polarization to the intracavity field
is sufficiently strong compared with relevant dissipative
processes, an oscillatory regime is encountered in which
the field radiated by the atoms excites the cavity mode,
which subsequently reexcites the atomic polarization, and
so on. The origin of this oscillatory exchange between the
atoms and the cavity can be understood simply in terms of
a mode splitting for a coupled system of oscillators, with
the normal modes of the composite system split by the ex-
change frequency g

p
N . Here g is the effective coupling

coefficient for any one of the N atoms to the cavity field.
Several early experimental investigations of such phe-

nomena used Rydberg atoms in microwave cavities.5 – 10

In particular, the experiment of Kaluzny et al.5 is of rele-
vance to present work. That group reported for the first
time the exchange of energy between atoms and field.
Specifically, they prepared the polarization of the collec-
tion of atoms such that initially all the energy in the cou-
pled oscillator pair was with the atomic oscillator. They
then observed the time-dependent exchange of energy be-
tween the atoms and the cavity field. In this paper we
report observations of this splitting in the optical regime
that we made by monitoring the transient response of a
collection of weakly excited atoms in a resonant optical
interferometer.11 – 14 Here we begin with the initial exci-
tation in the field and the atoms in an unexcited state.
An abrupt change in magnitude of the excitation field
leads to an oscillatory regression to a new steady state,
with the time evolution governed by the eigenvalues of the
linearized Maxwell–Bloch equations. Although most of-
ten in optical physics the coupling frequency g

p
N is small
0740-3224/95/122329-10$06.00
and is overshadowed by both the size and the disparity of
the decay rates of the cavity field k, of the atomic polariza-
tion g', and of the atomic inversion g, it was first demon-
strated in Ref. 10 that the condition g

p
N .. sk, g', gd

can be readily achieved in the optical domain. In quali-
tative terms, the exchange of excitation is best observed
when the dissipative rates of the cavity skd and the atoms
sg', gd are comparable. However, it is still necessary to
have g

p
N . g, k.

Because the interaction coupling g
p

N is at the heart of
this simple quantum optical system, its consequences go
well beyond our observation of the “oscillatory regime of
spontaneous emission”5 reported here. In a similar sys-
tem the spectrum of this coupled system has also been
investigated by the use of a weak probe beam and a het-
erodyne detection scheme.15 – 17 A two-peaked spectrum
that corresponded to the response of the coupled system
at frequencies 6g

p
N offset from the resonant frequency

of the uncoupled atom or cavity-mode subsystems was ob-
served. It was even possible to observe a splitting that
was due to a single atom in the cavity. Furthermore, this
same mode splitting was employed to generate squeezed
states of light.18,19 Subsequent to the above-mentioned
observations of phenomena related to the so-called vac-
uum Rabi splitting, other investigations were undertaken
as well.20

Evidence of the energy-exchange frequency also ap-
pears when one looks at the photon statistics of the light
transmitted by a cavity strongly coupled to a small num-
ber of atoms; the photons emitted from the coupled system
show the nonclassical property of photon antibunching,
and in the time dependence of the correlations, an oscil-
latory behavior that corresponds exactly to this normal
mode splitting is observed.21

This paper is organized as follows. In Section 2 we
present the theory for the transient response of the atoms
when they are coupled strongly to the cavity field. The
results are cast into a form suitable for the description of
the experiments. Experimental results for two different
configurations are presented and discussed in Section 3,
with each one showing a different aspect of the coupled
N atom 1 cavity system.
 1995 Optical Society of America
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2. THEORY OF TRANSIENT RESPONSE
The model Hamiltonian for the interaction of a collec-
tion of N two-state atoms of transition frequency va with
a nearby single mode of a high-finesse interferometer
of resonance frequency vc has been extensively stud-
ied in quantum optics. Our own work has its origins
in the context of the optical bistability literature,22,23

in which, in addition to the coherent cavity coupling
characterized by the rate g, each atom is coupled to
free-space modes, leading to damping rates g' for the
polarization and g for the inversion, and for which
the cavity field likewise decays to a continuum of free-
space modes with rate k.21 Note that sg', gd in gen-
eral may differ from the usual free-space atomic decay
rates in that those modes associated with the resonator
are not included in the usual Weisskopf–Wigner treat-
ment. For our particular experimental configuration,
which is discussed below, the fraction of 4p sr subtended
by the cavity mode is negligible. The Hamiltonian for
the reversible coupling of the atoms and cavity is of
the form

Ĥ  Ĥ0 1 Ĥa 1 Ĥc (1)

 i"gfĴ2ây 1 âĴ1g 1 s"vay2dĴz 1 "vcâyâ . (2)

The coherent coupling of the atomic polarization to the
cavity field is described by Ĥ0. sĴz, Ĵ6d are collective
atomic operators for the N atoms of transition frequency
va, and sâ, âyd are the annihilation and the creation
operators, respectively, for the single cavity mode of reso-
nant frequency vc.22 The atoms and the cavity field are
coupled through an assumed dipole interaction with cou-
pling coefficient g  svcmd

2y2"e0Vcd1/2, where md is the
transition dipole moment and Vc is the effective cavity-
mode volume. The rotating wave approximation has
been made to arrive at the above interaction part of the
Hamiltonian.

In addition to the coherent processes described by Ĥ ,
it is necessary to take into account spontaneous emis-
sion of the atoms to modes other than the cavity (at
a rate g), atomic polarization decay (rate g'), and loss
of the cavity field through the mirrors (rate k) that
is due to coupling to a set of continuum input–output
modes. Finally, the possibility of exciting the system
with an external field y is considered as well. All these
features can be handled by standard master equation
techniques.23

In the limit N .. 1, equations of motion for generalized
quasiprobability distributions have been previously de-
rived in the optical bistability literature.22 – 24 The equa-
tions below for the mean values of the intracavity field
x  kâly

p
n0 with n0  gg'y4g2, the atomic polariza-

tion v  kĴly
p

N , and atomic inversion m  kĴzlyN , are
equivalent to the semiclassical Maxwell–Bloch equations,
in which the intracavity field is self-consistently coupled
to the atomic variables. Note that n0 expresses the ratio
of bad (i.e., dissipative) coupling into the vacuum modes
compared with good (i.e., reversible) coupling into the cav-
ity mode. Excitation is provided by an external driving
field ystd. For the weak-field limit for which jxj ,, 1,
these equations become22
dx
dt

 2
m

2
s1 1 iQdx 1

mC
p

G
v 1

m

2
ystd ,

dv
dt

 2
1

2G
s1 1 iDdv 2

1
2
p

G
x ,

dm
dt

 2 fmstd 1 1g . (3)

The choice of normalization for x and y permits a straight-
forward interpretation. y is the intracavity field in the
absence of atoms, and x the intracavity field in the pres-
ence of atoms, where jxj2, jyj2 express an intracavity pho-
ton number of units of n0.

Equations (3) are written in a rotating frame of fre-
quency vL, the frequency of the external driving field,
and time is scaled in units of g21st  gtd, m  2kyg,
and G  gy2g'. The cavity and the atomic detunings
are defined by Q  svc 2 vLdyk and D  sva 2 vLdyg', re-
spectively. The cooperativity parameter C  g2Ny2g'k.
Note that C has an interesting interpretation as being the
ratio of coupling internal to the system s g2d to the cou-
pling to the outside world sgkd for a single atom, multi-
plied by the number of atoms. In experimentally mea-
surable terms, C is simply half the ratio of atomic loss to
cavity loss, i.e., C  alF y2p, where al is the small-signal
atomic absorption for sD  0d and F is the cavity finesse.
This definition of C originates in the optical bistability lit-
erature and was used to describe experiments for N .. 1.
More recent work,17,21 in which N , 1, can still make use
of the parameter C, but the definition in terms of an ab-
sorptive path length al is perhaps not as useful a concept.
However, a generalization of the definition of C was used
in Ref. 20 to take into account (by the use of Monte Carlo
simulation methods) the different coupling strengths for
atoms located at various positions in the cavity mode.

It is apparent from Eqs. (3) that in the weak-field
limit sx ,, 1d the atomic polarization and the field mode
of the cavity behave as linear, coupled oscillators. The
atomic inversion is given to lowest order in x as simply
mstd  21, independent of time. For the case Q  D  0,
the eigenvalues found from Eqs. (3) for the normal mode
frequencies associated with sv, xd are l6yg  21y4s m 1

1yGd 6 iV, where V  f mCy2G 2 s m 2 1yGd2y16g1/2. In
unscaled time units this becomes l6sk 1 g'dy2hfsk 2

g'dy2g2 2 g2Nj1/2. For the particular choice of equal
cavity and polarization decay rates, we have l6  sk 1

g'dy2 6 ig
p

N . More generally, the exchange will be os-
cillatory when g

p
N is larger than the difference between

the cavity and the atomic polarization decay rates and
will be resolvable if g

p
n is greater than one-half the sum

of the dissipative rates. The exchange of excitation will
nevertheless decay at the average rate of the composite
system. Although our analysis is for the case N .. 1, in
fact the splitting g

p
N persists to the level N  1 for17

x ,, 1 and is a characteristic feature of the coherent in-
teraction term in the parent Hamiltonian common to a
wide range of problems in quantum optics.1 – 4

Because the eigenfunctions u6 that correspond to the
eigenvalues l6 are superpositions of both the cavity field
x and the atomic polarization v, one is led to a perspective
that views the atom–cavity interaction in terms of the
dynamics of one composite system and not in terms of
a simple redressing of atomic radiative processes. Only
in the limit m ! `sk .. gd with C fixed can the field vari-
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Fig. 1. Dependence of the oscillatory decay on the number of atoms in the cavity, which is proportional to the parameter C (see
text). For (a)–(d), m  1, the detunings are D  Q  0, a  0 (input field turns off completely), and a  0 (input field turns off
instantaneously). (a) C  1, (b) C  4, (c) C  20, (d ) C  100.
ables be adiabatically eliminated to produce a description
of enhanced or inhibited spontaneous emission and of ra-
diative frequency shifts without references to the dynami-
cal partnership between cavity and atoms. [Note that in
this limit l  gs1 1 2Cd, which is precisely the enhanced
emission rate first noted by Purcell.24

Our current investigation centers on the time evolution
of the intracavity field x (and hence of the transmitted
field that is proportional to x) for a variation of the inci-
dent driving field ystd. We choose ystd to be of the form

ystd  y1, t , 0

 s y1 2 y2dexps2atd 1 y2, t . 0 , (4)

that is, the driving field ystd is switched from a constant
value y1 that has been maintained over the indefinite past
to a new constant value y2 that will be maintained in the
indefinite future with an exponential transition of time
constant a21 (in units of g21). Note that yj corresponds
to a steady-state value xj, through Eqs. (3), with

yj 

"√
1 1

2C
1 1 D2

!
1 i

√
Q 2

2CD

1 1 D2

!#
xj , j  1, 2 ,

(5)

where yj is constrained such that jxj j ,, 1. Equation (5)
is simply the state equation of optical bistability in the
weak-field limit.22

Equations (3) can be solved for xstd, given the assumed
form for ystd from Eq. (4) in a straightforward fashion by
Laplace transformation.26 We findÉ

xstd
xs0d

É


É
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√
2

b
2

t

!
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√
2

b
2

t

!

3 cos Vt 1 A3 exps2atd 1 A4

É
, (6)

where the coefficients A1, A2, A3, and A4 are functions of
m, C, a, D, Q, and a  y2yy1, and are given by

A1 ; 2
mCs1 2 iDd
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Fig. 2. Dependence of the oscillatory decay on a, the turnoff rate
of the input field (see text). For both (a) and (b), C  50, m  1,
and the detunings are D  Q  0, a  0 (input field turns off
completely). (a) a  2, (b) a  0.2.
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We note in particular the case D  Q  0 with a ! ` and
y2  0, which corresponds to a step input pulse ystd from
an initial value of y1 to a final value of 0, for which

xstd  exp

√
2

b
2

t

!

3

"
1

4V

√
1
G

2 m 2 4mC

!
sin Vt 1 cos Vt

#
. (7)

For comparable atomic and field decay rates s m , 1d and
for g

p
mC  g

p
N that are sufficiently large, we find an

oscillatory regression of xstd to the new steady state at
the frequency V . g

p
N . Excitation is repeatedly trans-

ferred from the atomic polarization to the cavity field and
back again. Also note that for either t  0 or t ! `,
Eq. (6) reduces to the steady-state relation (5), as it must.
Further, for the case of weak coupling between atoms and
cavity sC ! 0d and for a step input pulse from y1 to y2,
we find the usual expression for the transient response of
an empty cavity27:

xstd  x2 1 sx1 2 x2dexpf22s1 1 iQdmtg , (8)

where yj  xj s1 1 iQd.
The results expressed in Eq. (6) are illustrated in

Fig. 1. The response of the cavity without atoms [Eq. (6)
with C  0, Q  0 and a step function from y1 to y0 at

Fig. 3. Dependence of the oscillatory decay on a, the switching
ratio of the input field (see text). Parameters are C  50, m  1,
and the detunings are D  Q  0, a  ` (input field turns off
infinitely fast). (a) a  0.2, (b) a  0.8.
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Fig. 4. Dependence of the oscillatory decay on Q, the cavity
detuning (see text). For both (a) and (b), C  20, m  1, and the
detunings are D  0, a  0, a , ` (input field turns off infinitely
fast). (a) Q  0, (b) Q  10.

t  0] is simply an exponential decay at the rate 2k

(for the intensity). The change from monotonic decay
at the rate 2k to an oscillatory response that is charac-
teristic of the coupled (atom plus field) system is rather
striking. In Fig. 1 we consider Eq. (6) for increasing val-
ues of the cooperativity parameter C for m  2kyg  1.
(This value of m is chosen to correspond to that in ex-
periments described in Section 3; the curves shown in
Fig. 1 are quite insensitive to this choice for large C.)
In addition to the coherent ringing shown in the figure,
note that the initial value of the intracavity intensity
I std  jxstdj2 becomes quite insignificant compared with
the size of I std at later times. This behavior can be
easily understood in terms of the interference between
the coherent driving field y and the field radiated by
the atomic polarization. For D  Q  0 and for a step-
function switching of ystd from y1 to 0 at t  0, we
have from Eq. (5) that xs0d2  y2ys1 1 2Cd, where the
term 2C expresses the reduction of the intracavity field
that is due to the atomic polarization. At time t  01,
just after the driving field has switched off but before
the decay of the atomic polarization, the intracavity field
xs01d . 2Cv . 22Cy2ys1 1 2Cd . 2y2 for C .. 1. Hence
xs01dyxs02d . 22C and I s01dyI s02d . 4C2.

In qualitative terms, the driving field y and the field
emitted by the polarization are similar in magnitude but
are of opposite signs and hence interfere to produce a re-
sultant field jxj ,, y. When y is switched off, the cavity
field changes sign and is given by the polarization term
alone. The excitation stored in the atomic polarization
represents excitation of a superposition of normal modes;
the decay is thus oscillatory at the frequency of the nor-
mal mode splitting. Note that because the peak emission
intensity scales as N2, the atomic emission is cooperative
in the sense of superradiance, which is an analogy that
has been repeatedly stressed in the literature on optical
bistability. Indeed, in view of the discussion in Ref. 6, we
might call this transient decay the ringing regime of su-
perradiance without quantum fluctuations. For N .. 1
quantum fluctuations play no role because the atomic po-
larization starts from a large nonzero value without the
requirement of quantum initiation.

We explore the influence of a finite turnoff time a21

for the incident field ystd in Figs. 2(a) and 2(b). For
both cases, the cooperativity parameter C  50, m  1.0,
G  1.0, and D  Q  0. We change only the rate a
at which the field y is reduced from y1 to 0. Note that
as the rate decreases, the prominent features displayed
in Fig. 1, for which the rate of switching was assumed
to be infinitely fast, are gradually lost. In this regard
the following two time scales are relevant: (1) For a ,p

mC .. 1, an appreciable fraction of the initial field y1 is

Fig. 5. Dependence of the oscillatory decay on D, the atomic
detuning (see text). For both (a) and (b), C  100, m  1, and
the detunings are Q  0, a  0, a , ` (input field turns off
infinitely fast). (a) D  0, (b) D  2.
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Fig. 6. Schematic of the experiment. The main components
for the experiments described in the text are the electro-optic
modulator (EOM), which is used to turn the input field from
one level to another. It is driven by a pulse generator, which
also triggers the photon-counting system. The time-to-digital
converter (TDC) collects the data in the form of standardized
pulses originating at the photodetector and stores it in the his-
togramming memory unit, from which it can later be read by the
PC. The atomic beams cross the cavity waist perpendicularly
as shown.

present at the time of the first emission peak. Because
y1 and the polarization field are shifted in phase by p, the
size of the first peak is greatly reduced. (2) For

p
mC ..

a , 1, the field y decays on a time scale comparable with
the dissipative time scale. The oscillatory regression is
lost or the system moves to a regime of adiabatic response
to the change of the driving field sa ,, 1d.

In Fig. 3 we consider the effect of a nonzero switching
ratio a ; y2yy1, which is of a switching from an initial
value y1 to a final value y2 fi 0. For increasing a, we see
a drastic decrease in the size of the oscillatory waveforms
relative to the a  0 case. The large emission expected
from the stored excitation in the atomic polarization com-
bines out of phase with the field y left standing in the
cavity to produce a greatly reduced resultant.

Figure 4 illustrates the role of cavity detuning for fixed
cooperativity parameter C and atomic detuning D  0.
For large Q, the oscillation frequency approaches kQ, cor-
responding to the cavity detuning. In Fig. 5 the atomic
detuning D is varied for fixed sC, Qd. In this case the
occurrence of an imaginary term in the eigenvalues cor-
responds to the usual splitting g'D found for an atom
in free space driven by a weak, detuned field. We note
in passing that the shift in response frequency V as one
moves from the case D  0  Q to the case Q .. 1 repre-
sents a cooperative analog to the vacuum radiative level
shift reported in Ref. 28. This behavior in the limits of
large detunings and the connection to other cavity QED
systems was explored more fully in Ref. 15. Even more
recently, the work of Ref. 29 looks at cavity QED effects
for very large detunings D .. 1.

3. EXPERIMENTAL RESULTS
Our experimental apparatus is shown in Fig. 6. It con-
sists of a set of 10 well-collimated, optically prepumped
atomic beams of sodium with a rectangular cross sec-
tion 0.5 mm 3 2 mm swidth 3 heightd. Center-to-center
spacing of the beams is 1.5 mm and each has a diver-
gence of 61 mrad. Atoms are prepared in the 3 2S1/2,
F  2, mF  2 ground state by optical pumping with
circularly polarized light to the 3 2P3/2, F  3 state of
the D2 line at 589 nm. The two-state transition is then
3 2S1/2, F  2, mF  2 to 3 2P3/2, F  3, mF  3. The
measured absorption width of 13 MHz is greater than
the 10-MHz natural linewidth primarily because of tran-
sit broadening. For weak fields x ,, 1, this mechanism
is modeled as a homogenous process,30 changing the po-
larization decay rate g'y2p from the purely radiative
value of 5 MHz to 6.25 MHz. Hence G  0.8, and the
saturation intensity Is for the atomic transition becomes
7.3 mWycm2 rather than 6.4 mWycm2 when G  1. To
draw a connection to recent work with small numbers
of atoms in an optical cavity,17,21 the single-atom coop-
erativity parameter for this system is C1 , 1.5 3 1022.
The atomic beams intersect at 90±, the axis of a standing-
wave cavity formed by a pair of mirrors of radius of curva-
ture 5 cm at confocal spacing. Relevant parameters for
this cavity are the mode waist v0  69 mm, mirror trans-

Fig. 7. Data taken by the use of the setup described in the
text: (a) the input laser pulse, as recorded with neither atoms
nor cavity present, (b) the transmission of the empty cavity,
tuned to resonance. t  0, the point at which the input field
was switched, is marked on each of the figures by the arrow at
,45 ns.
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Fig. 8. Raw data for the number of counts observed per time interval of 0.625 ns, as recorded by the photon-counting electronics, with
both atoms and cavity present. Common parameters for all traces are m  0.75, a  2.7, and a  0.81. The detunings are held close
to 0 as well. Measured values of C are (a) C , 10, (b) C  51 6 11, (c) C  73 6 12, (d ) C  130 6 20.
mission coefficients T1  T2  s3.0 6 0.1d 3 1023, finesse
F  400 6 20, and peak transmission T0  0.14 6 0.02.
From the cavity linewidth we calculate the parameter
ms; 2kygd  0.750 6 0.038. The excitation source is a
commercial (Coherent 699-21) frequency-stabilized cw dye
laser (rms linewidth 500 kHz), which is mode matched to
the TEM00 mode of the cavity with an efficiency of greater
than 94%.

After alignment to ensure perpendicularity of the ex-
citation laser with the atomic beams s61 mradd, calibra-
tions of the small-signal absorption are performed and
related to the optical-pumping fluorescence and to another
weak-field absorption signal measured downstream from
the cavity.

The laser frequency is locked to the peak of the optical-
pumping fluorescence signal. The cavity is locked to
resonance by an auxiliary frequency-tunable, Zeeman-
stabilized He–Ne laser whose light is double passed
through an acousto-optic modulator. The red He–Ne
beam enters the resonator parallel to the excitation laser,
but is displaced vertically to form a ring cavity and to be
spatially separated from the output signal.

As discussed above, we wish to probe the linear re-
sponse of the system and thus require weak intracavity
fields sx ,, 1d. In the experiment the input intensity is
switched from an initial level that satisfies the weak-field
constraint to a lower level, and the time dependence of
the intensity transmitted through the cavity is monitored
by a standard time-correlated single-photon-counting
technique.

A LeCroy 4204 time-to-digital converter records the
relative time between a trigger (start) pulse edge, which
is synchronous with the edge of the pulse that drives
the electro-optic modulator, and an arriving nuclear
instrumentation module level pulse from a constant frac-
tion discriminator, which is the result of a detected pho-
ton. Total detection efficiency, including collection of
the cavity output, quantum efficiency of the photomulti-
plier tube, and constant fraction discriminator threshold
setting, is 2%.

The digitized time interval is transferred with a dead
time of approximately 1 ms to a LeCroy 3588 histogram-
ming memory unit that increments the bin for that time
delay. After a run time (of duration ranging from 1 to
5 min) the data collection is stopped and the contents
of the memory unit are read by CAMAC commands trans-
mitted over the general-purpose interface bus (IEEE-488
standard) under the control of an IBM PC-AT. The data



2336 J. Opt. Soc. Am. B/Vol. 12, No. 12 /December 1995 Brecha et al.
may then be displayed with the aid of various commercial
software routines.

Two different sets of switching electronics were used,
and the results of experiments for which these two differ-
ent configurations were used are presented separately.

A. Case 1
For this experiment the electro-optic modulator and pulse
generator pair allowed a repetition rate of 500 kHz. The
decay time for the pulse was 6.2 6 0.2 ns, or a  1.3
in atomic lifetime units, and the off–on ratio was a 
0.8. In this configuration, the output field consists of the
transmitted input (0.64 I0) and a smaller contribution that
is due to the coupled atom–cavity system response.

First we look at the result when an empty cavity
is probed by using this technique, which is shown in
Fig. 7(b). The exponential decay of the intensity from
the cavity at a rate consistent with our known cavity
linewidth of 7.5 MHz can be seen. For completeness,
we shown in Fig. 7(a) the response at the detector
with neither the atoms nor the cavity present when
the intensity is switched between the same two levels
by the same relative amount. Figure 8 shows the
main experimental results of this paper. When the
atoms are present in the cavity we see the oscillation in
transmitted intensity at the coupling frequency g

p
N ,

which is indicative of the exchange of energy between
the atoms and the cavity, starting with Fig. 8(a). As
the number of atoms is increased we see the oscillation
frequency increase [Figs. 8(b) and 8(c)]. Because of the
relatively slow input pulse decay and the fact that the
input field is not turned off completely sa  0.8d, the
pronounced increase in output intensity after the input
field is switched (as seen in Fig. 1) is not evident.

As noted, the coupling depends on the number of atoms,
and when a monitor fluorescence signal is calibrated to
the intracavity small-signal absorption, the cooperativ-
ity parameter C is determined by the absolute knowledge
of al and the cavity finesse. We can then compare the
measured frequency of oscillation with that predicted by
theory for a given value of C. Figure 9 is a plot of the
frequency, as measured from the separation of the first
two peaks in intensity, versus the calculated frequency
Vth. Uncertainties in the measured splitting are 620%
and 610% for the calculated frequency. They should be
equal and, within our uncertainties, this is the case, al-
though there appears to be a systematic deviation in the
slope of the curve for higher values of C.

As anomalous feature of the data is a bump that ap-
pears in all the data sets near t  145 ns. This excess of
counts is always in the same ratio to the ambient level, in-
dependent of the number of atoms present, and occurs at
the same point in time relative to the trigger pulse edge,
again independent of the number of atoms. From these
considerations we can be fairly certain that the bump is
not associated with any atom–cavity physics.

Shown in Fig. 8 for two of the data sets are the theo-
retical curves (solid curves) for the relevant parameters of
the experiment. For the theoretical curves, an allowance
was made to choose the parameters within our experimen-
tal uncertainty so as best to fit the data. Detunings were
assumed to be identically 0 for the fits shown. It is pos-
sible to include a small jitter in detuning, which also cor-
responds to the experimentally achievable locking of the
laser frequency and thus improves the fits somewhat for
all data sets. However, with so many parameters, even
when keeping within the experimentally relevant ranges,
the fits are really only a qualitative measure of the theo-
retical consistency.

B. Case 2
We now alter the switching electronics and optics to
achieve a repetition rate of 4 kHz and a pulse decay time
s1yed of 3.5 6 0.5 ns, which gives a scaled decay time of
a  2.2. For this set of data an important difference is
that the off–on ratio for the field is much greater, a  0.2.
This corresponds more closely to the ideal situation dis-
cussed in Section 2 and illustrated in Fig. 1. The data
shown in Fig. 10 clearly display the effect of the large out-
of-phase polarization as it releases energy to the cavity.
Figure 10 demonstrates the effect of increasing numbers
of atoms present in the interaction volume of the cavity
which thereby dramatically increases the effective cou-
pling coefficients g

p
N . The exchange frequency is not

the most dramatically changing feature; rather, one sees
that the value of the output field immediately after the in-
put is switched begins to grow rapidly following an initial
decay. As explained in Section 2, this is because the po-
larization field emitted by the atoms is out of phase with
the input field. When the input field is suddenly and
greatly reduced, the polarization oscillator has no way of
adjusting to the new field until a time of the order of the
inverse of the polarization decay rate. Thus the oppos-
ing push of the polarization field finds itself with nothing
against which it can react, and we see a net field at the
output of the cavity that is much larger than the steady
state. As the number of atoms is increased, the excess of
the transmitted field above the steady-state field becomes
larger as the square of the parameter C. For the largest
number of atoms [Fig. 10(d)] we observe nearly a factor
of 10 increase in the intensity transmitted by the cavity

Fig. 9. Observed oscillation frequency Vexp versus theoretical
prediction Vth. The frequency is the inverse of the period de-
termined from the data of Fig. 8. The theoretical value is calcu-
lated from the value of the parameter C, which in turn was from
a calibrated fluorescence signal.
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Fig. 10. Data from the second experimental configuration for which the input field was turned off more completely. Common
parameters for all traces are m  0.75, a  4.5, and a  0.2. The detunings are held close to 0 as well. Measured values of the
cooperativity parameter C are (a) C  29 6 7, ( b) C  50 6 23, (c) C  101 6 23, (d ) C  175 6 37. The input field switching
(indicated by the arrow) occurs at ,37 ns.
after the input intensity is decreased by approximately
the same factor. This is a dramatic demonstration of the
concept of the darkness wave radiated by the atomic po-
larization. The initial decrease in output intensity seen
in the first four parts of Fig. 10 is less visible as the num-
ber of atoms is increased because it becomes too fast for
the resolution of the time-to-digital converter configura-
tion; in addition it becomes washed out because of any
jitter in the triggering pulses or if there are detunings
that change slightly during the course of a run. In spite
of this we find that the scaling of the peak height as a
function of the number of atoms is roughly as it should be
according to theory. In Fig. 11 the peak height is plotted
as a function of the square of the cooperativity parameter.
There are large error bars on this set of data, but we see
that the expected C2 dependence is borne out by the data.
For this plot we have used all runs that were made under
the described experimental conditions.

We have not attempted to construct a plot similar to
Fig. 9 for these data, as there is at most one oscilla-
tion observed. As mentioned above, the height of the
initial peak is very sensitive to the cavity and atomic
detunings. One can calculate from Eq. (6) representa-
tive curves from values of our experimental parameters
to demonstrate this effect. The results would be similar
to those in Fig. 5. These are meant to explain qualita-
tively the reduction in peak height from its theoretical
value with no detunings. A more realistic approach to
modeling the observed behavior would include an averag-

Fig. 11. Plot of the peak height versus the square of the co-
operativity parameter, with data from the second experimental
configuration. Experimental parameters are m  0.75, a  4.5,
and a  0.2.
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ing over different (small) detunings to simulate any jitter
present in the actual experiment and to account for the
smearing out of the peaks in this set of experiments.

4. CONCLUSION
We have experimentally demonstrated the oscillatory
exchange of excitation between atoms and a single
electromagnetic-field mode in an optical cavity. This
so-called vacuum-field Rabi frequency can be explained
in terms of the coupling of harmonic oscillators of similar
decay rates. Our results agree with the theoretical cal-
culations we have presented here, in which we have taken
into account various nonideal experimental parameters.

Although we have taken advantage of a large number of
atoms to increase the effective coupling between the cav-
ity field and the atoms, it is important to bear in mind that
the results described here are no different fundamentally
from those predicted for a single atom strongly coupled to
a cavity, as has been illustrated in Refs. 15 and 17.

We stress as well the agreement between theory and
experiment. The simple semiclassical treatment used for
the theoretical curves was used with no free parameters
to fit the data, as shown in Fig. 9. Absolute values of
parameters known from independent measurements were
used to generate the fits to the data.

Recently studies of a related phenomenon have been
carried out by several groups.30,31,32 In semiconductor
microcavities there can be an exchange of energy between
the field in the cavity and the collective polarization as-
sociated with excitons. Experiments have been done in
both the time and the frequency domains, as was the case
with the atom–cavity system. These extensions of the
vacuum Rabi oscillation concept confirm the universal na-
ture of this coupled oscillator picture.
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