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Observation of Normal-Mode Splitting for an Atom in an Optical Cavity
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An investigation of the spectral response of a small collection of two-state atoms strongly coupled to
the field of a high-finesse optical resonator is described for mean number N < 10 atoms. For weak exci-
tation, a coupling-induced normal-mode splitting is observed even for one intracavity atom, representing
a direct spectroscopic measurement of the so-called vacuum Rabi splitting for the atom-cavity system.

PACS numbers: 42.50.Fx, 32.80.—t, 42.65.Pc

Much of modern research in optical physics has as its
cornerstone the interaction Hamiltonian describing the
dipole coupling of a ““two-state” atom to the electromag-
netic field. In the preponderance of cases, as in the usual
theories of the laser [1,2], of resonance fluorescence [3],
and of optical bistability [4], the atom-field interaction
can be described in a regime of weak coupling, for which
the rate B for irreversible decay into the continuum of de-
grees of freedom of the electromagnetic field is much
larger than the frequency scale g associated with reversi-
ble evolution in the interaction of any one mode of the
field with the atom. Although weakly coupled systems
can be strongly driven to produce coherent excitation
with characteristic frequency y>> B (with y proportional
to the amplitude of excitation), the system remains weak-
ly coupled in that the interaction frequency g for a single
quantum is negligible. Note that y becomes gv/n in the
limit that the coupling frequency g— 0 and the number
of quanta n— oo,

In contrast to this usual circumstance of weak cou-
pling, recently it has become possible in research in the
area of cavity quantum electrodynamics [5] to achieve a
situation of strong coupling for which g> g and for
which a photon emitted by an atom into a cavity mode is
likely to be repeatedly absorbed and reemitted before ir-
reversibly escaping into the environment [6-8]. This os-
cillatory exchange of excitation between atom and cavity
mode arises from a ubiquitous normal-mode splitting in
the eigenvalue spectrum of the interaction Hamiltonian
for the strongly coupled system which was described long
ago by Jaynes and Cummings [9] for a single intracavity
atom (N=1) and by Tavis and Cummings [10] for
N > 1. Although Jaynes-Cummings dynamics have been
investigated for N =1 and a few photons [6b], and while
mode splittings have been studied previously for N>>1
[11-14] and quite recently for N =3 [15], apparently the
so-called vacuum Rabi splitting [16,17] of the first excit-
ed state for a single atom coupled to a cavity mode has
not been similarly observed. With this backdrop, we re-
port in this Letter an optical experiment where the
weak-field normal-mode splitting for an atom-cavity sys-
tem is investigated by direct spectroscopic measurements.
In particular, for the case of average intracavity atomic
number N==1, we record the response of the system to a
variable-frequency input probe and observe a distinctive
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doublet symmetrically split by £ g about the otherwise
common resonance frequency of atom and cavity. Be-
cause our measurements are carried out in an atomic-
beam apparatus with fluctuations both in the number of
atoms within the cavity-mode volume and in the atomic
spatial positions, we present results from numerical simu-
lations which extend the standard theory to approximate
our situation. The agreement between this extended
theory and the measured spectral responses is quite good
and substantiates our observation of the normal-mode or
vacuum Rabi splitting for a single intracavity atom.

Our investigation of the structure of the atom-cavity
system is restricted to a regime of weak excitation and
consequently equivalent descriptions follow either from
the quantum master equation or from the semiclassical
Maxwell-Bloch equations, since in this domain the system
behaves as coupled linear oscillators. Quantum mechani-
cally the basis is limited to states with only zero or one
quantum of excitation so that the coupling-induced split-
ting of the first excited state of the Jaynes-Cummings
“molecule” is probed, while semiclassically the intracavi-
ty intensity is held much smaller than the saturation in-
tensity so that the linear susceptibility of the composite
entity is probed. In either case the response of the system
is given in terms of the eigenvalues for the normal modes,
which are of course independent of the particular excita-
tion scheme and initial conditions. Our choice is to mea-
sure the steady-state transmission function 7(w,) for a
weak external probe field of variable frequency w,.
T(w,) is found from the ratio of transmitted (P,) to in-
cident (P;) power, and for the case of coincident cavity
o¢ and atomic w4 frequencies is given by [4,17]

2

kly,+i(wo— wp)]
(wp =2+ ) wp—2-)

where T is the peak transmission of the empty cavity
and « is the cavity-field decay rate. Since the solid angle
for our cavity mode is small (~107% sr), the rates
(y1,71) for the decay of the atomic polarization and in-
version are as in free space, with yy =2y, = + ns. The
eigenvalues A+ describe the (collective) normal modes
formed from the ‘‘cavity-field oscillator” and the
“atomic-polarization oscillator” and are given by A+
=(wox Qg) —i(y,+x)/2, with wc=w, ,=wo and the
frequency Qo=lgdN — (y, —x)?/4]1"? specifying a nor-

T(w,,)=T0 , QD)
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mal-mode splitting for govVN > |y —«x|/2. The dipole
coupling coefficient for an atom of transition moment u
at site r in our TEMgy standing-wave cavity is
g(n)=goy(r), where go=(ulwc/2heV)'? is the op-
timum coupling coefficient and w(r) =sinkz expl — (x?
+y2)/wd] is the cavity-mode function with mode volume
V=nwdl/4. For a distribution of atoms at different
sites r;, the effective intracavity atomic number N
=3y~

Turning now to the experimental procedure for record-
ing T(w,), we generate the frequency-tunable probe
beam from the output of a frequency-stabilized tita-
nium-sapphire laser (60 kHz rms linewidth) by acousto-
optic and electro-optic modulators (Fig. 1). By employ-
ing an auxiliary vapor cell, the primary, unshifted output
frequency w; of the laser is locked and independently
tunable relative to the frequency w4 of the (6S,/,, F=4,
mp=4)— (6P3, F'=5, mg=5) transition of the D;
line of cesium in the atomic beam. The resonance fre-
quency wc of a TEMgg longitudinal mode of the spherical
mirror cavity formed by the mirrors M; and M, is locked
to w; with a chopping technique that alternates between,
on the one hand, data collection with the probe beam at
wp switched “on” and directed by the acousto-optic
modulator (AOM) to detector D1 and, on the other
hand, cavity stabilization with the intense locking beam
at w; switched “on” and directed to D2. The stabiliza-
tion of wc to w; and locking of w, relative to w4 are
such that all detunings are zero to within +0.2 MHz.
Other parameters for our system are cavity finesse
F=8x10% mode waist wo=50 um, cavity length /=1
mm, and atomic-beam size (0.3,3) mm along (z,y). The
fundamental rates appearing in Eq. (1) are (go,y.,k)
=[27(3.2%0.2,2.5+0.2, 0.9 £0.1)] MHz, with g¢ cal-
culated from its definition and as well determined from
the measured saturation photon number no=2y, y1/3g¢
for our system [8].

In Fig. 2 we display a series of transmission spectra
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FIG. 1. Diagram of principal elements of the experiment.

T(Q), where @=w, — o and T is normalized in units of
mean intracavity photon number n. Clearly evident in
each of the traces (a)-(d) are two peaks which are
symmetrically split about the frequency w,=wo and
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FIG. 2. Intracavity photon number 7 vs probe frequency Q
for four values of N and with wc=w,4. Curves in (a)-(c) and
curve i in (d) are theoretical fits to the data including fluctua-
tions in atomic number and position. Curve ii in (d) is from Eq.
(1) for a single intracavity atom with optimum coupling go.
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which reflect the weak-field normal-mode splitting = Q,
for the atom-cavity system. Over a wide range, these ex-
perimental spectra are independent of the field amplitude
and hence represent the weak-field, linear response. Also
shown in the figure as solid curves are fits to the experi-
mental spectra obtained from Eq. (1) with the measured
values go, ¥4, and k. In calculating the fits, a numerical
simulation has been employed to place N' atoms random-
ly over positions in a volume V> V. For each particular
random toss of atoms into V', an individual spectrum is
evaluated from Eq. (1) by summing over the resulting
atomic sites r;, with coupling specified by w(r;) and with
the mean number of atoms in ¥ over many trials given by
N=(X;|y;|»<N'. The average of a large number of
such spectra is then taken to approximate the experimen-
tal spectra, which involve fluctuations both in atomic
number and in atomic position from the intersection of
the atomic beam with the cavity-mode function. Note
that transit-time effects have not been included in our
model. Wumerical integrations of the Maxwell-Bloch
equations for atomic trajectories through the cavity mode
indicate that the effects of transit are small since the
damping rate (y, +«)/2 is larger than the inverse atomic
transit time 7, =4x10 "7 s. In fitting the theory to the
experiment, we stress that the only adjustable parameter
is V; values of NV determined from the fits are indicated
for each trace in Figs. 2(a)-2(d). In each case the re-
sulting values of N agree quite well with a much more
straightforward determination based upcn the frequency
separation 2A of the peaks; that is, N =A%/g¢.

Although the quality of the theoretical fits in Fig. 2 is
good, clearly the accurate determination of N for our
spectra is of crucial importance. Additional measure-
ments to address this question are presented in Fig. 3,
where the values of N found from fits to a number of
spectra as in Fig. 2 are displaved against the correspond-
ing values of the fluorescence F of a monitor beam col-
lected with detector D3 as shown in Fig. 1. The monitor
fluorescence serves as a proportional measure of the den-
sity of the atomic beam, with the constant of propor-
tionality calculated from those spectra which display
well-resolved splittings and for which fluctuations in
play a minor role. The appropriateness of this procedure
and indeed of the basic theory of Eq. (1) to an experi-
ment such as ours has been previously established in ab-
solute measurements of the system eigenvalues over the
range 20 <N <600 with no adjustment of N [I3].
Hence while the monitor fluorescence certainly serves to
calibrate ratios of density, the work of Ref. [13] provides
a bridge so that it can also be used for the absolute deter-
mination of N when N is large. The good correlation be-
tween /V and F evidenced in Fig. 3 over the whole range
of atomic density, and in particular in the region where
the two peaks of the spectra begin to merge together,
lends strong support to our procedure of finding N from
fits to the experimental spectra, which relies only upon
the independently derived values of go, y., and «.
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FIG. 3. Average number of atoms /N vs monitor fluorescence
F. The straight line connects the origin with the two highest
points.

A somewhat different approach to the problem of
determining N is to make a virtue rather than a vice of
the fluctuations inherent in the atomic beam. In particu-
lar, note that the distribution of fluctuations for the num-
ber and positions of the intracavity atoms itself depends
upon N. Thus the spectrum which arises for a particular
value of NV will contain signatures that are unique to that
value of N through the dependence on the associated fluc-
tuations. For N~1, these signatures can be quite dis-
tinctive, as we illustrate in Fig. 4(a). Shown in the figure
is a measured spectrum with the best theoretical fit
(curve i) corresponding to N=1.1. Also displayed are
two curves for which QOZgoN'/2 remains fixed, but for
which N has been adjusted slightly downward (curve ii,
N =0.9) or upward (curve iii, N =1.3), with the changes
in N corresponding to changes in g¢ at the limits of our
experimental uncertainty. The obvious degradation in
the quality of the fit around Q =0 reflects the fact that
the spectra in this region are very sensitive to atomic fluc-
tuations and hence to the precise value of N. By contrast,
in the absence of fluctuations in the number or positions
of the intracavity atoms, spectra obtained directly from
Eq. (1) would be indistinguishable under the scaling
N— 5N, g— g/s, with Qg constant. Thus the behavior
of the spectra around Q =0 provides a self-calibration of
N through a sensitive dependence on the intracavity
atomic fluctuations.

With N determined by way of the avenues described
above, there remains the question of identifying specific
contributions to the measured spectra from atoms at
different mode sites. Of particular relevance to the
current discussion is the case N==1, for which we wish to
assess the contribution from a single atom in the mode
volume. Towards this end, we present in Fig. 2(d) both
the theoretical spectrum obtained by averaging over
atomic number and position (N =1, curve i) and the sim-
ple result from Eq. (1) for a single, optimally coupled
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FIG. 4. Intracavity photon number 7 vs probe frequency Q
with @c=w,4. (a) Normal-mode splitting for N=1 atom with
three theoretical fits to illustrate the sensitivity of the spectra to
fluctuations in N and hence to N itself. For curves i-iii go/V'?
is held constant while go and N are individually varied: curve i,
go=27x3.2 MHz, N=1.1; curve ii, go+=2r%x3.5 MHz,
N =0.9; curve iii, go- =27x2.9 MHz, N=1.3. go is the mea-
sured value while go+ are at the limits of the experimental un-
certainty. (b) Normal-mode splitting for N=0.8 atom with
theoretical fit (curve i). Curves ii-iv show the contributions to
curve i from the cases with zero atoms in the mode-volume V
(curve ii), with precisely 1 atom in ¥ (curve iii), and with two
or more atoms in ¥ (curve iv).

atom [N =1, g(r) =gy, curve ii]. It should be reasonably
clear that a dominant contribution to the measured spec-
trum arises from the single-atom, optimum-coupling re-
sult (curve ii). That there is a small reduction of splitting
in curve i relative to curve ii is certainly to be expected
since a single atom is likely to be found not only at the
peak of the mode function [for which w(r) =11, but can
as well be located at sites with smaller coupling
coefficients. These qualitative considerations are made
more quantitative in Fig. 4(b), where a measured
transmission spectrum is displayed together with the
theoretical best fit (N =0.8, curve i). As previously dis-
cussed, this theoretical result is the average of many spec-
tra, each of which is computed from a trial with a ran-
dom toss of atoms into the simulation volume V'. These
individual trials can be sorted into various classes, with
curve i as the sum over all classes. In particular curve ii
in Fig. 4(b) is the contribution from the class of trials in
the simulation with zero atoms in V [but of course with
atoms with coupling |y(r)|><0.33 in the tails of the

mode function extending into V'>>V]; curve iii is the
class of trials with one and only one atom in the mode
volume [with |y(r)|?>0.33]; and curve iv is the sum of
all remaining trials which include the contributions from
two or more atoms in the mode volume. Apparently then
the splitting displayed in the data of Fig. 4(b) (for which
curve i provides a good accounting) arises predominantly
from individual cases for which a single atom resides in
the mode volume. We thus assert that the measurements
of Figs. 2(d), 4(a), and 4(b) represent a conclusive obser-
vation of the weak-field normal-mode splitting for a sin-
gle two-state atom in an optical cavity.

Relative to other work in quantum optics, the experi-
ment described in this Letter is distinct in having
achieved the operating conditions go> (x,y,)>1/1,.
Hence the features that we have observed are associated
primarily with steady states established by individual
atoms rather than with states reached incrementally by
the successive passage of large numbers of atoms. Al-
though go is only marginally larger than x and y, in our
current system, the extension of our techniques to smaller
cavities with finesse in excess of 10° [18] should lead to a
variety of possibilities for nonlinear spectroscopic investi-
gations of the structure and dynamics of the atom-cavity
system or of the Jaynes-Cummings “molecule.”
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