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Normal-Mode Splitting and Linewidth Averaging for Two-State Atoms in an Optical Cavity
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An investigation of the radiative processes for a collection of N two-state atoms strongly coupled to
the field of a high-finesse optical cavity is presented. Observations of the spectral response of the com-
posite system to weak external modulation reveal a coupling-induced normal-mode splitting. Linewidth
averaging leads to linewidths below the free-space atomic width.
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The radiative processes of atoms in the presence of
boundaries such as provided by a resonant cavity have
been investigated in recent years within the context of
cavity quantum electrodynamics.! While the free-space
decay of an atom is characterized by the Einstein A-
coefficient y, the interaction of an atom with a cavity in-
troduces three new rates not present for atoms in free
space; these rates are the cavity damping rate «, the de-
cay rate y' into continuum modes other than those of the
cavity, and the coupling rate g, where g characterizes the
oscillatory exchange of excitation between the atom and
the field of the cavity. For weak coupling of the atom to
the resonator (¥ <g?/k< k), large enhancements? and
suppressions® of atomic spontaneous emission have been
observed' with cavities encompassing a large fraction f
of the total 4r solid angle of free space (y'<y), in
agreement with a perturbative description incorporating
the cavity-modified density of states. On the other hand,
for strong coupling (g> y',x) the nonperturbative na-
ture of the interaction requires a description not from the
viewpoint of the altered radiative processes of the atom
or cavity alone, but rather in terms of the dynamics of
the composite atom-field entity.*> While impressive in-
vestigations of this underdamped regime have been con-
ducted in the microwave domain with Rydberg atoms for
which g%/k> k> y',%7 complimentary studies in the op-
tical domain have been largely absent since the coherent
coupling rate g is usually dominated either by x or by ¥'.
The interest in optical studies arises not only because of
the possibility for direct field measurements, but also be-
cause of the opportunity for investigations in the strongly
coupled regime with atomic dissipation entering as an
important process.

Within this context we present in this Letter direct
spectroscopic measurements of the normal-mode split-
ting for the oscillator system formed by the collective
atomic polarization of N two-state atoms strongly cou-
pled to a single mode of a high-finesse optical cavity.®®
Although f<1 and hence y'=y, the experiments are
nonetheless carried out in a regime for which gvN
>y >k (with gv/N the effective coupling rate in the
limit of a weak intracavity field) '*'" and hence in a re-
gime for which a photon emitted into the cavity by the

atomic polarization is likely to be absorbed and reemit-
ted many times before it escapes. By recording the spec-
tral response of the composite atom-cavity system to a
weak external probe field, we observe a distinctive dou-
blet symmetrically split about the otherwise common fre-
quency of atoms and cavity and find that this normal-
mode splitting is in quantitative agreement with the pre-
dicted eigenfrequencies over a range of intracavity atom-
ic number 20=</N =<600. Our observations at optical
frequencies are thus of the vacuum-field Rabi splitting '?
extended from the one-atom case to the situation N > 1
and follow in the spirit of previous time-domain investi-
gations of collective atom-cavity oscillations for Rydberg
atoms in a microwave cavity.'> For each of the two
peaks of the split doublet, we also observe subnatural
linewidths due to a dynamical linewidth averaging which
results from the strong coherent coupling of the collec-
tive atomic polarization to the cavity mode.>'* Line-
width reductions of 25% relative to free-space atomic de-
cay are recorded over a wide range of operating condi-
tions. Finally, we explore the behavior of the normal-
mode structure as the atomic and cavity resonances are
detuned, and observe that the line positions and widths
approach values characteristic of decoupled atoms and
cavity.

Our starting point is an analysis of the eigenvalue
structure for the composite system of NV two-state atoms
coupled to a single cavity mode. In the limit of weak in-
tracavity field and for coincident cavity resonance fre-
quency wc¢ and atomic transition frequency w4, the ei-
genvalues obtained either from the master equation for a
single atom'* or from the Maxwell-Bloch equations for
N>1'"%are ,o=—yand

Ae=—% Qx+y/T)x [ Qx—y/T)—xyC/T1?,
¢))

where Ao gives the decay of the atomic inversion and A +
describe the normal modes formed from the intracavity
field and the collective atomic polarization. Equation
(1) is written in a rotating frame at the common fre-
quency wc =w,4; [=y/2y, with y, the transverse decay
rate; and C =I'Ng?/ky is the atomic cooperativity pa-
rameter of optical bistability, with g =(u2wc/2hegV) ',
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where u is the transition dipole moment and V is the
effective cavity mode volume. We see that Im(\+)
(normal-mode splitting) is nonzero for the case
(xyC/T)'?2=gJN > + |2k — y/T'|, and that in this case
Re(r+) (normal-mode decay) is an average of cavity
and atomic polarization decay rates.>'* For x <y,
Re(A + ) is smaller than the spontaneous emission rate in
free space, approaching half the natural free-space rate
for k— 0. This linewidth reduction by linewidth averag-
ing results from the strong coherent coupling of atomic
and field oscillators, such that for x <y atomic excita-
tion can be hidden from decay by residing in the un-
damped field oscillator 50% of the time. Note that we
assume throughout that f<1, so that large line split-
tings and linewidth reductions occur even for the case
y'=1y, and that these conclusions are valid for arbitrary
N=1,2,3,....

Our experimental technique for probing the structure
of the atom-field system follows the discussion of Agar-
wal;'> we record the spectral response of the system to
weak external modulation as the frequency of the modu-
lation is swept. More specifically with reference to Fig.
1, an optically prepared beam of sodium atoms intersects
at 90° the axis of a spherical mirror cavity formed by
mirrors (mg,m;) each of radius 1 m. Two cavity
configurations are employed; cavity 4 has a length of 1.7
mm and a finesse 18000, while cavity B has a length of
3.2 mm and a finesse which varied between 20000 and
26000 over a series of experiments. The particular tran-
sition investigated is the (38, F =2,mr =2)— (3P,
F=3,mp=3) transition at 589 nm. The cavity-plus-
atoms system is excited by a signal field of carrier fre-
quency o, which is matched to the TEM cavity mode
and onto which weak AM sidebands at frequency
w; £ Q; have been generated by an electro-optic modu-
lator. For fixed cavity detuning 68 =(wc—w;)/x and
atomic detuning A=(w,4 — w;)/y., the frequency Q; is
swept and the Fourier components x (% Q) of the field
transmitted by the atom-cavity system are detected by
optical heterodyning with an intense local oscillator of
frequency wio=w; —& (with §=59.6 MHz) in a bal-
anced detector [photodiodes (D,D')]. More explicitly,
for Q; <& the difference photocurrent, i in Fig. 1,
contains coherent components at frequencies g,
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FIG. 1. Diagram of the apparatus as discussed in the text.

=(w; *+ Q;) —wro corresponding to the coherent
heterodyne beat between the local oscillator at w; o and
the transmitted AM sidebands at w, + Q,. Hence from
the spectral density of photocurrent fluctuations ®(Q,)
obtained with an electronic spectrum analyzer, we are
able to extract the quantity |x(=* Q,)|? after suitably
accounting for the background (shot-noise) level and
overall frequency dependence of the generation and
detection system.

Transmission spectra acquired by this swept-sideband
technique are presented in Fig. 2. Figure 2(a) is taken
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FIG. 2. Transmission spectra |x(Q)|? (arbitrary units) vs
sideband frequency Q, with © =0 corresponding to the position
of the carrier frequency at w;. Note that apart from an overall
vertical scaling, all spectra are independent of the magnitude
of x for x<1. (a) Empty cavity (C=0) response with
Lorentzian fit of 1.75 MHz FWHM. Cavity plus atoms for
(b) C=36, A=—0.2, 6=0, x/y=0.09; (c) C=4.7, A=0.1,
=0, x/y=0.085; (d) 6==0, |A| <0.2, displaying no splitting
(overdamped regime) but with an increased linewidth and de-
creased peak transmission for the case of approximately 1 atom
(+) compared to no atoms (O) in the cavity. The full curves
in (a)-(c) are obtained from the Maxwell-Bloch equations as
discussed in the text, with + as our experimental points. The
times to acquire the traces are (a)-(c) 0.7 s; (d) 20-trace aver-
age, 0.4 s per trace.
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for an empty cavity (C=0) with 6=0 and shows the
measured response to the swept AM sidebands, together
with a Lorentzian profile with /27 =0.88 MHz. Note
that the origin for the abcissa has been placed at the fre-
quency Q,=345; therefore the rf spectra in Fig. 2 corre-
spond to optical spectra displayed on an axis centered on
the carrier frequency ;. Figures 2(b)-2(d) are
transmission spectra for the composite atom-cavity sys-
tem for weak-field excitation with the cavity servo-locked
to the empty-cavity resonance (wc =w;) and the atomic
detuning held close to zero (w4=w,). Clearly evident
in Fig. 2(b) are spectral features offset from the empty-
cavity response of Fig. 2(a); these peaks arise from the
normal-mode splitting Im(A +) described by Eq. (1).
The asymmetry between the peaks is accounted for by
introducing a small atomic detuning (]A| <0.2) corre-
sponding to experimental uncertainties in the crossing
angle between the cavity axis and the atomic beam direc-
tion and in laser frequency jitter. The spectra shown in
Figs. 2(c) and 2(d) are taken for successively lower in-
tracavity atomic numbers and illustrate the dependence
of the normal-mode structure on the effective coupling
rate gv/N. In Fig. 2(c) the splitting is resolved for an
effective intracavity number N —40. Figure 2(d) is tak-
en in the overdamped regime with gv/N < § |2k —y/T'|;
for this trace, N ~1.

The solid lines in Figs. 2(b) and 2(c) are theoretical
fits to the data obtained from the Maxwell-Bloch equa-
tions assuming 6 =0 and ‘using the measured values of
x/y and C (within their uncertainties), but allowing for
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FIG. 3. Comparison of calculated normal-mode frequency
Qo=Im(x +) vs measured splitting Qexp. All parameters that
enter Qo through Eq. (1) are known in absolute terms with the
exception of I', which is chosen to be 0.8 to model phenomeno-
logically the transit and Doppler broadening (I'=1 radiative
limit). Cavity A4, x/y=0.25 (A); cavity B, x/y=0.12 (@) and
x/y=0.09 (@).
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slight nonzero atomic detuning A as well as an overall
scale factor. The atomic cooperativity parameter C and
the required weak-field input are inferred from measure-
ments on the hysteresis cycle of output versus input in
absorptive bistability.'® We set '=0.8 to account phe-
nomenologically for the combined effects of atomic tran-
sit and residual Doppler broadening. We stress that
spectra such as those displayed in Fig. 2 are independent
of the field amplitude x in the weak-field limit, as expect-
ed theoretically and confirmed experimentally.

From traces such as those in Fig. 2, we obtain a fre-
quency splitting as well as a linewidth for each member
of the doublet. In Fig. 3 we display an absolute compar-
ison of the predicted splitting Qo=Im(A +) versus the
measured splitting Q.p. There is reasonable agreement
between theory and experiment over the range 20 < N
<600 and for the two cavity configurations 4 and B.
From linewidth measurements with cavity B in a regime
in which the members of the split doublet are clearly
resolved, we find widths for each of the components of
the doublet of 7.5+ 0.9 MHz, which is below both the
free-space natural linewidth of 10 MHz for the Na tran-
sition and the ~13-MHz absorption linewidth of the
atomic beam due to transit and Doppler broadening.
The theoretical full width for this comparison is given
from Eq. (1) to be (2x+y/T")/2, which for x/y=0.09
+0.01, y/2x=10 MHz, and I'=0.8 yields a full width
of 7.2 MHz.

Our discussion thus far has been restricted to the case
of near resonance between atoms and cavity. We have
inquired as well into the detuning dependence of the
coupling-induced structure of the atom-field system,
again in the weak-field limit. Clearly for f~10 > as in
our experiments, the eigenvalue structure should revert
to that of independent atoms and cavity in the limit of
large detuning. In Fig. 4 we present a comparison of ex-
periment and theory (from the Maxwell-Bloch equa-
tions) for the dependence of the line position and line-
widths on the cavity detuning 0 for fixed atomic detuning
A=0. For large 6 and A=0 the atoms and cavity are
effectively decoupled, with corresponding eigenvalues
A1 =—(x+i0) (empty cavity detuned by 6 and damped
at x) and A, = — y/2I" (atoms driven on resonance with
damping y/2I'), as indicated by the dashed lines in Fig.
4. However, as 0 is decreased to zero, the eigenvalues
are no longer those of the independent subsystems. In
Fig. 4(a) the strong atom-field coupling results in a 6-
dependent splitting Q4 (or avoided crossing) for the line
positions. Likewise in Fig. 4(b) as 6— 0 the normal
modes of the composite system are damped at a 6-
dependent rate § B, rather than at the independent rates
(x,7/2T'). In the terminology of cavity QED, Fig. 4
gives the detuning dependence of the vacuum radiative
level shifts and linewidths of the composite atom-cavity
system.

In summary, we have presented results from a spectro-
scopic study of a system of two-state atoms strongly cou-
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FIG. 4. Dependence of (a) normal-mode frequencies Q4 and
(b) linewidths (FWHM) s on cavity detuning 6 for fixed
atomic detuning A==0 in the weak-field limit. The data are ob-
tained from traces similar to those in Fig. 2(b) with C=41,
x/y=0.085. The full curves are the theoretical predictions for
Q4 and Be obtained from the Maxwell-Bloch equations with
these parameters and I'=0.8; the dashed curves are for g =0
(uncoupled atoms and cavity).

pled to a single mode of an optical cavity. We have
directly observed normal-mode splitting and subnatural
linewidth averaging arising from the dynamical nature of
the interaction of atoms and field. We infer from these
measurements [Fig. 2(d)] that our method has the po-
tential sensitivity to observe the splitting for a single
atom in a cavity if the single-atom coupling coefficient g

can be made somewhat larger. We would then be in a
position to address a number of questions relating to the
nature of manifestly quantum or nonclassical dynamics
in a dissipative setting.
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