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Real-Time Cavity QED with Single Atoms
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The combination of cold atoms and large coherent coupling enables investigations in a new regime
in cavity QED with single-atom trajectories monitored in real time with high signal-to-noise ratio. The
underlying “vacuum-Rabi” splitting is clearly reflected in the frequency dependence of atomic transit
signals recorded atom by atom, with evidence for mechanical light forces for intracavity photon number
<1. The nonlinear optical response of one atom in a cavity is observed to be in accord with the
one-atom quantum theory but at variance with semiclassical predictions. [S0031-9007(98)06037-2]

PACS numbers: 42.50.Ct, 32.80.—t, 42.50.Vk

An important trend in modern physics has been the inby the position-dependent interaction between atom and
creasing ability to isolate and manipulate the dynamicatavity field [10,11].
processes of individual quantum systems, with interac- Similarly enabled by the use of cold atoms, the re-
tions studied quantum by quantum. In optical physicssearch reported in this Letter exploits the largest coupling
examples include cavity QED with single atoms and phog, achieved to date to explore a new regime in cavity
tons [1] and trapped ions cooled to the motional zerdQED, for which single-atom trajectories directly reveal
point [2], while in condensed matter physics, an exampleéhe nature of the underlying one-atom master equation.
is the Coulomb blockade with discrete electron energiedlore specifically, for atoms taken one by one, we map
[3]. An essential ingredient in these endeavors is that théhe frequency response of the atom-cavity system, and
components of a complex quantum system should intera¢hereby directly determing, from the vacuum-Rabi split-
in a controlled fashion with minimal decoherence. Moreting. For probe excitation near the coincident atom-cavity
quantitatively, if the off-diagonal elements of the system’sresonance, the nonlinear saturation behavior of the atom-
interaction Hamiltonian are characterized{®#,,) ~ #g, cavity system is found to be in accord with the single-
whereg is the rate of coherent, reversible evolution, thenatom master equation but at variance with semiclassical
a necessary requirement is to achist®ng couplingfor ~ theory. However, for probe detuningds ~ *g,, we ob-
which ¢ > 8 = maXI',T7"'] with T as the interaction serve a marked asymmetry in the vacuum-Rabi spectrum;
time andI” as the set of decoherence rates for the systenfew trajectories achieve optimal coupling with a blue de-

Although there are many facets to investigations oftuned probe, an effect which we attribute to light forces
such open quantum systems, our primary motivatioreven for photon numbers1. Notably, this is the first ex-
has been to exploit strong coupling in cavity QED periment for which the interaction enerdyg, is greater
to enable research in quantum measurement and motiean the atomic kinetic energy
generally, in the emerging field of quantum information Our apparatus is shown schematically in Fig. 1. The
dynamics [4]. Several experiments in cavity QED haveFabry-Perot cavity consists of two superpolished spheri-
investigated the nonperturbative interaction of an atontal mirrors of radius of curvaturéd cm, forming a cav-
with the electromagnetic field at the level of a singleity of length 10.1 um and finesseF = 1.8 X 10°. In
photon; for this systeng, is the single-photon Rabi this cavity (o, «, y., T~ ')/27 = (120, 40, 2.6, 0.002)
frequency and” = {y,, x}, with v, as the atomic dipole MHz, where the atom-field coupling coefficiegs is de-
decay rate and as the rate of decay of the cavity field termined by the cavity geometry (and the known transi-
[5-8]. However, without exception these experimentstion dipole moment [12])« is the measured linewidth of
have employed atomic beams in settings for which thehe TEM), mode of the cavity,y, is the dipole decay
iqformation per atomic transit (of duratioff) is I =
% ~ 1, so that measurements over an ensemble of atoms Cesium MOT
are required. For example, the passage of a Rydberg
atom through a microwave cavity and its subsequent Smm‘ Mirror
measurement provides a single bit of information [5,7]. yi—x' Surfaces Balanced

By contrast, an exciting recent development in cavity ? Heterodyne

Detection

QED has been the ability to observe single-atom trajec-  Probe Beam l
tories inreal timewith 7 > 1 [9]. In this method the —r> mm':‘ ‘ — DL
transmitted power of a probe beam is monitored as cold Lol e
. . . . 10um
atoms fall between the mirrors of a high-finesse optical
resonator, with the probe transmission significantly altered FIG. 1. Schematic of the experimental apparatus.
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rate for the Cs S,», F = 4,mp = 4) — (6P3», F =  and fall through antinodes of the field; these encounter an
5, mp = 5) transition { = 852.36 nm) [12], and typical increasingg(7) which sweeps the vacuum-Rabi sidebands
transit times for atoms through the cavity mode (waistoutward in frequency to a maximum ofgy/27 =
wo = 15 um) areT = 75 us. These rates correspond to =120 MHz. The bold traces in Fig. 2 illustrate the
critical photon and atom numbetsy, = y? /2g3,No =  corresponding evolution ofi for three probe detunings
2ky./g8) = (2.3 X 1074,0.015), and to optical informa- A relevant to our observations. The process reverses as
tion per atomic transif ~ 5.4 X 107 [4]. The probe the atom leaves the cavity.
transmission (typical power 10 pW) is measured using bal- Turning to our measurements, we present in Fig. 3(a)—
anced heterodyne detection with overall efficiency 40%3(c) examples of the time-dependent transmisgion =
The length of the cavity is actively stabilized by chopping7i(r)/7 of the atom-cavity system at the probe detunings
an auxiliary locking beam [6]. of Fig. 2. With wp = wyc [Fig. 3(a)] we observe first
Our experimental procedure consists of loading thedecreasing probe transmission [due to increagifig as
magneto-optical trap (MOT) for 0.5 s, performing sub-the atom enters the mode volume], then a minimum in
Doppler cooling t020 xK and then dropping the atoms, transmission [wherg(7) = go], and finally transmission
all the while monitoring transmission of a circularly increasing to its original value (as the atom exits the
polarized probe beam with fixed detuniny = wp — cavity). Tmin = 1072 is regularly observed for single
wac (Where waiom = weavity = wac) [13]. As an atom atom transits. Conversely, fak /27 = —120 MHz =
falls into the cavity, it encounters a spatially dependent/27 [Fig. 3(c)], the transmission increases as the atom
coupling coefficientg(7) = gocog2mx/A)exd—(y?> +  enters the cavity mode, peaking @ = 3.5 when
z2)/wil = gow (7). Hence asg(7) increases from zero, g(7#) = go, and then falling as the atom exits. Finally,
the otherwise coincident atomic and cavity resonancean intermediate regimé /27 = —40 MHz = %go/Z’ﬂ
map to a nondegenerate superposition of dressed stateshibits more complicated behavior [Fig. 3(b)]. Here, as
for the atom-cavity system, so the probe spectrum evolvethe atom enters the cavity, the transmission first increases
from a simple Lorentzian to a “vacuum-Rabi” spectrumas the lower Rabi peak sweeps past, then decreases to
with two peaks atwac * g(7), as illustrated in Fig. 2. a minimum wheng(7) = gy, and finally passes through
Displayed is a series of theoretical transmission spectra second maximum ag(7) decreases with the atom’s
m(A) = [{a)|*> associated with the mean intracavity am-departure [14].
plitude (@) calculated from the steady-state solution of To confirm the qualitative characteristics of the vacuum-
the master equation for a single atom (of infinite massRabi spectrum during a single atom transit we simultane-
placed at sites’; with coupling g(7;) [11]. Of course, ously record the transmission of two probe beams, as in
the spectrum ag(r) = 0 is simply the response of the Figs. 3(d),3(e). For probes with detunings, = ¥ go,
cavity with no atom present, hereafter denotediby) =  the cavity transmission increases simultaneously for each
no/[1 + (A/k)?], while that atg(7;) = go corresponds to
an optimally coupled atom.
Although most atoms never reach a region of optimal
coupling, some do enter in the desireg- = 4 sublevel
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FIG. 2. m(A) = [{a)|*> as a function of probe detuningg for  function of time for individual atom transits. Traces (a)—(c) are
atomic positionsr; such thatg(#) = {0,g0/9,..., g0}, with for A/27 = {—20, —40, —120} MHz with 7, = 0.7,0.6,1.0.
probe intensity fixed afip, = 1. For an atom transiting the (d) A;,/27 = {—100,+100} MHz with 7,0, = 0.38,0.22.
cavity, this position dependent coupling yields a time (e) Ap/27m = {—20,—100} MHz with 7g 0, = {0.05,0.3}.
dependent transmission, indicated by the bold curves for All traces are acquired with 100 kHz resolution bandwidth and
fixed probe detuningd /27 = {—20, —40, —120} MHz. digitized at 500 kHz sampling rate.
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probe during the atom transit [Fig. 3(d)]. For one probewith systematic offsets below+2 MHz and peak-to-
near resonance\( ~ 0) and the other red-detuned{ =  peak excursions less thah5 MHz). We attribute this
—go), there is a reduction in the transmissiom\at and an asymmetry to mechanical light forces from the probe
increase in the transmissiont [Fig. 3(e)]. Notethatthe beam affecting the atom’s trajectory. As analyzed in
signal-to-noise for these traces is less than that for singleRef. [17], weak excitation by a coherent probe tuned to
probe measurements due to saturation, reflecting a limitaA+ = *g, gives rise to a pseudopotential (for times
tion in principle to the rate at which information can be «~! ~ 4 nsec), with depth-%gop~, wherep. « m(A~)
extracted from this quantum system. is the probability of occupation of the upper (lower)
We next map the frequency response of the atomdressed state. Sindeg,/kz = 7 mK, such light forces

cavity system over a range of detuninﬁ# = 200 MHz can be significant even far ~ 0.5 photons. We thus
(Fig. 4). Clearly evidenced is a double-peaked structur@xpect significant channeling of atomic trajectories into
reminiscent of the “vacuum-Rabi” splitting, with peaks regions of high light intensity and strong coupling for a
near +gy/2m, as was first observed in Ref. [15]. In red-detuned probeA < 0). Conversely, a blue-detuned
contrast to previous work with atomic beams, here atom§robe (A > 0) creates a potential barrier and prevents
are observed one by one with negligible effect froman atom from reaching areas of optimal coupling.
background atoms in the tails of the cavity-mode functionApart from its relevance to the spectrum of Fig. 4, this
[16] (such “spectator” atoms contribute in aggregate aPhenomenon suggests the possibility of trapping single
effective atom numbeN, < 0.04). atoms in the cavity mode with single photons.

At each value ofA, a series of abouf0 trap drops For comparison with theory, the solid curve in Fig. 4
is made, yielding up ta800 single-atom events, from gives T(A) obtained from the steady-state solution of
which the maximum and/or minimum relative transmis-the master equation for a single stationary atom with
sions, shown in Fig. 4, are determined. Note that at sma(7) = go. Because the largest increases in transmission
(large) detunings only decreases (increases) in transmir |A| = go and similarly the deepest downgoing transits
sion are observed [cf. Figs. 3(a),3(c)], whereas for detunfearA = 0 correspond to atoms with maximal coupling
ings 40 MHz = |A|/27 = 60 MHz both increases and go, these data points track the solid curve well. However,

decreases are observed [cf. Fig. 3(b)], hence both a maxior intermediate detunings40 < [A]/27 =< 100 MHz,
mum and a minimum transmission are shown. Again,the maximum observed transmission corresponds to a
the transit signals are normalized to the transmission g$maller value of coupling, g(7) = [A| < go, and so
the empty cavity at each frequency to givéA), with 7z,  these points are not expected to fall on the solid curve.
varying from~0.6 photons near resonance 4ol .4 pho- ~We can, however, determine the maximum expected
tons atA /27 = +200 MHz. transmission at eachA by considering all couplings
One of the most striking features of the data in Fig. 48(F) = go, With the result plotted as the dashed curve in
is the asymmetry of the spectrum between red and bluEig. 4. Agreement between thideal one-atomtheory
probe detunings, both in the magnitude and abundanc@d experiment is evident foA < 0, providing direct
of transits. Indeed, the number of events observegonfirmation of the quoted value fgp.
with 7(A) = 2.5 around A = +g, is 5 times smaller Note that becausg(r) for most atoms never reaches
than for T(A) = 3.3 aroundA = —g,. Residual atom- 8o as they transit the cavity, we record a continuous
cavity detunings are insufficient to explain the observedlistribution of transit sizes at each, from which the

asymmetry (the cavity lock results i@aiom = ®cavity maximum.and minimum yalues af(A) of_ Fig. 4 and
the associated uncertainties are determined as follows.

First note that in the absence of mechanical forces,
a fraction f;(A) ~ 0.1 of all detectabletransit signals
reach couplingd.9gy = g(¥) = go. Further, for data with
A/27 = —120 MHz and A ~ 0 (which have the best
statistics and highest signal-to-noise ratios), as we vary
the fraction f, of the total data included in the set of
optimal events (maxima or minima), botfi and the
sample standard deviation,; are found to be relatively
insensitive to the choice of, for f, < 0.15. We thus
take f = 0.15 to determine the set of transits to be
included in Fig. 4 (and hence to fix, from the associated
Aex (MHz) . distribution). In addition, there is an uncertainty,
arising from the noise of the detected probe beam itself,

FIG. 4. Maximum (O) and minimum [J) normalized trans- \yhjch is estimated by an appropriate scaling of the noise

mission T'(A) versus detuningd measured via single atom u ” : f P
events. The solid curve give&A) for an atom withg(7) = go for “no-atom” data bracketing a given transit signal.

(the vacuum-Rabi spectrum), while the dashed line is the maxiThe quantity o = \/_05 + o is shown in Fig. 4 to
mum transmission for any coupling#) = go. estimate the error il at eachA. For all our data,
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