608 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 48, NO. 2, APRIL 1999

Quantum Manipulation and Measurement
of Single Atoms in Optical Cavity QED

Jun Ye, Christina J. Hood, Theresa Lynn, Hideo Mabuchi, David W. Vernooy, and H. Jeff Kimble

Abstract—Using laser-cooled atoms strongly coupled to a high motion (external degree-of-freedom) of the atom through the
finesse optical cavity, we have performed real-time continuous spatially-varying cavity eigenmode. The use of laser-cooled
measurements of single atomic trajectories in terms of the in- atoms in cavity QED [3] affects a dramatic separation of

teraction energy (E:n:) with the cavity. Individual transit events . - .
reveal a shot-noise limited measurement (fractional) sensitivity dynamical time scales, witgo > &, y. > 1/T. The rate

of 4 x 1074/\/Hz to variations in Ein:/h within a bandwidth ~ Of coherent coupling between the atom and cavify/,
of 1-300 kHz. The strong coupling of atom and cavity leads to Sets the maximum information bandwidth of the intracavity

a maximum interaction energy greater than the kinetic energy activity. The optical information per atomic transit is therefore

excration. Evidence of mechanical light forces for imracauiy 0./ > 1. eliminating the need to base measurements on
: 9 Y averages over an ensemble of atom transits.

photon number <1 has been observed. The quantum character ; . .
of the nonlinear optical response of the atom-cavity system is I this paper, we describe two experiments that explore
manifested for the trajectory of a single atom. phenomena uniquely accessible in this regime of true strong

Index Terms—Atomic physics, cavity QED, cooling and trap- coupling. In the first part we investigate thg real-time contin-
ping, measurement, quantum measurement, real-time observa- UOUS quantum measurement of the interaction energy between
tion, strong coupling. the atom and cavity during individual transit events [4]. Within

a broader context, we are actively exploring the issue of
. INTRODUCTION how the dynamical behavior of a continuously-observed open
PTICAL cavity quantum electrodynamics (QED) in theuantum system is conditioned [5], [6] upon the measurement
Ostrong coupling regime [1] plays a significant role irfécord, which in our case is the broadband photocurrent
exploring manifestly quantum dynamics where coherent, regsulting from cavity leakage photons. In the second part we
versible system evolution dominates over dissipative prétudy the mechanical force on single atoms brought by single
cesses. The large coherent-interaction rate generates a unigti@cavity photons via the strong coupling [7]. Laser cooled
capability of monitoring quantum processes in real tim@toms have sufficiently low kinetic energies that a single
which in turn should lead eventually to the investigation gjuantum (excitation of the composite atom-cavity system) is
the strong conditioning of system evolution on measuremefile to affect profoundly the atomic CM motion.
results and the realization of quantum feedback control [2].
Another important feature associated with strong coupling s CONTINUOUS MEASUREMENT OFSINGLE-ATOM DYNAMICS

that system dynamics are readily influenced by single quantaThe cavity we used in this experiment was formed with
Thus single-atom and single-photon cavity QED providago mirrors of 1-m radius of curvature. The mean cavity
an ideal stage where the dynamical processes of individyghgth was 108:m and its finesse was measure@17 000
quantum systems can be isolated and manipulated. Sgghthe Cesium (Cs) D2 wavelength (852 nm). The cavity
coherently controlled processes are essential to advancegi&fay rate (HWHM)rx/2r ~ 3.2 MHz while the dipole
quantum information technologies. decay ratey, /2r = 2.6 MHz for the Cs 6R), level. The
The dipole coupling ratg, between a two-level atom andatom-field coupling coefficieny varies spatially, depending

a small, high-finesse cavity sets the rate of energy exchangethe position of the atom with respect to the standing-wave
between the two constituents. This internal evolution of thguycture of the intracavity field. The optimum valyg/ 2
composite system is accompanied by two dissipation channglgs ~.11 MHz for o transitions (652 (F = 4, mp = +4)
namely the cavity decay rate and the free-space atomic_, 6Ps/5 (F = 5, mp = £5)] and~6 MHz for # transitions
decay ;. However, x can also be regarded as providin%sl/2 (F =4, m = 0) — 6Py, (F =5, m = 0)]. Cold

a quantum channel through which the information of thgs atoms were provided from a standard magnetooptic trap
open quantum system can be extracted, processed, and({@éT), which was located 7 mm above the cavity. The trap
back with high efficiency. The other relevant time scale, thgas typically loaded for about 0.5 s before dropping atoms
interaction timeT’, is associated with the center-of-mass (CMyy quickly turning off the trapping beams and the magnetic
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No spin polarization was performed on atoms to prepare fproduce an orthogonal pair of QA signals at baseband. The QA
a specific Zeeman sublevel. signals were filtered and digitized with a 12-bit resolution at

In hopes of eventually reaching the standard quantum linsitsampling rate of 10 MHz/channel. Fluctuations of optical
for monitoring the position of a free mass as well as observiqpases caused by vibrational disturbances along the beam
guantum measurement backaction, we were obliged to ysepagation line were limited to frequencies belevt kHz
a probe field detuned from the atomic resonance [8], [9nd the recorded signal bandwidth typically extended from 1
The experimental protocol then involved determination @b 300 kHz. Fortunately, this covered the dominant rates of
both the phase and amplitude of the cavity-output field witkariation in F;,,, as the mean duration of individual transit
shot-noise-limited accuracy at a reasonable bandwidth. Thesents was 25Q:s.
guadrature amplitude (QA) signals provide a direct record of Fig. 1 shows the first measurement of the real-time evolu-
the complete time-evolution of the interaction energ@y,¢ = tion of the complex field amplitude brought by single atom
hg) between the atom and cavity. In this dispersive regimmotion. Dynamical variations in both QA’s (at 300 kHz
we minimize not only the random heating generated by obandwidth) are displayed versus time during transit events.
resonance probing of the atomic motion [10] but also thRetuningsA (atomic resonance-probe frequency) and probe
information loss through the atomic decay to free space. WWewers (intracavity photon number m with no atoms in cavity)
thus need a probe field void of any frequency noise whikre indicated on the figure. Note we have displaced the
still arbitrarily tunable with respect to the atomic resonancamplitude quadrature signals (upper traces}d90 to prevent
The cavity resonance is then locked tightly on the prolmverlapping between the two traces. Although at times the tran-
frequency to maintain a stable empty-cavity field and tsit signals seem to show internal structures, we still have yet to
avoid technical noise in the intrinsically frequency (phasejlevise a clean way of distinguishing between variations caused
discriminating cavity transmission. by atomic motion through the spatial structure (both longitu-

The probe beam was provided by a Ti:Sapphire lasdimal and transverse) and/or optical pumping among atomic
with its fast linewidth narrowed by a prestabilizing referencimternal (Zeeman) states. The transition to the dispersive
resonator, which was in turn locked on the Cs resonance. Tiheasurement regime is evidenced by the significant phase shift
probe field was one of the Ti: Sapphire sidebands generatddhe probe field and the fact that signals primarily reside in
by an in-line electro-optic modulator (EOM) for tuning of thehe phase quadrature at large detunings. The full-signal (com-
probe frequency. The probe field was too weak to establibming both QA’s) to rms-noise ratio (SNR) is estimated at 4.5
a direct frequency lock to the cavity. On resonance, tte 300 kHz bandwidth, implying a relative sensitivity ©ff x
saturation intracavity photon number for the QED cavity i$0~*/y/Hz. This SNR lies only a factor 0#2.7 above the
mo = 71 /295 ~ 0.1, which sets a cavity throughput offundamental quantum noise level, which is estimated based on
4rkmg ~ 1 pW. Tuning off resonance would allow thean ideal 100% quantum efficiency. Assuming that the largest
probe power to be proportionally larger, however, it wouldignals correspond to atoms reaching the maximal coupling
still be extremely difficult to obtain a high-quality error signaktrength ofgy /27 = 11 MHz, this sets our broadband sensi-
for cavity locking. We thus used an auxiliary diode laser tbvity to time-variations in&;,,, to be~4.5 kHz/+/Hz. Consid-
stabilize the cavity length on a different longitudinal modering the standing-wave structure of the cavity eigenmode, our
than the probe. The diode laser was detuned 16 nm dfita should in principle display a position sensitivity of &5
the Cs resonance and its power 40 nW through the 10~!° m/v/Hz to atomic displacements along the cavity axis.
cavity incurred an ac Stark shift of only60 kHz for the The atomic-transit signals can also be displayed in paramet-
Cs resonance. The diode laser itself was stabilized by the plots of amplitude versus phase to examine the correlation
same reference resonator shared with the Ti: Sapphire laseduced between these two quantities by the atom-cavity
Frequency detuning between the diode laser and the QREiDeraction. This type of parametric plot is dictated by the
cavity was again furnished by a second EOM. (The cavitgteraction Hamiltonian for the atom and cavity mode. With
was locked on an RF sideband of the diode laser.) While tHized values of power (m) and detuning), the only varying
setup allowed us to have variable detunings among the atongiarameter in the plot is the atom-cavity couplindgn the range
cavity, and probe frequencies, in the experiment we kepto& [0, go]. It is no longer relevant which underlying process
zero-detuning between the cavity and probe. (internal or external) controls the change @f From this

We used a balanced-heterodyne setup in order to achig@ezspective the comparison between theory and experiment
high-efficiency, zero-background photodetection~ef pW is thus simplified. Fig. 2(a) shows three transit phasors taken
level of cavity transmission. The mode-cleaned and intensitgt different probe detunings, and illustrates transition from
stabilized local oscillator was derived from the same lasabsorptive to dispersive regime. The data in each subplot (in
used for the probe beam with an appropriate frequency offsidts, from two individual transit events) overlay theoretical
to avoid electronic noise pickup. The overall heterodynaredictions based on quantum and semiclassical theories. The
efficiency (0.32) was carefully measured in order to depoint of no interactiond = 0) is marked by a triangle. The
duce the intracavity photon number and make quantitative= go endpoint is marked by a circle (0) for quantum theory
comparisons with simulations. The difference photocurreahd by a cross X) for semiclassical theory [12]. Fig. 2(b)
from the balanced heterodyne detectors wassflit to two illustrates the differences between the two theories regarding
identical copies, which were mixed with the in-phase aritie nonlinear optical response of the atom-cavity system. The
guadrature components of an additional RF local oscillator two transit phasors are shown for a fixed detuning but different
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Fig. 1. Individual atom-transit signals recorded with a 300 kHz bandwidth, with the atom-probe detunimjprobe powetm> (intracavity photon number
in absence of atoms). Upper (lower) traces represent the amplitude (phase) quadrature signals. Upper traces are displaced by ap4@0dicockrity.

probe powers. The data clearly support the quantum theory A _ oMy A = 10MHz A = 50 MHz
which shows a discrepancy from the semiclassical theory. ,, _ 3 4 m— 28 m=9

We stress that our experiments allow exploration of nonlinear
quantum dynamics at single quantum realizations, instead of
from ensemble averages [11], [12].

Ill. PHOTON-COVALENT BINDING OF ATOM AND CAVITY

In the second experiment, a very small cavity of length 10.1
»#m and finesse 180000 provided us with the largest coupling
go in a cavity QED system to date. The relevant rates were
(90, K, v1, T7Y)/2r = (120, 40, 2.6, 0.002) MHz. These

rates correspond to critical photon and atom numigers = (@)
¥3/2¢3; No = 2kv1/g3) = (2.3 x 107%; 0.015) [1]. Cs
atoms cooled te-20 ;K were again dropped down through the B A =10 MHz

cavity. Here the frequency detuning between the atomic and
empty-cavity resonances remained zetQdyn = Vcavity =
vg). The cavity length was stabilized by a chopped auxiliary
beam tuned on Cs resonance. A freely-tunable probe beam was
used to explore the eigenspectrum of the atom-cavity system in
cavity transmission, again with balanced heterodyne detection.
As an atom falls into the cavity, the increasiBg,; = fig(7)
causes the otherwise coincident atomic and cavity resonances
to split into two “vacuum-Rabi” normal modes, located at
vo £ g(7)/2m, corresponding to two dressed states of the (b)
atom_ca\{lty SySt_em' We can now watch this mOde'Sp“tt'r\gg. 2. (a) Dependence of transit phasor shapes on detuning. Each subplot
process in real time. For the few atoms that actually reachst@ws an overlay of two transit data (dots), master equation-based quantum
region of optimal coupling as they fall through the cavity, thiheory (solid curve ending in circle), and semiclassical theory (solid curve
vacuum-Rabi sidebands should be swept outward (from (HE" 1 1) () Neninear esponse of the vanst ghasor, il a et
cavity resonance) in frequency to a maximumdedo /27 = intracavity photon number in each case.
+120 MHz. Therefore, for the probe beam with a fixed
frequency detuning af\ = vg — vprone = £120 MHz, the shows the largest attenuation. For atoms that do not achieve
cavity transmission will show the largest increase. Similarlpptimal coupling, we should expect the maximum increase of
for the probe beam ofA = 0, the cavity transmission cavity transmission to occur at some intermediate detunings
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Fig. 3. Simultaneous recording of two normalized probe transmissions through the atom-cavity system. UppeX tradg, lower trace,A = 120
MHz. Bandwidth is 100 kHz.
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Fig. 4. Strong-coupling induced mechanical effects on atoms. In (b), a probe beam-ag, is triggeredon by the entrance of an atom into the cavity.
The atomic transit time is extended 4300 us, compared with the 100s normal duration in the absence of the trapping beam, as in (a).

between 40 MHz and 100 MHz. Fig. 3 shows an example of Carrying out repeatedly the transmission measurement, the
real-time changes in transmission of the atom-cavity systespectrum of the atom-cavity system can be mapped out with a
produced by an individual atom transit. The transmission &fequency sweep on a single probe. While the double-peaked
two probe beams are simultaneously recorded. In the plot tteucture of the vacuum-Rabi splitting is clear, with peaks
transmissions are normalized against the empty-cavity valuesar +go/2w, it is equally clear that the spectrum showed
For the probe near resonancA (= 20 MHz), the cavity some asymmetry between red and blue probe detunings (see
transmission decreases as an atom falls through the cavity [At Fig. 4]). Since the red (blue) Rabi-sideband corresponds
the same time, the cavity transmission increases as the lowerthe lower (upper) dressed state, the associated attractive
Rabi sideband for the second probe tunedMe= 100 MHz. (repulsive) mechanical light force is expected to affect an
We also note that the signal contrasts for two probes are lovagom’s CM motion. Indeed, weak excitation by a coherent
than for single-probe measurements due to system saturatiprobe tuned taAL ~ +¢, gives rise to a pseudopotential (for
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