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Single-atom dynamics revealed by photon correlations
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We have studied a single neutral atom stored in a magneto-optical trap by recording arrival times of
fluorescence photons emitted by the atom. Photon correlations at nanosecondRahlesscillationy at
microsecondgintensity and polarization correlationsand also at millisecond@osition correlationsreveal
the dynamical behavior of the atomic excitation, of the atomic orientation, and of its transport in the trap at
both the optical wavelength scale and the trap i8&€050-294{@8)50109-9

PACS numbd(s): 32.80.Pj, 42.50.Vk, 42.50.Ar

Fluorescence emitted by laser-cooled atoms provideshere() denotes an average over time. In the photon lan-
valuable information for a noninvasive study of the atomicguage g?(r) describes the conditional probability of detect-
dynamics in laser fields. If many atoms are observed, theiing a second photon at time- 7 after a first one is observed
fluorescence can fluctuate due to beating of the Doppleratt [8]. In few-atom experiments fluorescence is usually col-
shifted light from different atoms. This idea was used tolected from a large solid angle. As a result many Fresnel
study atomic transport in a standing laser field on the scale dicoherenck zones are observed and interference effects of
the optical wavelengthl] and for spectral analysis of scat- light fields from different atoms vanish. Thus the photon
tered light from atoms in optical molassgd by analyzing coincidence number fror\l atoms detected in channelis
intensity correlations. Another application of the intensity proportional to[9]
correlation technique is the observation of nonclassical be-
havior in the resonance fluorescence, e.g., photon antibunch- Ng@(7r)+N(N—1), 2
ing [3]. In such experiments intensity fluctuations are caused
by a one-atom effect, by time dependence of the atomic exwith a transparent meaning: the probability of detecting a
citation in the light field(Rabi oscillations The presence of coincidence(two photon$ from one and the same atom is
several atoms or, even worse, fluctuations of the atom nunproportional toN and their eventual correlation is described
ber in the observation region leads to a smearing out of they g(®)(7). Additionally one has occasional coincidences of
correlation signal. This makes a single trapped ion the bestvo uncorrelated photons from two different atoms. The con-
experimental choicg3]. Trapping of individual ions was ac- trast of the signal2) disappears rapidly with increasing atom
complished a long time add], but only recently has it been number ¢<1/N).
for neutral atomg¢5]. Using a standard magneto-optical trap  Fluorescence of the atoms trapped in the MOT was ob-
(MOT) [6], which is loaded from a cesium background va-served with avalanche photodiod¢APDs) in a single-
por, we study fluorescence fluctuations from a single trappeghoton counting mode with a measured photon detection ef-
atom. ficiency of 50%. About 4% of the total fluorescent light is

We will show here that single-atom trapping causescollected by a lens placed inside the vacuum chamber. After
atomic dynamics to manifest itself in fluorescence fluctuapassing through a beam splitter and the imaging optics, the
tions at all relevant time scales. At the shortest time scaléight is focused on the apertures of two cooled APDs with
(nanosecondswe have found intensity correlations in the dark count rates below 15/s. Typical photon count rates
form of Rabi oscillations. The Rabi frequency is a measureR=3-20 kHz per atom are detected, depending on the de-
of the interaction strength of the local electric field and thetuning & of the trapping laser from the atomic resonance
atomic dipole and gives direct access to the internal dynam¢s/T'=—8,...,—1, in terms of the natural linewidth
ics of the atom. At a microsecond time scale additional in-I"=27x5.2 MHz) and on the laser intensitgypically 15,
tensity fluctuations(and also polarization fluctuations ob- per beam in terms of the saturation intensity
served in[1]) become visible. These are induced by atomic|,=1.1 mwi/cn?). At a magnetic-field gradient of 375 G/cm
motion through the standing light fields. At even largerand background pressure o&k@0~ ! Torr it is possible to
times, atomic transport up to macroscofli@p size scales  observe a single trapped atom for as long as ten minutes.
can be studied, provided that photon detection is spatiallyvell-separated discrete steps in the fluorescence signal allow
resolved[7]. Thus a single simple method allows us to ana-ys to monitor the current number of trapped atoms.
lyze both qualitatively and quantatively the details of the we use two techniques to record two-photon correlations.

atom-field interaction in a self-consistent manner. ~ At short time scales below 20s the pulses from both pho-
The intensity correlation function defined classically in todiodes are directed separately to the start and stop inputs of
terms of the fluorescence intensitft) is given by a time-to-amplitude converter and a multichannel analyzer.

This single-stop technique has a high time resolution of bet-
ter than 1 ns and provides the waiting time distribution that is
proportional to the intensity correlation function if the coin-

(HOI(t+7))
@)=z (1)
)z cidence probability within the relevant time span is much

T)=
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157 ) turn depends on the local light fie[d4] and changes on the
v time scale of atomic transport over an optical wavelength

Thus, in addition to correlations of the total intengity, one
expects polarization effecfd], that is, correlatiog’?) mea-
sured between any polarization componeatsand 3 that
should strongly depend on the atomic motion and on the
. light-field topography. If we describe the position-dependent

2 atoms x\ . fluorescence intensity_ of the polarization componenby
SR Kgﬂvﬂhﬁ I(z) and the probability for the atom to be at tirnat z for

Coincidences / min

the initial atom positiore(0) =z, by f(z,z,,t), then the cor-

1 atom . responding autocorrelation function is proportional to
0 ) In order to gain physical insight let us start with a one-
2100 _,'50 0 0 100 dimensional case. A pair of two circularly polarized laser
beams with the same handedndse-calledo* o~ case
counterpropagating alorgproduces a local polarization that

FIG. 1. Two-photon correlation in the resonance fluorescencdS linear everywhere with a direction of polarization that ro-
from N atoms trapped in the MOT at the laser detuning tates a full turn every Wavelength. If we model an atom by a
812ar=—20 MHz. The solid line is a fit with only one fit parameter classical emitter with an induced dipole moment proportional
Q (all count rates were measured independgnifhe measured to the local light field, then the intensity, radiated in thez
dependence of the Rabi frequerf@yon the laser detuningfollows  direction and measured after passing through a polarizing
02=02%+ 8%~ (T'/4)?, Qg being the Rabi frequency at resonance. filter oriented alongx depends on the atom positianin a
Its absolute valu€)g/27=31.1+0.2 MHz agrees within 6% with simple Way|xocsir]2(kz), wherek is the wave number. As-
the one determined from the measured power-broadened width @uming, for example, that the atom undergoes diffusive mo-
the fluorescence as a function of the trapping laser detuning.  tion with the probability distribution function of the form

f(2,29,t) = exfd —(z—2)¥E2(1) V[£(t) V], one obtains

s NN\ st 1] 02031 01D 20 2021220,
5, .

Delay time T (ns)

smaller than 1. At higher count ratder for larger time
scale$ a systematic error is introducgdO], since only the 1 .,
first detected stop photon is used for timing purposes and any D=1+ Ee*" &, )
subsequent stop photons are lost. This problem is eliminated
by recording arrival times of all photons at time scales . ]
>100 ns, which are then correlated by a computer progranfNote that the same resufB) is also valid for the autocorre-
Such a multiple-stop technique does not need any correctioniation ‘2. (7) (i.e., o -component correlatiormeasured in
at longer times, agrees perfectly with the single-stop resultg standing wave produced by two counterpropagating laser
at shorter times, and allows quantitative analysis of the corbeams ~with mutually orthogonal linear polarization
relation signal amplitude. (linLlin). The total intensity is constant in both configura-
The two-photon correlations in the fluorescence oftions (there are no intensity gradieitand thusg®(7)=1
trapped neutral atoms measured separately for different atofiRabi oscillations are neglected
numbers are shown without any corrections in Fig. 1. They We have observed auto and cross correlations with sur-
exhibit photon antibunching and distinctive Rabi oscillations.prisingly large amplitude for circular components, but no
In the experiment the Rabi oscillations are averaged ovegorrelations for linear polarizations; see Fig. 2. Qualitative
atomic trajectories in the MOT, where the three-dimensionafgreement of the model and the experimental data is found
light interference pattern has different polarizations at differ-for the order of magnitude of the time constant. For a Cs
ent places. Despite this complex situation and the compliatom at the Doppler-limit temperatuf@25 uK) it takes a
cated multilevel structure of the cesium atom the Fourietime Nv~2#7301" to pass a distanck. It gives for the
transform ofg(®(7) shows only one significant component. decay time in Eq(3) a value of kv) ~'~1 us. Preliminary
The observation suggests that due to optical pumping #esults indicate that the decay time increases with decreasing
trapped atom spends most of its time in the state that intedaser intensity as one would expect.
acts most strongly with the local field and is forced to be- Replacing the classical emitter by a real cesium atom can
have, to a good approximation, like a two-level system. Theshed light on the vanishing contrast for the case of linear
importance of local optical pumping in the MOT light field polarizations. A steady-state atom with transition
has been discussed previously[inl]. Therefore, we have F=4—F’=5 driven by linear polarizatiofoc* o~ case
analyzed the data with a simple model: a two-level atomemits spontaneouslyr, o, and o~ photons(quantization
driven by near-resonant laser radiation, whose correlatioaxes parallel to the light polarizatipim a proportion 9:4:4.
function for resonance fluorescence is given[12]. This The linear polarization intensity in this case
simple model reproduces the observed oscillations surprid«>4+9 sirf(k2) reduces the contrast in EB) by a factor
ingly well (Fig. 2). of 3.6. Conversely, the™ intensity (quantization axes par-
Moving through the trap the atom visits various spots ofallel to z) in a one-dimensiongllD) lin Llin field as a func-
the light interference pattern with different intensity and po-tion of the atom position remains fully modulated, because
larization[13]. The polarization of resonance fluorescence isthe atom subjected to™ (o) light can emit only the cor-
determined by the magnetic orientation of the atom, which iresponding circular polarization due to optical pumping. In
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FIG. 2. Polarization correlations of a single-atom fluorescence at
8/27=—20 MHz. Solid lines, single-stop measurements corrected FIG. 3. Intensity autocorrelations recorded from the half image
for exponential decay; dots, multiple-stop measurements with ®&f the trap at different laser detunings The integration time was
time resolution of 100 ns. At very short time scales a strong reflecabout 4 min for all measurements. Solid lines are fits according to
tion of the Rabi oscillations described above is again visjiti. Eq. (4). Inset: Position damping time8™ =/« as a function of
Linear polarizations is defined as being parallel to the trap sym- laser detunings. [, our data;A, from Fig. 17 in Ref[20] multi-
metry axisz; p is orthogonal tos. The formal relation 8@ (7) plied by 5.2/375, the ratio of the magnetic field gradients used in
=g (1) +9'® (7) has been tested independently by directly mea-two experiments.
suringg®(7) for the total intensity(ii), yielding good agreement.

o ) not controlled in usual MOT experiments. Expected changes

the linLlin case optical pumping also induces changings inof the temperature and the damping time consfat as a
the total intensity: a Cs atom driven by a linear polarizedfynction of the relative phases can be explored by applying
field scatters to the detector about two times less photonsyr method to light configurations with well-defined and
than in the case of circular polarization. As a result the totaktgple light field topographj19].
scattered intensity is doubly modulated in comparison with  Note that from Eq(3) all correlations disappear after the
circular components explaining the different decay timesatom has passed a lengift) >\ due to the stochastic nature
(approximately a factor of pfor intensity and polarization of the atomic motion on large scales. However, information
correlations; see Fig. 2. . . . ~ on atomic motion at extended scales can be obtained directly

The model can be extended into three dimensions, makingy spatially resolved fluorescence detection, beginning at the
any known field configuration analytically accessible. Butgifraction limit. We have generated a slowly fluctuating
intuitively it is clear that a 3D interference light pattern will fiyorescence signal depending on atomic position in the trap
show less pronounced polarization gradigris] decreasing  py introducing a knife edge into an intermediate trap image.
the contras{17]. Note, however, that the correlations for sjnce the uncertainty in the atom position due to diffraction
circular polarization are much strongeg'®,(0)=2, than  in the imaging system is an order of magnitude smaller than
predicted by Eq(3), even for a fully modulated fluorescence the trap sizg1/e diameter of 4Qum), we assume that regis-
signal. The reason for this deviation can be found in theration of a photon locates the atom in the unobstructed part
effect of optical lattices on atomic transport in the trap. Theof the trap volume. In this case the intensity correlation is
correlation function amplitude for a™ -polarization compo- given by g@(7)=P(7)/P(«), where P(7) describes the
nent is given by g (0)=fdz%(2)f(z,z,%), where conditional probability of seeing the atom at tirte 7 after
f(z,z,o0) describes the probability for an atom to bezatif it has been seen &t 0.
the atom stays longer at places with a certain polarization of The long-range trapping force in the MOT arising from
the laser field, say " and o, it will cause stronger fluc- unbalanced radiation pressure due to the Zeeman detuning in
tuations of the detecteld, (t) signal, increasing the value of the magnetic quadrupole field can be expressed as a damped
g‘fl(O) and simultaneously decreasing the contrast of thdarmonic force[6] with spring constantc and friction pa-
correlations between the linear components. Thus we believ@metera. Random fluctuations of the friction force may be
thatg(fg(O) can be used as a direct measure of the atomi€haracterized by a diffusion constant, leading to a Fokker-
localization in optical potentials, although this interpretationPlanck equation for atomic motion in the trap. Introducing
is still under investigation. For a quantitative analysis of thefor conveniencey=z«/2kgT, a*(t)=1—exp(-2pt), and
polarization correlations in the case of a standard 3D MOT 8= «/«, we have for the probability distributiof(y,y,,t)
is desirable not only to have a more sophisticated theoreticat[ a(t) Jr]7 exd —(y—Yoe #Y)%a(t)]. The temperaturd
model but also to experimentally control the phase relationdas the meaning of an average kinetic energy of the trapped
between the six trapping laser beams. The light field topogatom. For the symmetrical case of a half obstructed trap the
raphy strongly depends on these time phd4é$ which are  correlation function can be given analytically,
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2 arccos[1+exp—B7)]/2 The problem of spatial diffusion of atoms in optical lat-
g?(r)=1+ p (1H(S)I(1))? ' (4)  tices remains one of the difficult points in an understanding

of laser coolind21]. Correlation techniques provide in prin-

where we included the reduction of contrast by the averag€ipal complete information on the atomic motion encoded in
stray-light intensity S). We have also checked that sphericalthe photon statistics, and spatially resolved photon detection
aberrations that are present in our imaging system and fullows us to combine high temporal and spatial resolution.
ther reduce the contrast do not change the form of the corfhe advantage of single-atom observation has been recently
relation function. demonstrated also ii22], where indications for Ley walks

The positional correlations measured at different laser dewere found by tracing the position of a single ion in a one-
tunings are shown in Fig. 3. From a fit according to B4,  dimensional optical lattice. We have shown here that single

position damping timegs~* are found in good agreement neutral atoms can be probed as sensitively as trapped single
with the data of Refl20] (see inset in Fig. B In that experi-  jons.

ment 8~ was measured by monitoring the motion of the

trap center after having introduced a small displacement us- This work was funded by the Deutsche Forschungsge-
ing an additional magnetic field. In contrast to our noninva-meinschaft. H. Schadwinkel, H. Leinen, K. 8mer, A.
sive method, restrictions on experimental parameters werBauschenbeutel, and K. D. Krause have contributed in the
necessary to ensure that the situation did not deviate signifearly stages of the experiment, and we have profited from

cantly from the steady-state dynamics. discussions with G. Nienhuis on theoretical aspects.
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