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A single trapped atom:
Light-matter interaction at the microscopic level
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Abstract. For a single trapped atom the fluctuations of resonance fluorescence reveal
its dynamic evolution at all relevant time scales. We review experimental results, extend
interpretations and express expectations for future systems with fully controlled quantum
properties.
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“Atome kdnnen wir nirgends wahrnehmen, sie sind wie alle Substanzen Gedankendinge”
(Atoms themselves cannot be perceived anywhere, like all substances they are abstractions.)
Ernst Mach 1912

1 General

More than a century has elapsed since C.R.T. Wilson reported in 1897 [1] the first
observation of traces of energetic charged particles in cloud chambers. Nevertheless
single microscopic particles were considered of fictitious character long into the 20th
century [2]. This notion was, however, changed when it became possible about two
decades ago [3] to store and observe isolated Barium ions in an electromagnetic trap.
Since then countless experiments have been carried out taking so called “Gedanken
experiments” of quantum mechanics from conceptual ideas to experimental realization.
In such experiments the resonance fluorescence of the trapped particles has served as
an efficient detection method, and hence radiative interactions of ions and coherent
light fields have been at the heart of such investigations. Since the advent of laser
cooling [4] also neutral atoms can be trapped and observed in single quantities for
long times [5-10] in analogy with ion traps. Experiments with individual (“single”)
neutral atoms are at the center of the present manuscript.

2 Experimenting with isolated neutral atoms

Experimental simplicity and robustness have made the magneto-optical trap [11] (MOT)
(Fig. 1) the most widely used trap for neutral atoms and a universal source of cold
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Fig. 1 FExperimental setup for the observation of single atoms in a magneto-optical trap
(MOT). Camera picture shows spatial distribution of fluorescence of 6 Cesium atoms (reso-
nance wavelength 852 nm). Photon arrival times are recorded in two channels.

atoms for experiments in many areas of physics. Atoms are stored at kinetic energies
of order Doppler temperature Tp = 125 uK or below. The observation of individual
atoms in this device is facilitated by strong magnetic-field gradients [7] causing a strong
localization of the atoms below 10 ym. For ultrahigh vacuum conditions storage times
up to 10 minutes have been obtained, and the apparatus could be used for days at
stable conditions.

Trapping as well as probe laser light is derived from stabilized diode lasers at 852
nm. For detection the resonance fluorescence from the trapped atoms is collected by
a lens (0.5% solid angle), spatially filtered and imaged with a 50:50 beam splitter
onto two 200 pum diameter avalanche photodiodes (APD). All photon arrival times are
registered with resolution 50 ns. Thus all experiments can be analyzed a posteriori
on a computer and at all time scales. We have obtained count rates up to 30 kHz per
atom allowing shot noise limited detection. A step in the fluorescence count rate is
associated with the arrival and departure of atoms (Fig. 2), and secure detection of
the present number of atoms (up to 20) in the trap is possible in less than 10 ms.

3 Photon correlations and atomic dynamics

For many atoms the intensity of resonance fluorescence is associated with an average

excitation of the atom. Fluctuations of the fluorescence intensity carry information

on atomic variables such as excitation or magnetic orientation and reflect distortions

from atomic equilibrium. Fluorescence quantum noise can be analyzed by means of the

normalized intensity correlation function g( /)3( ) of electromagnetic fields «, 5 [12,13].

For classical fields with a time dependent intensity I, (t) it is calculated from
a(®)Ig(t+ 7)) (na(®ng(t+7) )
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Fig. 2 Time chart clip of atomic resonance fluorescence. Well resolved equidistant fluores-
cence levels correpond to integer numbers of atoms. Right: Distribution of count rates shows
shot noise limited detection, here for an average of 5 atoms.

In quantum physics intensities are replaced by photon number operators 7, (t) where
: denotes normal ordering. In classical physics the autocorrelation function (o = )
reduces to the variance of the field for 7 =0 and hence must obey ¢®)(r = 0) > 1.
Quantum properties of the electromagnetic field are signaled by ¢(*)(0)<1.

In an intuitive interpretation of second order photon correlations [13] it is said that
the first observed photon prepares (“projects”) the observed system onto a certain
quantum (or also classical) state while the probablity to observe a second photon
carries information about the relaxation dynamics. This interpretation is close to
another method of analyzing microscopic dynamics subject to quantum fluctuations
offered by the Monte Carlo wavefunction method [14]. In this numerical method the
projection of the system under observation is explicitly accounted for by stochastic
collapse of the corresponding wavefunction.

In summary, continuous observation of fluctuations in resonance fluorescence at
constant experimental conditions allows to derive information about all atomic degrees
of freedom leaving a signature on radiative properties. As an introduction we elucidate
the well known phenomenon of photon antibunching for a single atom trapped in a
MOT and subsequently extend this method to other atomic variables.

3.1 Nanosecond quantum fluctuations: Antibunching with trapped neutral atoms

Resonance fluorescence has been a celebrated manifestation of nonclassical properties
of light due to the observation of the so called phenomenon of photon antibunching with
g?(0) = 0: Detection of a photon prepares the radiating atom in its ground state, and
subsequent emission of a second photon is delayed until the atom is reexcited. Initial
experiments were carried out with very dilute beams of atoms [15,16], and more precise
investigations became possible when ion traps were employed to achieve long-term
confinement of a single atomic particle [17]. Antibunching is also present for an atom
stored in a MOT driven by trapping laser light, as detailed in Fig. 3. A simple two-
level model (solid lines) shows surprisingly good agreement with the experimental data
even though up to 27 transitions may contribute with different coupling strengths. The
enhanced probability at the first maximum can be attributed to the fact that the atom-
light coupling undergoes variations due to motion in the trapping laser interference
field as well as due to modifications of the magnetic sublevels.
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Fig. 3 Left: Two photon correlation in the resonance fluorescence of 1, 2, and 3 Cesium
atoms trapped in a MOT. The symmetric appearance of the signal is due to the fact that the
“first” photon selects its channel at random. For 1 atom random events contribute 50% of
the signal. The contrast is clearly reduced with increasing number of trapped atoms. Right:
Numerical simulation of Rabi oscillations by the quantum Monte Carlo method for a single
atom, adapted from [4]. The analytic result is shaded.

The right side of Fig. 3 shows a Monte Carlo simulation of coherent atomic evo-
lution disturbed by random spontaneous emission. Averaging over many trajectories
reproduces the density matrix calculation (shaded).

3.2 Microseconds: Bistable polarization of an atom

Another interesting example of resolved quantum fluctuations can be found at mi-
crosecond time scale if the polarized fluorescence of a single atom is detected. The
main theoretical assumption so far has been an ideal atom with only two energy lev-
els, and it was surprisingly successful for the interpretation of nanoscale fluctuations.
However, already for the MOT itself optical pumping between sublevels of a real atom
is very important. An interplay between the complicated interference pattern of a
laser field and multi-level atoms gives rise to many fascinating and subtle effects in
laser cooling of neutral atoms such as sub-Doppler cooling and optical lattices [4].

In one dimension two counter propagating circularly polarized laser beams with
the same handedness (7o~ configuration) produce a light field with linear polariza-
tion everywhere. A threedimensional analogue is obtained for a variant of the MOT
with a special configuration of light fields with full phase control [21-23]. The 1d-
configuration is nevertheless a reasonable model for 3d since an atom diffusing through
this field is essentially subject to a linear polarization which changes direction by a



V. Gomer et al., Single atoms 13

full turn every wavelength and in every direction.

It is intuitively clear that a linearly driven classical emitter will continue to radi-
ate with identical linear polarization until its direction is changed as a consequence
of motion through the light field. It is straightforward to show [10] that for diffusive
motion in a potential-free space strong correlations exist between vertical and hori-
zontal linear components of the radiation field, g&?) (r) = g,(fh) (1) = 1+ e F°€M /2
and gﬁ) (r)=2- g&?) (7). [€(t) describes the temporal spread of the atomic positional
probability.] In contrast, left- and righthanded circular components do not show any
correlations in this model, gé?)(ﬂ = géf)(T) = 1. Thus the classical model predicts
strong correlations between orthogonal linear polarization components and no correla-

tions between circular components in striking contradiction with experimental results
(Fig. 4):
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Fig. 4 Measured photon correlations from a single atom in the linear polarized MOT field.
Left: Correlation function gﬁ) (1) for orthogonal linear polarization components. Right:
Correlation function gﬁ) (7) for orthogonal circular polarization components. Solid line: ex-

ponential fit.

Within our experimental uncertainties correlations are completely absent for linear
polarization components of the fluorescence. The circular correlation contrast reaches
values up to 62% indicating strong fluctuations of the atomic orientation.

Figure 5 shows a Monte-Carlo simulation of quantum trajectories for the mp Zee-
man sublevels of the ground state F' = 4 of Cs subject to linear polarization. The
atom changes its quantum number due to absorption and emission of light and emits
photons of all polarizations. As expected the averaged population distribution over
all Zeeman sublevels is symmetric and does not show any orientation ((mpg) = 0). For
the dominant mp-levels photons with horizontal and vertical polarization are emitted
with nearly equal probability and hence correlations are suppressed.

A most interesting situation arises for correlations measured between circular po-
larization components. The quantization axes in this case is parallel to the direction of
propagation and the local light field consists of equal parts of both orthogonal circular
polarizations only. The corresponding mp population distribution is obtained from
the preceding case by rotation of the density matrix by 90°. Again the mp distribution
is symmetric around mpr = 0: In a linearly polarized field magnetic orientation of an
atomic ensemble vanishes.
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Fig. 5 Left: Evolution of the Zeeman sublevel population in a Cs atom (F = 4) driven by
linearly polarized light and with linearly polarized detection. All five trajectories start in the
mr = 0 state. Averaged population distribution to the right. Right: The same, but for the
case of circularly polarized detection.

For an individual atom, however, this symmetry can be spontaneously broken by
emission of a single circularly polarized photon. It projects the atom into its ground
state, breaks the symmetry of the Zeeman substate population [18], and creates an
imbalance in the interaction strengths with both circular polarization components.
The next absorption will preferentially further enhance the asymmetry. The imbalance
in the interaction strengths rapidly grows with mp leading to fast pumping into one of
the outmost Zeeman states mp = +F. The ratio of the interaction strengths in these
stretched states reaches the value (2F + 1)(F + 1) making them very stable for large
F'. Hence the atom in this oriented state prefers to radiate into the same polarization
state as the first detected photon, resulting in anticoincidences in the cross correlation
for orthogonal circular polarizations.

In the simulation in Fig. 5 we have artificially decoupled atomic internal and ex-
ternal degrees of freedom. While radiation pressure forces are balanced for an aligned
atom with (mp)=0, they are unbalanced for an oriented atom since the local linearly
polarized light field is created by counterpropagating laser beams with orthogonal cir-
cular polarizations. The imbalance in the light forces created by atomic orientation
thus causes acceleration, or heating which is again damped by the usual laser friction
forces [19]. Thus for our experiment we must acknowledge that the observation of a
circularly polarized photon not only redefines atomic orientation but also its mechani-
cal status: Internal and external atomic degrees of freedom are inextricably entangled.
In a more detailed investigation we have measured that the correlation relaxation rate
is indeed proportional to the average atomic velocity [23]. This indicates that relax-
ation of the bistable atomic magnetization is caused by atomic motion through the
light field.

3.3 Milliseconds: Trap motion of an atom

All correlations due to internal atomic dynamics have seized at the ms time scale. An-
other fluctuation can be generated through spatial resolution of resonance fluorescence.
Since our experimental resolution is insufficient to fully resolve atomic trajectories at
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the pum level we have split the intermediate image into two equal parts (left and right
in Fig. 6) which were directed onto the two photon detectors. The result with strong
correlations is also shown.
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Fig. 6 Two photon correlation caused by diffusive atomic motion in the trap. Left: Interme-
diate trap image is divided into two “states” which are directed to separate photon counters.
Right: Correlation measurement. The relaxation time increases with laser detuning indicat-
ing decreasing atomic velocity.

We suggest an interpretation along the lines used before: Registration of a first
photon projects the atom into one of the two halves of the trap volume, in close
analogy to the atomic two level quantum system, but now for a classical probability
distribution function. Fluorescence bursts are started and stopped through arrival and
departure of an atom in the corresponding trap volume. On average one half of the
fluorescence should originate in each of the halves, and we expect ¢(*)(0) > 1.

A detailed analysis [10] shows that the shape of the correlation function can be
understood from a Fokker-Planck equation describing diffusion in the trap. Evaluation
of the positional damping time as a function of trap parameters such as laser detuning
shows very good agreement with temperature measurements carried out with many
atoms. Again the single atom resonance fluorescence method allows to derive this
information in a non-invasive manner from “natural” disturbances of the system.

3.4 Seconds and minutes: Cold collisions

Changes of the atom number in our trap represent the slowest dynamical rate in the
system. In Fig. 7 we show isolated loading and loss events where two-atom losses
due to inelastic two-body collisions can be unambiguously identified. At first sight it
may indeed seem to be surprising that two or three atoms only stored in a volume
of (10um)? collide so frequently. The reason for that is the presence of near-resonant
laser light.

It is well known that interaction of two neutral atoms at large separations varies
as the inverse sixth power of the interatomic distance, o< 1/R®, corresponding to
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Fig. 7 Left: Clip from typical MOT fluorescence signal. Five isolated cold collisions (two-
atom losses) are shown (arrows). Right: Collisional loss rates as a function of initial atom
number. 1l-atom loss rate shows unexpected quadratic behaviour.

the potential of the familiar van der Waals forces [24]. However, in a MOT a sig-
nificant fraction of atoms is excited, and the resonance dipole-dipole force propor-
tional to 1/R? arises [25]. The van der Waals forces with dipole-dipole interaction
H' = e? /Ameq(x1m0 + y1y2 — 22122)/R3 + . .. are textbook examples of pure quantum
interactions, and they can be used to derive quasimolecular potentials (Fig. 8) which
dominate the processes governing cold collisions. The typical strengths of the interac-
tion can be estimated from the square of the dipole moment d which is associated with
dipole transition S « P with corresponding natural linewidth I' = 2w3d?/(3eghc?).
The longest range potential in the problem of collisions between laser-cooled atoms is
clearly the R™3 potential for S+ P states given by U = £Al [R/()\/2m)]” %, and it is of
the order of Doppler temperature near the characteristic distance A/27(a 136 nm for
Cs atoms). In this long-range region the ground-state curves connected to the S + S
asymptote are essentially flat. A laser detuned by A from resonance excites atom pairs
to an attractive (for red detuning, A < 0) or repulsive (for A > 0) quasimolecular
state, preferentially at the Condon distance R, given by R = C5/h|A|.

Three main exoergic collisional processes in MOT’s [26] can be identified (Fig. 8):
Fine-structure-changing collisions (FCC) are represented by A+A+hw — A5(Ps/2) —
A*(Pyj2)+A+AErcc with energy AEpcc/2 transferred to each atom. For radiative
escape (RE), a photon red-shifted from resonance is spontaneously emitted during the
collision. The process is described by A+ A+hw — A5 — A+ A+hw' with energy
l(w—w')/2 transferred to each atom. Exoergic hyperfine-changing collisions (HCC)
on the molecular ground-state also lead to losses if the trap is sufficiently shallow.

Cold collisison experiments are usually associated with high atomic densities and
as a consequence large numbers of trapped atoms. The main method of observing
collisions has been to abruptly change experimental parameters (usually switching off
or on an atomic beam loading the trap) and to watch the trap population decay or in-
crease [26]. The observation of cold collisions with very few atoms provides unambigu-
ous identifcation of collisional events including additional information. For example,
we have found that a substantial fraction (up to 10 %) of cold collisional events result
in the loss of one atom only [28]. This surprising and unresolved effect is principally
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Fig. 8 Schematic overview of collisional processes in a MOT (here for Cs atoms as example).
Shown are interaction energies between two atoms in different states as a function of the
internuclear distance R. Characteristic distances of resonant excitation by both MOT lasers
are determined by the corresponding laser detunings: A & 1—4T" or ~ +2000T" for cooling or
repumping laser, respectively. Two possible light-induced exoergic collisional processes, FCC
and RE are shown (see text). At very short distances a change of the ground state hyperfine
structure can occur.

unobservable in experiments on many atoms. We have also observed a strong optical
suppression of ground-state hyperfine-changing collisions in the trap by its repump
laser field. The method can also remove potential ambiguities in experiments where
an extra probe laser is introduced [27] in order to ’catalyse’ different collisional loss
channels. Such laser fields can strongly affect the performance of the trap [29], and
it is in general difficult to clearly discriminate between changed excitation conditions
and changes in the atom number, both modifying the total fluorescence signal. It is
also easy to generalize the method for studies of heteronuclear collisions [30] where
fluorescence from different species can easily be spectrally distinguished. One can
furthermore speculate about the possibility to observe the formation of an individual
molecule starting from two atoms.

4 Conclusion: Controlling the dynamics of individual neutral atoms

A single atom can be studied sensitively and at all time scales in a MOT. Quantum co-
herence is strongly inhibited by spontaneous emission in this trap, however. We have
thus employed far off resonance optical dipole traps for single atoms and observed
both long storage times as well as slow relaxation of quantum state population [31].
State-selective detection at the level of a single atom and deterministic preparation of
a number of atoms on demand have been demonstrated. For example it is conceiv-
able to improve recent single atom cavity QED experiments [32,33] by introducing a
desired number of atoms by means of the “optical tweezer” derived from the dipole
trap. Together with recently demonstrated non-classical motional states of atoms [34]
this system may ultimately offer an alternative for rivaling stored ion-systems.
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