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Abstract

We describe the operation of a very small optical dipole trap that is designed to
store and manipulate individual atoms. Due to the very small dipole trap volume,
a “collisional blockade” mechanism locks the average number of trapped atoms on
the value 0.5 over a large range of loading rates. We demonstrate experimentally
the existence of this regime, and we describe also the “weak loading” and “strong
loading” regimes outside the blockade range. In addition, we describe methods to
measure the oscillation frequencies of a single atom in the trap with a high accuracy,
and a “release and recapture” method designed for temperature measurements at the
single atom level. The measured “single atom temperature” is 35 pK, that is in the
sub-Doppler regime. Finally, by exploiting the extremely high density observed in the
strong loading regime, we present preliminary results for evaporative cooling, where
typically 30 atoms at 200 K are forced to evaporate into about 10 atoms at 15 uK.

1 Introduction

There is currently a strong interest for the manipulation of individual neutral atoms
in microscopic optical dipole traps [1, 3, 4, 5, 6]. Besides their fundamental interest,
the manipulations of individual quantum objects may open the way to controlled
engineering of the quantum state of small sets of trapped particles, in order to encode
and process information at the quantum level [7, 8, 9, 10]. We have demonstrated
recently that it is possible to load and detect individual atoms in an optical dipole
trap with a sub-micrometer size [1, 2]. The dipole trap is initially loaded from a
very low density magneto-optical trap (MOT), that cools the atoms and allows us to
detect them easily from the induced fluorescence. Due to the extremely small trapping
volume, only one atom can be loaded at a time, resulting in strongly sub-poissonnian
statistics of the number N of atoms in the trap: one has either zero or one atom in
the trap, with equal probabilities.

The “collisional blockade” mechanism [2] that creates this effect is due to an original
combination of the well-studied behaviour of dipole traps in the presence of MOT
light [11], and of new features that are specifically due to the very small volume of our
trap. We will present a simple theoretical analysis, that allows us to identify three
operating regimes (“weak loading”, “blockade”, and “strong loading”), as a function
of the number of atoms that enter the dipole trap area. We will show that the novel
“blockade” regime appears only if the trap is small enough. Then we will present
experimental evidence for the observation of these three regimes in our dipole trap,
that is characterized by a beam waist wo < 1 pm.



2 Experiment

The experimental set-up displayed on fig. 1 (see also [1, 2]) consists of a strongly
focused dipole trap loaded from a magneto-optical trap (MOT). The MOT is loaded
from an atomic beam, slowed down by chirped cooling using the usual “slower” and
“repumper” laser diodes. The MOT density, that is proportional to the loading rate
of the dipole trap, can be changed over many orders of magnitude. The highest
values (about 10'® cm™®) are obtained with standard parameters, while the lowest
ones (about 10° cm™?) are obtained by turning off the slowing beams and the MOT
magnetic field, and decreasing the oven temperature. The focusing objective consists
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Figure 1: Main features of the experimental set-up. For simplicity, the slowing
and MOT beams are not represented.

of two parts, which first focus the light inside the MOT and then re-collimates the
beam for diagnostic purposes. The numerical aperture of 0.7 gives a diffraction-limited
resolution of 0.7 um for the focusing part. The light beam injected in the objective
comes from a c.w., frequency stabilized Titanium-sapphire laser, and it is brought to
the set-up by using an optical fiber. A wide range of power and wavelength is thus
available, and the dipole trap is usually operated in the “FORT” (Far Off Resonance)
regime around 810 nm [13], with a few mW input power.

The fluorescence from the trapped atoms excited by the MOT light is collected by
the same objective focusing down the beam (see fig. 1), and gives a magnified image
of the trap on a CCD camera. Since the CCD camera has a slow response time, a
photon-counting avalanche photodiode (APD) is used in parallel, and monitors only
the light coming from the trap region : typically, the one-micron diameter dipole trap
is imaged onto a fifty-micron pinhole. We note that all the photon counting is done
at the MOT wavelength at 780 nm : the stray light elimination is obtained only by
spatial filtering. On the other hand, the residual dipole trap stray light at 810 nm is
eliminated by an interference filter. An atom in the dipole trap sees a large light shift,
and therefore its fluorescence rate is weaker than the same atom in the MOT. This
can easily be seen by suddenly turning off the dipole trap : before the atom leaves
the observation area (a few cubic microns in size), its fluorescence rate shows a sharp
increase that appears as a flash of light on the APD. The typical detection rate from a
single atom in the dipole trap is about 5000 counts per second (cps), while it is about
20000 cps in the MOT alone.
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Figure 2: Comparison of the counting sequences in the weak loading (a) and
blockade regime (b)

Fig. 2 shows typical time sequences of photons counted by the APD in 10 ms bins,
when both the MOT and the dipole trap are continuously on. When the MOT density
is small (weak loading regime, see below), the duration of the plateaus is essentially
limited by the one-body decay due to collisions with the background gas (Fig. 2(a)).
When the loading rate is increased, the probability to have one atom increases also,
and then locks on the value 0.5. Simultaneously, the duration of the plateaus becomes
shorter and shorter (Fig. 2(b)). The probability distribution of the atom number
is easily obtained by looking at the histogram of the number of samples for a given
fluorescence level, that is shown on figure 3(a). If the loading rate is increased further,
the number of atoms starts fluctuating faster than the 10 ms counting time. One has
thus to reduce this time, but the photon noise becomes a serious issue : only typically
5 photons are detected in 1 ms, and it becomes difficult to separate the zero and one-
atom peaks. Nevertheless, fig. 3(b) shows an histogram taken with a time bin of 2
ms, in the intermediate regime that is close to the upper limit of the blockade regime.
Fitting the histogram reveals that a two-atom contribution is appearing, though it
is still not very large. Finally, one may go to high loading rates, and decrease the
time bin to 0.5 ms. The steps due to individual atoms are no more resolved, but the
number of atoms can be determined by studying the statistical distribution of photons
coming from the trapped atoms. Good agreement is also obtained in that case [2].

3 Collisional blockade

In order to interpret these results, we consider an optical dipole trap containing N
trapped atoms. The number N will vary as a function of the loading rate R, the one-
body decay —yN (essentially due to collisions with fast atoms from the background
gas), and the two-body decay —3'N (NN —1), that is due to a mixture of various inelastic
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Figure 3: Histograms in the collisional blockade regime (a) and in the inter-
mediate regime (b). Fits of this results give the probability P, of trapping n
atoms. The dash curve obtained with P» = 0 is unable to fit the experimental
points in the intermediate regime.

collisional mechanisms, analysed in detail in [11]. The equation for N is thus:

AN ,
Sr=R—N-BN(N-1) (1)

Since this equation is written for the atom number and not for the atomic density, the
value of 3’ is inversely proportional to the volume of the trap [11] : the smallest the
trap, the largest 3. In the steady state, one can immediately identify two regimes:

- Weak loading : for small values of R, the effect of the collisional term is negligible,
so that (N) ~ R/~.

- Strong loading : for large values of R, (N) becomes large, and the collisional term
becomes important. The average number of atoms is then limited by the collisions,
so that (N) ~ y/R/3'. The cross-over between weak and strong loading is defined by
a critical atom number N, = v/3’, associated with a critical loading rate R, = v*/3’
above which the collisional term becomes dominant (see fig. 4). As long as Ne > 1,
collisions play a role only when (V) is large, and one has simply a reduction in the
slope of (N) vs R. But when N. < 1, this reduction would appear even if (N) < 1,
what is not physically acceptable because at least two atoms are needed for a collision.
In this case, collisions play a role as soon as there are two atoms in the dipole trap :
this is the “collisional blockade” regime.

The simplest way to analyze this regime is to use a classical Monte-Carlo simula-
tion, with random atom arrivals, including one-body and two-body decays. In the
simulation, one has to choose whether a collision ejects both atoms from the trap, or
only one; good agreement with the experiment is obtained by assuming that in the
collision both atoms are ejected from the trap (otherwise, we would reach an average
number of atoms 0.5 < (N) < 1, contrary to the experiment). This is also consistent
with what is expected from the underlying collisional mechanisms, even if one-atom
losses have also been observed in other geometries [12].
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Figure 4: Average number of atoms in the trap as a function of the loading
rate R for different values of the waist. wy = 11 pm corresponds to a standard
configuration. For wg = 0.7 pm, the blockade regime is clearly seen.

In order to get quantitative predictions, one has to introduce numerical values for
~ and 3. We will use v = 0.2 s !, that is consistent with our observations, and with
the background pressure in our vacuum chamber (a few 107° Torr). The value of
B’ will be taken from ref. [11], that leads to 8’ = 1000 s~* for our trapping volume.
This value is compatible with our observations. We note that 3’ reduces very quickly
with the trap size (the volume of the trap is proportional to wé)7 e.g. it drops to
B’ = 0.016 s~! for a more “standard” beam waist wo = 11 um. Fig. 4 shows in
log-log scale the number of trapped atoms as a function of the loading rate. This
figure shows clearly that the blockade effect appears for a trap size that is typically
smaller than 4 pym. In our operating conditions, it extends over about 3 orders of
magnitude in loading rates, typically between R = 0.1 and 100 atoms/sec. From the
Monte-Carlo simulations [2], the atom statistics are sub-poissonian for any value of
the loading rate, but this effect is particularly clear in the blockade regime where only
N =0 and N =1 have a significant probability, that is close to 1/2. The variance is
then 0.25, i.e. 0.5 (N) or “3 dB squeezing” [1, 2].

4 Oscillation frequencies and temperature of the
trapped atom

Once one atom is loaded in the trap, the loading can be stopped simply by turning off
the MOT. It is then important to characterize the dynamics of a single trapped atom,
by measuring its temperature and oscillation frequencies in the dipole trap. For that
purpose, a single atom is loaded in the trap, then the trapping laser beam is switched
off for a short time interval, and then switch on again. This “kicks” the atom, that
starts to oscillate in the trap. Then the trapping laser beam is switched off and on
again. The probability of recapturing the atom after the second “off” pulse depends
on the phase of the oscillation, and thus on the delay time At between the two pulses.
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Figure 5: Oscillations of a single atom in the trap. In (b) the motion amplitude
is smaller and is thus harmonic: there is almost no damping. Each point
correspond to 200 successful events - i.e. with one atom at the beginning - for
a given time delay between the two pulses.

Due to the symmetry of the motion, the probability of keeping the atom after the two
pulses oscillates at twice the oscillation frequency.

The results are represented on Fig. (5) for two different durations A¢; of the kick
pulse. In (a) the atom is strongly kicked, and the oscillations are quickly damped due
to the anharmonicity of the trap potential. In (b), the kick is weaker, and thus the
amplitude of the atom motion in the trap is also decreased. Therefore the potential
probed by the atom remains mainly harmonic, and the oscillations stay longer. From
our measurements we can infer a beam waist for the trapping beam of wg = 0.9 +
0.05um. Taking a trapping beam power Pjrqp = 2 mW the typical parameters for our
trap are Up = 1.6 mK, f; = f, =140 kHz, and f. =30 kHz.

The atom’s temperature can be measured by reducing the previous time sequence
to a single release-recapture pulse of adjustable duration At: it is then a time of
flight sequence but with a single atom. We infer the temperature by adjusting the
experimental data with a Monte-Carlo simulation representing a thermal distribution
at temperature T. The experimental points are plotted on Fig. 6 with two simulations,
using either T=140uK (the Doppler limit for Rubidium), or T=35 pK. It appears
clearly that the temperature is below the Doppler limit and is around 35 puK.

Finally, by going to the strong loading regime, more than 30 atoms can be loaded
in the trap, at a temperature of 190u K, measured by the method described above.
Then forced evaporative cooling can be induced by decreasing the laser power (and
therefore the trap’s depth) from 10 mW down to 0.9 mW. The number of atoms, as
well as the temperature, clearly decrease when the power drops below 5 mW, and
about 10 atoms are still there for 1 mW trapping power. The release-and-recapture
results are displayed on Fig. 7, showing clearly a decrease in temperature, that is
accompanied by an increase in phase-space density by a factor 20. This is a clear
evidence that evaporative cooling is taking place. Though condensation has not been
observed yet, this observation suggests stimulating perspectives towards Bose-Einstein
“nanocondensates”, containing a few atoms in the ground state of the trap.
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Figure 6: Release and recapture curves with a single atom: the experimental
data fits with a temperature of 35 K, well below the Doppler limit of 140 uK.
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Figure 7: Release and recapture curves with many atoms, after forced evapora-
tive cooling starting with a trapping power of 10 mW. The number of recaptured
atoms after a given time (normalized to the number of atoms at time zero) gives
the temperature, that is clearly decreasing as more and more atoms evaporate.



5 Conclusion

We have thus demonstrated a “collisional blockade” mechanism that locks the atom
number or either zero or one in a very small dipole trap. This effect can be ana-
lyzed using the standard collisional mechanisms already known in combined MOT
and dipole traps, provided that the trap volume is so small that collisions become the
dominant loss mechanism as soon as there are two atoms in the trap. We have also
shown that it is nevertheless possible to “bypass” the blockade regime, opening the
possibility to have a large number of cold atoms in an extremely confined volume.

In order to progress towards quantum gates and atom-atom entanglement, we have
sent another trapping beam at a small angle in the same optics, in order to trap
two atoms at a controlled distance, that can be easily adjusted in the range 1-10 pm
[14]. Then it may be possible to implement a Rydberg state scheme inspired from a
proposal by the Innsbruck group [15].

We have also proposed a novel scheme for “conditional quantum logic”, where an
arbitrary unitary operation (i.e. a CNOT gate, a Bell measurement...) is realized on a
pair of trapped atom (the two qubits), upon the detection of a single scattered photon
(the trigger) [16]. This scheme is “conditional” in the sense that the gate does not
always succeed, but one knows when it does. Conditional gates are for instance the
basis of the proposed scheme for linear quantum computing [17], and in order to make
such gates scalable, one should use some kind of quantum teleportation scheme. It this
thus clear that many possibilities are open towards quantum information processing
using trapped neutral atoms.
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