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Diffraction-limited optics for single-atom manipulation
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We present an optical system designed to capture and observe a single neutral atom in an optical dipole trap,
created by focusing a laser beam using a large-numerical-aperture (NA=0.5) aspheric lens. We experimentally
evaluate the performance of the optical system and show that it is diffraction limited over a broad spectral
range (~200 nm) with a large transverse field (25 um). The optical tweezer created at the focal point of the
lens is able to trap single atoms of 87Rb and to detect them individually with a large collection efficiency. We
measure the oscillation frequency of the atom in the dipole trap and use this value as an independent deter-
mination of the waist of the optical tweezer. Finally, we produce with the same lens two dipole traps separated
by 2.2 um and show that the imaging system can resolve the two atoms.
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I. INTRODUCTION

The observation and manipulation of a few individual par-
ticles are at the core of many present experiments in atomic
and molecular physics, quantum optics, and quantum infor-
mation, as well as in biology and chemistry. Quite often,
these experiments rely on high numerical aperture optics
which collect a very weak fluorescence signal emitted by the
particles. These optics generally operate at the diffraction
limit in order to image small objects with a high spatial
resolution. As a few examples, the objects may be single ions
in a Paul trap [ 1], single neutral atoms in microscopic optical
dipole traps [2], Bose-Einstein condensates in a double well
potential [3], or single fluorophores in a biological mem-
brane [4]. The high resolution of the imaging optics allows
the observation of periodic chains of ions [5,6] or arrays [7]
of microscopic objects, with distances between them as small
as a few microns.

Many of these experiments rely on the ability not only to
observe, but also to trap and manipulate the particles. Large
numerical aperture optics, when diffraction limited, can fo-
cus laser beams down to submicron spots that can be used as
sharp optical tweezers [8]. In atomic physics, this strong con-
finement can be used to trap exactly one atom in the tweezer
[2,9], with high oscillation frequencies due to the sharp fo-
cusing. Using independently controlled optical tweezers si-
multaneously, one can control the collision between two (or
more) individual particles [10]. This approach has already
been implemented to investigate interactions between mov-
ing biological objects [11], and offers an interesting perspec-
tive to realize quantum logic operations between a few cold
neutral atoms or ions [5,12].

In the case of atoms or ions, the design of large numerical
aperture optics requires one to take into account the ultrahigh
vacuum environment that is necessary to produce and ma-
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nipulate them. The optics may be either inside the vacuum
chamber—and then must be bakable and vacuum
compatible—or outside—but then the focused beam must go
through a vacuum window, which generally creates signifi-
cant aberrations. Another constraint arises from the arrange-
ment of the trapping system surrounding the particles (e.g.,
electrodes for an ion trap or laser cooling beams), which
usually requires a long enough working distance of at least a
few millimeters. These constraints add up to the require-
ments of large numerical aperture and diffraction limited per-
formance, and often lead to a rather complicated design and
manufacturing of vacuum compatible custom objectives.

In this paper, we describe and characterize a simple opti-
cal system, based on the combination of a large numerical
aperture aspheric lens placed inside the vacuum chamber,
and a few standard lenses placed outside. This system com-
bines the powerful techniques of optical tweezers and confo-
cal microscopy to trap, manipulate, and observe single ultra-
cold ¥’Rb atoms. The simplicity and low cost of the design
compare favorably with custom objectives based on spheri-
cal lenses [13,14] and suggest broad applicability to other
fields of research where excellent spatial resolution is criti-
cal. The numerical aperture is NA=0.5 and, for a fixed work-
ing distance on the order of a centimeter, it performs at dif-
fraction limit over a large spectral range, from 700 up to
880 nm [15]. We take advantage of this property to both
focus the tweezer beam at a wavelength of 850 nm, and col-
lect fluorescence light at 780 nm through the same lens.

The paper is organized as follows. Section II details the
requirements of the system and describes the optical setup.
In Sec. III the performance of the tweezer is characterized
using optical techniques. Section IV explains how to trap and
detect a single atom at the focal point of the tweezer, and
Sec. V how to measure the oscillation frequency of one atom
in the trap. This method provides a way to probe the light
field locally and to perform an independent measurement of
the laser beam waist at the focal spot.

II. REQUIREMENTS AND DESIGN
OF THE OPTICAL SYSTEM

Trapping a single atom in an optical tweezer leads to the
following requirements for our objective lens. First, control-
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ling the evolution of the atom, or its interactions with another
atom, requires that the trap size be smaller than a few mi-
crons, i.e., that the objective be diffraction limited while hav-
ing a numerical aperture as large as possible. In particular,
our method for single atom trapping relies on a “collisional
blockade mechanism” [16]: in a very small trap, the two-
body loss rate is so high that if an atom is already trapped, a
second atom entering the trap leads to a fast inelastic colli-
sion and, eventually, to the loss of the two atoms. Second,
loading of the tweezer is performed by focusing the laser
beam into a reservoir of laser cooled atoms, an optical mo-
lasses in our case. In practice, this implies that the focusing
lens has a large enough working distance to allow for optical
access of the cooling beams, typically at least 5 to 10 mm is
desirable. Third, the laser used to produce the optical tweezer
is far off-resonance at 850 nm, in order to avoid heating and
decoherence of the trapped atom due to spontaneous emis-
sion. On the other hand, the atom is probed by exciting the
D, transition and collecting the fluorescence at 780 nm, with
a dichroic plate separating the two radiations. Since it is
convenient to have both beams going through the same as-
pheric lens, a third requirement is that the system be diffrac-
tion limited over a broad spectral range while keeping the
working distance constant [17]. Fourth, in view of future
experiments using several single atoms trapped in adjacent
tweezers, it is also desirable that the objective remains dif-
fraction limited off axis, which requires a large enough trans-
verse field. For instance, a field of view of +25 um and a
resolution of 2 um (see below) allows one to easily address
several hundreds of traps. Designing arbitrary arrays could
be achieved, for example, by combining our large NA lens
and a spatial phase modulator placed on the incoming laser
beam [7], or by using appropriate optical lattices [18].

The requirements enumerated above can be fulfilled by
combining a sufficient number of spherical lenses. This is the
case for the microscope objective that we designed for our
first generation experiment dedicated to single atom manipu-
lation [13,19]. This objective consists of nine spherical
lenses and has a numerical aperture NA=0.7. Tight mechani-
cal constraints and careful alignment of the lenses resulted in
a diffraction-limited performance with spatial resolution of
0.7 pm. The transverse field is +10 um. The working dis-
tance is 10 mm and the objective operates under ultrahigh
vacuum.

For simplification and scalability purposes, we have built
a second generation apparatus that uses a single commercial
molded aspheric lens [20] with NA=0.5, a working distance
of ~5.7 mm, and a focal length of 8 mm. This lens is manu-
factured by LightPath Technologies, Inc. [21] and is diffrac-
tion limited at 780 nm for an object plane at infinite distance,
with a 0.25 mm thick glass plate between the lens and the
image focal plane. The absence of this glass plate results in
an enhanced spherical aberration when operating the lens at
an infinite conjugate ratio. However, we noticed that
aberration-free operation can be restored by slightly defocus-
ing the aspheric lens and operating with weakly noncolli-
mated beams. Low numerical aperture lenses can provide
such beams without introducing aberrations. This beam shap-
ing, which is crucial for our system, was optimized by using
an optical design software [22].
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FIG. 1. (Color online) Optical setup of our trapping (solid line)
and imaging (dotted lines) systems. For clarity, schematic is not to
scale.

The optical setup is shown in Fig. 1. The source used for
the tweezer is a single mode laser diode operating at 850 nm.
We focus this light into a single mode polarization maintain-
ing fiber with an output NA=0.11. The beam at the output of
the fiber is shaped by using a triplet [23] outside the vacuum
chamber that provides a slightly converging beam. Then it is
injected into the vacuum chamber and onto the lens mounted
under ultrahigh vacuum [24]. The same aspheric lens is then
used as an imaging system to collect the fluorescence emitted
by the atoms trapped in the optical tweezer. The collection
solid angle is 2/47r=0.076. A polarization independent di-
chroic plate separates fluorescent light at 780 nm from the
tweezer light at 850 nm. Imaging of the atomic samples is
performed by using a doublet and a singlet [25] outside the
vacuum chamber. The overall transverse magnification of the
imaging system is ~25, which allows imaging of our 1 um
diameter dipole trap onto a 2 pixels X2 pixels area of a
charge-coupled device (CCD) camera (pixel size is 13 um
X 13 pum). We also use a polarization beam splitter to collect
part of the fluorescence onto an avalanche photodiode
(APD).

Once the working distance between the aspheric lens and
the focal point has been fixed, the distances between the
lenses shown in Fig. 1 can be varied along the optical axis by
a few centimeters, while keeping the system diffraction lim-
ited. Likewise, the transverse alignment of the lenses and the
fiber source is tolerant within ~1 mm.

III. OPTICAL CHARACTERIZATION OF THE TWEEZER

In practice, aberrations of the optical system deform the
wave front and result in energy being spread away from the
central lobe of the diffraction image, thus leading to a peak
intensity attenuation and to a shallower dipole trap. We quan-
tify the amount of aberrations of the optical system by con-
sidering the ratio of the peak intensity /., in the presence of
aberrations to the intensity /g, which would be obtained if
the optical system were perfectly stigmatic (i.e., free of ab-
errations). This ratio is called the Strehl ratio [26] and is
related to the deformation of the wave front as follows:

I A?
§S=M = | 4=,
stig A

Here, A denotes the root-mean-square departure of the actual
wave front with respect to the ideal one, and A is the wave-
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FIG. 2. (Color online) (a) Cross section of the point spread
function of the tweezer system, measured at 850 nm on axis
(crosses). We show the Airy function (solid line) for comparison.
The measured peak intensity is $=0.93 on axis. When the point
source is moved off-axis by ry=30 wum, the point spread function
gets distorted and the peak intensity is attenuated (S=0.77). (b)
Cross section along the direction of transverse displacement of the
point source (crosses) and the Airy function (solid line). Total flux
is kept constant in both cases.

length of the radiation propagating through the system. A
practical criterion is that the peak intensity attenuation S is
larger than the arbitrary value 0.8 for the amount of aberra-
tions to be acceptable (S=0.8). This sets an upper limit to
the amount of aberrations that we tolerate in our system (A
<\/14). For a system free of aberrations, A=0 and S=1.
Experimentally, the optical tweezer was characterized in
three steps.

First, we tested the performance of the triplet and the
aspheric lens separately by using a wave-front analyzer
(Fizeau interferometer [26]). We find that both exhibit dif-
fraction limited performance: A<\/40 for the triplet (NA
=0.12) and A<\/30 for the aspheric lens (NA=0.5), the
latter being remarkable for such a large numerical aperture.
The residual deformation of the wave front is due mainly to
a small spherical aberration.

For the second step in characterizing the optical tweezer,
we aligned the triplet and the aspheric lens and evaluated the
Strehl ratio S of the ensemble by analyzing point spread
functions of the system and comparing them to the ideal
case, i.e., with no aberrations present. In order to record the
point spread function, we used a back-illuminated submicron
pinhole in the focal plane of the aspheric lens, in place of the
cold atoms. The pinhole being much smaller than
1.22 A/NA=2 um, its intensity diagram is flat over the full
aperture of the aspheric lens. The optical response of the
system to this point source illumination was observed on a
linear 16-bit CCD camera after magnification by a factor of
50 by an aberration-free objective. Figure 2(a) shows a cross
section of the point spread function measured on axis in the
best focus plane, corrected for the (X50) magnification of
the observation objective and for the (X4) magnification of
the (triplet, aspheric lens) system. The corresponding CCD
image is shown in Fig. 3(a). Reversal of light propagation
ensures that this actually is the point spread function of the
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FIG. 3. (Color online) Images of the point spread function of
our tweezer system, taken with a linear CCD camera at 850 nm, for
a submicron pinhole source on axis (a) and off-axis by 30 um (b).
Cross sections shown on Fig. 2 were taken along the horizontal axis
of these images, across the center, where intensity is maximum.

system, had it been illuminated by an isotropic point source
in the focal plane of the triplet (see Fig. 1). It should be
compared to the [2J,(£)/{]* Airy function predicted by dif-
fraction theory. Here {=2mr X NA/N, where r is the radial
coordinate, NA=0.5, and A=850 nm. The full width at half
maximum of the measured point spread function is
FWHM , =09 um and the radius of the first dark ring is
1.06 um, which is in agreement with diffraction theory
within a few percent. Normalizing the peak intensity of the
Airy function to 1, we measure a peak intensity of 0.93 for
our system (the total flux is kept constant in both cases),
which is a measure of the Strehl ratio S on axis. For a full
characterization of the light potential that the atomic samples
will explore, we also scanned the magnifying objective along
the axis around the best focus position. Figure 4 shows the
measured on-axis intensity variation, corrected for the longi-
tudinal magnification of the objective and (triplet, aspheric
lens) system. The on-axis intensity vanishes symmetrically
7 pm away from the best focus position, and bright rings
appear off-axis, in place of the previous dark rings (contrast
inversion). The full width at half maximum of the longitudi-
nal intensity distribution is FWHM;=6.3 um, which again is
in good agreement with diffraction theory.

Our final step in characterizing our optical tweezer was
investigating the off-axis performance of our system by mov-
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FIG. 4. (Color online) On-axis intensity variation close to the
focal point, as a function of the position along the optical axis. The
prediction from diffraction theory is shown for comparison, with
the intensity normalized as in Fig. 2.
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FIG. 5. (Color online) Modulation transfer function (MTF) of
the tweezer system. MTFs measured on-axis (circles) and off-axis
by 30 um (crosses) are compared to the theoretical frequency re-
sponse of an aberration-free system (solid line). Strehl ratio is S
=0.93 on-axis, and S=0.77 off-axis.

ing the pinhole perpendicular to the optical axis. Figure 3
shows the point spread functions measured for a pinhole,
respectively, on-axis and off-axis by 30 um. The latter dis-
plays the characteristic V-shaped flare of a comatic aberra-
tion. Since our system is nearly free of aberrations on axis,
we determine its Strehl ratio by directly comparing the peak
intensities of images taken with an off-axis and on-axis pin-
hole, provided the total flux is kept constant [see Fig. 2(b)].
The performance of the optical tweezer can be equivalently
evaluated by plotting its optical modulation transfer function
(MTF) that characterizes the attenuation of the various spa-
tial frequencies present in a test object, due to the optics [27].
Figure 5 shows cross sections of the two-dimensional (2D)-
Fourier transform of the images shown in Fig. 3 and com-
pares them to the frequency response of an aberration-free
system with similar numerical aperture: the 2D-
autocorrelation function of a circular aperture. The measure-
ments show that our system displays a field of £25 um over
which §=0.8.

It should be noted here that the results described above
were obtained by illuminating the system with spherical
wave fronts, issued from a submicron pinhole. The situation
is slightly different for our single atom tweezer because the
system is illuminated with a Gaussian beam provided by an
optical fiber, with a beam waist equal to the aspheric lens
radius. This has two consequences: first, the diffraction ring
structure shown above is significantly damped, due to the
Gaussian apodization effect. Second, the point spread func-
tion becomes slightly broader, with a FWHM | increased by
9%, and is neither an Airy function nor purely Gaussian.

IV. DETECTION OF A SINGLE ATOM TRAPPED
IN AN OPTICAL TWEEZER

The optical tweezer described above is a powerful tool for
manipulating single neutral atoms. The alignment of the op-
tical tweezer onto the center region of an optical molasses of
cold *’Rb atoms indeed results in the trapping of a single
atom in the microscopic dipole trap as shown below. The
optical molasses [28,29] is produced by six counterpropagat-
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FIG. 6. (a) Fluorescence of a single atom measured by the APD.
Each point corresponds to a 10 ms time bin. (b) Histogram of the
measured fluorescence recorded over 100 s. The two Poisson distri-
butions correspond to the presence and the absence of a single atom
in the dipole trap. The arrow indicates the threshold that we use to
discriminate between the two cases.

ing cooling beams at ~780 nm and a Zeeman slowed beam
of Rb atoms [30], providing a large reservoir of cold atoms
(with typical size ~1 mm) surrounding the microscopic op-
tical tweezer.

We observe the fluorescence of the trapped atoms with an
avalanche photodiode (APD) used in single photon counting
mode, as well as a CCD camera with low read-out noise (see
Fig. 1). We use an interference filter (centered at 780 nm,
with 10 nm bandwidth) and a 400 um diameter pinhole in
confocal configuration to reduce the background signal. The
residual scattering of the 780 nm cooling beams in the
vacuum chamber and on the optical table contributes for
81% of this background signal, the remaining 19% coming
from the background fluorescence at 780 nm by the molasses
itself. We estimate the overall collection efficiency of our
system to be ~ 1%, taking into account the angular collection
efficiency of the lens (7.6%), the transmission of the optics,
and the quantum efficiency of the APD.

Figure 6(a) shows a time sequence of the fluorescence
signal collected on the APD observed in 10 ms time bins.
For this figure, the molasses beams and the dipole trap are
continuously on. The sudden jumps in the fluorescence sig-
nal correspond to a single atom entering the optical tweezer,
while the sudden drops of the fluorescence signal correspond
to the atom leaving the trap due to an inelastic collision with
another entering atom. The collision process occurs because
it is light-assisted by the molasses beams at 780 nm (colli-
sional blockade mechanism) and results in the two atoms
being ejected from the trap. The absence of two-atom steps is
by itself an indication that the waist of the trapping beam is
no more than a few microns, since this condition is required
for the collisional blockade mechanism [16]. In that case, the
loss rate due to two-body collisions becomes huge when the
trapping volume is very small, and pairs of atoms are never
observed.

For the data of Fig. 6, we use 5.6 mW of trapping light at
850 nm. Assuming a waist of 1 um (see Sec. V below), we
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FIG. 7. Cross section of a CCD image showing two single at-
oms trapped in two adjacent optical tweezers, corrected for the
magnification (X25) of the imaging system. The distance between
the two optical tweezers is 2.2+0.1 um. Each peak is fitted by a
Gaussian model (dashed lines) and exhibits a waist w
=0.9+0.2 um. The solid line represents the sum of the fits of the
two fluorescent signals emitted by each single atom. Vertical bars
represent the intensity measured by each pixel of the CCD camera
during a time window of 100 ms.

calculate a trap depth of 1.5 mK, or equivalently a lightshift
of 32 MHz. The cooling beams that induce the fluorescence
of the atom are red-detuned with respect to the atomic tran-
sition by 5T, where '=27X 6% 10° rad s~! is the linewidth
of the D, transition. The fluorescent signal exhibits steps of
2.7 % 10* photons s™' on top of a background signal of 1.3
% 10* photons s~!. The analysis of the corresponding histo-
grams shown in Fig. 6(b) indicates that both background and
step signals are shot-noise limited. This, together with the
step height of 2.7 X 10* photons s, allows us to discrimi-
nate between the presence and the absence of an atom within
10 ms with a confidence better than 99%. In the presence of
the cooling laser beams, the storage time of the atom is lim-
ited by the light-assisted collision with a second atom. It can
be varied from 100 ms up to about 10 s, depending on the
density of the molasses cloud.

We have also measured the lifetime of the atom in the
absence of the cooling light and found a 1/e decay time of
~10 s. This was measured by varying the duration 7 dur-
ing which the cooling beams are switched off, and measuring
the probability to detect the atom fluorescence again right
after T This lifetime may be limited by collisions with the
background gas (pressure in the 10~ Pa range) as well as
heating mechanisms.

Finally, we briefly address the issue of addressability and
resolution of our imaging system. For this purpose, we pro-
duce two tweezers by sending a second trapping beam at
850 nm at a small angle in the aspheric lens. An angle of
0.25 mrad, together with the focal length of 8§ mm of the
aspheric lens, results a 2 um distance between the two traps.
The loading of the two traps is not deterministic but we can
easily find periods of time during which two atoms are
present at the same time in the two optical tweezers. Figure 7
shows a cross section of a CCD image taken when such an
event occurs. A Gaussian fit to the peak signal produced by
each single atom indicates a waist of 0.9+0.2 wm, which
validates the performance of the tweezer system and the per-
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formance of the imaging system altogether. We emphasize
that the two atoms are always present during the 100 ms
integration time. Therefore these data correspond to realistic
conditions for “reading out” a quantum register [31] with two
qubits separated by 2.2 um. This indicates that our imaging
system may resolve two atoms with separation as small as
2 wm, within a time as short as 10 ms.

V. MEASUREMENT OF THE TRANSVERSE
OSCILLATION FREQUENCY

Once the atom is trapped, we switch off the cooling
beams, while the optical tweezer is kept on. The atom oscil-
lates at the bottom of the dipole trap, and measurement of its
oscillation frequency provides an in situ measurement of the
trap dimension. Knowing the power P, of the trapping la-
ser, and assuming that the trapping beam is Gaussian, we can
calculate from the oscillation frequency the waist w, of the
optical tweezer:

[ A5 P 20
o= ma)z Wlsal 351 362 ’

where I, =1.67 mW/cm? is the saturation intensity of the
D, transition, w, is the oscillation frequency of the atom
measured in the radial plane (i.e., perpendicular to the twee-
zer optical axis), and & =27X24X 10" rads™!' (8,=27
X 3.2X 10" rad s7') is the frequency detuning of the tweezer
beam relative to the D, (D,) transition [32].

In order to measure the oscillation frequency w,, we fol-
lowed the procedure described in [33,34]. Once a single
atom is loaded in the trap, the cooling beams are switched off
for a time T,4=50 ms. Meanwhile, the dipole trap beam is
switched off and on twice, as shown in the time sequence of
Fig. 8(a). The first “off” pulse (duration &f;) increases the
initial amplitude of the oscillation, once the trap is turned
back on (see details below). After a variable period of time
At, we switch the potential off again for a fixed duration &t,.
After this time, we turn the molasses beams on again and
determine whether the atom is still present or not. We then
repeat this procedure on about 100 atoms and measure the
probability to keep the atom at the end of this sequence for
various Az. We obtain the curve shown in Fig. 8(b).

This curve shows oscillations that we can understand in
the following way. Assume the atom is oscillating in the trap.
If the atom reaches the bottom of the trap when the second
“off” pulse occurs, it will most likely leave the trap during
the time &f, because its velocity is maximal at this point.
Alternatively, if the atom reaches the apogee of its oscillation
when the second “off” pulse occurs, it will most likely be
recaptured in the trap after time Jf, because its velocity is
null at the apogee. Due to the symmetry of the motion, the
probability of keeping the atom oscillates at twice the oscil-
lation frequency when At is varied. The recapture probabil-
ity, which we measure when the cooling beams are switched
on again (i.e., at 1=Tg), also depends on duration &t,, which
is adjusted to optimize the contrast at the beginning of the
oscillation.

The role of the first “off” period is crucial in this mea-
surement. Since each data point shown in Fig. 8(a) is aver-
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FIG. 8. (Color online) Oscillations of a single atom in the dipole
trap. (a) shows the time sequence used for this measurement. Dipole
trap is switched off twice, during 8t~ 1.3 us and &, ~6.2 us. In
the time interval Az separating these two “off” pulses, the dipole
trap is switched on again. (b) shows the probability to keep the
atom after this time sequence. Each point corresponds to 100 suc-
cessful events (i.e., with one single atom at the beginning of the
sequence) for a given time delay At. Error bars are statistical. The
solid line is a damped sine fit to the data, showing that the atom
oscillates with frequency w,/2m=119+3 kHz.

aged over 100 single atoms, all these atoms must oscillate in
the trap with the same phase if one wants to see any oscilla-
tions at all. The first pulse precisely fulfills this function, as
explained in Fig. 9. In this figure, we consider the phase
space defined by the position x and the velocity v, in the
radial plane, assuming a harmonic motion with the frequency
w,. We suppose that the initial distribution of atoms follows
a Gaussian distribution, both in position and velocity. The
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FIG. 9. Monte Carlo simulation of the evolution of 2000 atoms
in the radial plane of the tweezer, using phase space representation.
(a) The atoms are distributed with an initial symmetric Gaussian
distribution before the first “off” period of duration ;. The circle
represents one standard deviation of the distribution. (b) The distri-
bution evolves towards an ellipse with angle 6 during the free flight
of duration Jt;. As a consequence, the atoms oscillate in phase
when they are recaptured in the trap.
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width of this distribution in the phase space (x,v,/w,) de-
pends on the mean energy of the atoms. During the free flight
of duration ot, the initial isotropic distribution evolves to-
wards an elliptical distribution (Fig. 9) because the velocities
of the atoms remain constant when the trap is switched off.
In phase space, the ellipse is pulled along the x axis and its
long axis makes an angle 6 that decreases with time: the
longer the duration &, the “flatter” the ellipse, keeping a
constant area in phase space. For an oscillation frequency
around 119 kHz and 6t =1.3 us, we calculate that the angle
of the ellipse is #=32° and the ratio between the lengths of
the long axis and the small axis is ~2.6. When the trap is
turned back on at the end of the free flight period, the atoms
that are still in the trap oscillate with a larger amplitude, and
they are now almost all in phase with each other. We note
that for the chosen 6t;, only the radial oscillation frequency
is excited because along the longitudinal axis the free expan-
sion remains quite small compared to the initial size of the
atomic “cloud.”

We fit the data shown in Fig. 8(b) with a damped sine
function and measure a radial oscillation frequency w,/2m
=119+3 kHz. The damping of the oscillation is attributed to
the anharmonicity of the trap potential explored by the atom
after the first “off” period [33,34]. Since the trapping beam
power was measured to be Py,,=5.6+0.1 mW and assuming
a Gaussian intensity distribution at the focal point of the trap
beam, we infer a beam waist wy=1.03+0.01 um. From this
result we calculate a trap depth Uy=1.5 mK and a longitudi-
nal oscillation frequency w,/27=22 kHz. The waist w, ex-
tracted from the data is in good agreement with the value of
0.9+0.2 um, obtained by imaging a single atom on a CCD
camera, as presented in Sec. IV.

VI. CONCLUSION

In conclusion, we have demonstrated a diffraction limited
optical system with a large numerical aperture (NA=0.5)
that acts as a sharp optical tweezer used to trap a single atom.
The large collection efficiency of this same lens allows
single atom detection with confidence better than 99% within
10 ms, and resolves atoms at the microscopic level. The
resolution is good enough that we can resolve two atoms
trapped in two tweezers separated by less than 2 um. This
system is based on low cost commercial lenses and is rela-
tively tolerant to small misalignments. It also provides a
large field of view (25 wm) and a large spectral range over
which it remains diffraction limited. We believe that this sys-
tem is thus a valuable tool for experiments manipulating and
observing single particles. It should be useful for applica-
tions in quantum computing using neutral atoms and also for
addressing strings of individual ions.
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