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ABSTRACT Using optical dipole forces we have realized con-
trolled transport of a single or any desired small number of neu-
tral atoms over a distance of a centimeter with sub-micrometer
precision. A standing wave dipole trap is loaded with a pre-
scribed number of cesium atoms from a magneto-optical trap.
Mutual detuning of the counter-propagating laser beams moves
the interference pattern, allowing us to accelerate and stop the
atoms at preselected points along the standing wave. The trans-
portation efficiency is close to 100%. This optical ‘single-atom
conveyor belt’ represents a versatile tool for future experi-
ments requiring deterministic delivery of a prescribed number
of atoms on demand.

PACS 32.80.Lg; 32.80.Pj; 42.50.Vk

1 Introduction

Quantum engineering of microscopic systems re-
quires manipulation of all degrees of freedom of isolated
atomic particles. The most advanced experiments are imple-
mented with trapped chains of ions [1-3]. Neutral atoms are
more difficult to control because of the weaker interaction
of induced electric or paramagnetic dipoles with inhomoge-
neous electromagnetic fields. Optical dipole traps [4] could
provide a level of control similar to ion traps, since they store
neutral atoms in a nearly conservative potential with long co-
herence times [5]. The variety of different dipole traps allows
for an individual design, depending on the specific experimen-
tal demands [6].

Here we use a time-varying standing wave optical dipole
trap to displace atoms by macroscopic distances on the order
of a centimeter with sub-micrometer precision [7]. A simi-
lar technique of moving optical lattices has been applied for
the acceleration of large ensembles of atoms [8,9]. Time-
dependent magnetic fields can also be used for controlled
transport of clouds of neutral atoms, as has been demonstrated
with a micro-fabricated device [10]. Recently, techniques
have been developed to load a dipole trap with single atoms
only [11, 12]. In our case, we have combined controlled ma-
nipulation of the trapping potential with deterministic loading
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of a dipole trap with a prescribed small number of atoms [7].
These atoms are then transported with high efficiency over
macroscopic distances and observed by position-sensitive flu-
orescence detection in the dipole trap. Here we describe the
transportation technique in detail. We also analyze the depen-
dency of the measured transportation efficiency on both the
transportation distance and the acceleration. This is followed
by a brief discussion of possible applications and alternative
approaches.

2 The standing-wave dipole trap

Our dipole trap (Fig. 1) consists of two counter-
propagating Gaussian laser beams with equal intensities and
optical frequencies v; and v, producing a position- and time-
dependent dipole potential
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The optical wavelength is A = 27 /k, w?(z) = w% (1 +z2/zg)
is the beam radius with waist wy and Rayleigh length zo =
nwj /A, and Av = v; — v, < vy, v, being the mutual detun-
ing of the laser beams. The laser beams have parallel linear
polarization and thus produce a standing wave interference
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FIGURE 1 Scheme of the experimental setup. The fixed imaging optics on
the right-hand side is used to monitor the fluorescence at the MOT position.
The imaging optics mounted on the linear-motion stage on the left-hand side
is used for atom detection at any spot along the dipole trap
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pattern. Changing the frequency difference Av moves the sta-
tionary (Av = 0) standing wave along the z-axis. This can be
understood intuitively in a simple picture. Assume that the
two beams are detuned by —Av/2 and +Av/2, respectively.
In a reference frame moving with velocity v = AAv/2 both
beams are Doppler-shifted by the same amount, resulting in
a stationary standing wave [2]. In the laboratory frame, this
corresponds to a motion of the standing wave along the op-
tical axis with velocity v. In our experimental realization, as
described below, it is more convenient to detune only one of
the beams by Av while keeping the other one at a constant
frequency.

Both dipole trap laser beams are derived from a single
Nd:YAG laser (A = 1064 nm), which is far red detuned from
the 6512 — 6P1/2,3/2 transitions of cesium (Ap, = 894 nm,
Ap, = 852 nm). Since the laser detuning is much larger than
the atomic fine-structure splitting, the maximum potential
depth Up is

hrr P I’
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Here, I" = 27 x 5.2 MHz is the natural linewidth of the ce-
sium D,-line and Iy = 1.1 mW/cm? is the corresponding sat-
uration intensity. The effective laser detuning A is given for
alkalis by [6] A~ = (A7 +2A45") /3, where 4; is the detun-
ing from the D;-line. In our case A &~ 107 I". For a total power
P of 4 W and a beam waist wg of 30 pum, the potential depth Uy
is 1.3 mK.

The maximum photon-scattering rate [ is proportional
to the potential depth

Uy
A h
and amounts to 15 photons/s for our parameters. The spin-
relaxation rates, however, are two orders of magnitude smaller
than I'y. In previous experiments in a traveling dipole trap
we measured spin-relaxation times on the order of several
seconds [11].

In a harmonic approximation an atom of mass m (for
a cesium atom m = 2.2 x 10~2° kg trapped in such a stand-
ing wave oscillates with frequencies §2, = 2m/2|Uy|/mA2 ~

2w x380kHz in axial and $2rq = ,/4|Uol/mwj ~ 2w x
3.0kHz in radial directions. The rms size of the ground-
state wavefunction in the axial and radial directions is Azg =
Vh/2m$2, = 10nm and Agp = 110 nm, respectively. In our
case, atoms at about Doppler temperature (Tp = hl/2kg =
125 nK) [13] are localized in the axial direction to 39 nm and
in the radial direction to 4.9 pum.

The experimental setup is shown in Fig. 1. Acousto-
optical modulators (AOMs) control the frequencies of both
laser beams that generate the dipole trap. They are driven by
a digital dual-frequency synthesizer (APE, Berlin) with two
phase-synchronized RF outputs. Both AOMs are set up in
double-pass configuration in order to avoid beam walk-off
during a frequency sweep. To achieve optimal interference
contrast of the standing wave, the optical path lengths of both
laser beams are equalized. A coherence length of the Nd: YAG
laser of > 10cm ensures a fringe visibility close to 100%
within the desired displacement distance.

T = 3)

A standard six-beam magneto-optical trap (MOT) [14] at
the center of a UHV glass cell serves as our primary source of
single cold atoms [11]. Dissipative forces slow cesium atoms
from the background vapor and cool them down to about
Doppler temperature. The high magnetic field gradient of
400 Gauss/cm localizes the trapped atoms to a region of diam-
eter 30 um, which is much smaller than the 2 mm waist of the
MOT lasers. It also provides a low loading rate of 2 atoms/min
only, which ensures that accidental loading events during the
measurement procedure are negligible. We speed up the load-
ing process by temporarily lowering the magnetic field gra-
dient to 40 Gauss/cm. This results in a larger capture cross
section, which significantly increases the loading rate. After
several 100 ms the field gradient is returned to its initial value,
concentrating the trapped atoms at the center of the MOT.
Varying the time during which the field gradient is low enables
us to select a specific mean atom number. This procedure al-
lows us to repeat the experiment with identical parameters in
quick succession many hundreds of times. Since we record the
initial number of atoms trapped in the MOT, we can evaluate
the results for each atom number separately. By slightly in-
creasing the cesium partial pressure in the vacuum chamber,
this system could easily deliver one atom within 100 ms.

The fluorescence light of the atoms is collected by
adiffraction-limited objective [15] (NA = 0.29) and projected
onto an avalanche photodiode (APD, model SPCM-200,
EG&G) with a quantum efficiency of 50% at A = 852 nm.
This yields a photon count rate of 5 x 10*s~! per atom. Spa-
tial filtering reduces the MOT laser stray light background
to a count rate of 2 x 10*s~!, allowing us to determine the
exact number of trapped atoms in real time, with a typical
uncertainty of <1% in 1 ms. Interference filters transmitting
the fluorescence light at 852 nm attenuate the strong Nd: YAG
laser stray light to 30 photons/s, which is as low as the dark
count rates of the APDs.

Transfer of atoms from the MOT into the optical dipole
trap with a high efficiency is the backbone of the experiment.
A prerequisite for efficient transfer is a thorough alignment
of the dipole trap laser onto the MOT. As a sensitive align-
ment criterion we use the fact that the Nd:YAG laser shifts
the atomic transition out of resonance, which lowers the flu-
orescence rate of the MOT. The dipole trap laser is therefore
superposed with the MOT by minimizing the fluorescence
rate of a single trapped atom [11]. This is done for both dipole
trap laser beams separately. Since the localization of the atom
in the MOT is tighter than the foci of the two beams, this align-
ment also yields their optimal mutual superposition to provide
the standing wave structure. To transfer cold atoms from the
MOT into the dipole trap, both traps are simultaneously op-
erated for several milliseconds before we switch off the MOT
(Fig. 2). After storage in the dipole trap the atoms are trans-
ferred back into the MOT by the reverse procedure. In other
experiments only a fraction of atoms stored in a MOT can be
loaded into a dipole trap due to inelastic collisions, see [16]
and references therein. In our case, however, the small num-
ber of atoms together with the perfect superposition of the
two small traps and intrinsic cooling during the transfer pro-
cess [11] warrant a transfer efficiency of nearly 100%.

The ability to transfer atoms between the two traps pro-
vides a simple procedure for measuring the lifetime of the
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FIGURE 2 Storage of a single atom in the dipole trap for 1s. The fluo-
rescence signal of the atom demonstrates the trapping in the dipole trap and
recapturing by the MOT

atoms in the dipole trap. Background gas collisions limit this
trap lifetime to about 25 s. Other heating mechanisms such as
photon scattering (about 1.5 pk/s in our case), intensity fluc-
tuations and beam pointing instabilities of the trapping laser
beams [17] are not observable in our experiment. However,
fluctuations of the relative phase with a rms-value of roughly
27/1000 between the two RF-outputs of the frequency syn-
thesizer are directly translated into position fluctuations of
the dipole trap potential. This causes heating of the trapped
atoms [13] and limits the lifetime to 3 s, which is still several
orders of magnitude longer than all experimentally relevant
time scales.

3 Transportation efficiency

The conveyor belt accelerates a trapped atom and
brings it to a stop at preselected points along the standing
wave. For this purpose, we transfer one atom from the MOT
into the dipole trap (Fig. 3) before the MOT lasers and mag-
netic field are switched off. To move the atom over the dis-
tance d it is uniformly accelerated along the first half of d and
decelerated in the same manner along the second half.

To accomplish this, the digital frequency synthesizer lin-
early sweeps the frequency of one of the modulators in
a phase-continuous way from fy to fy + A fmax and back to
fo (Fig. 3), while the other modulator remains at fj. Since the
AOMs are set up in double-pass configuration, the maximum
relative detuning of the AOM frequencies A fyx is translated
into an optical detuning of Avyax = 2A fimax- These frequency
sweeps accelerate and decelerate the standing wave structure,
achieving a maximum velocity of v = LA Avp,x/2. The dura-
tion of the overall displacement procedure, 4, determines the
required accelerations @ = A A vy, /f4. The moving poten-
tial wells of the dipole trap thus carry the atom along the
required distance d = a tg /4. This distance can be controlled
with sub-micrometer precision by heterodyning both frequen-
cies of the AOM drivers. A counter monitors the number of
cycles during a frequency sweep, which directly measures the
transportation distance in multiples of A.

To observe the atom at its new position, we use a second
optical system identical to the one used for collecting fluores-
cence from the MOT (Fig. 1). Spatial filters limit the field of
view to a radius of ~ 40 pm, which is much smaller than the
typical displacements. A linear-motion stage moves both de-
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FIGURE 3 Single-atom conveyor belt. The fluorescence signal of the atom
is recorded by both APDs during the transportation sequence. The fixed APD
initially confirms the presence of the atom in the MOT. During transfer into
the dipole trap the MOT fluorescence is decreased due to the light shift. Ini-
tially, the displaced APD (filled circles) does not see the trapped atom but
only detects stray light of the MOT laser beams. The burst of fluorescence
at t = 400 ms originates from the same atom displaced by 1 mm, which is
illuminated in the dipole trap with a resonant probe laser

tector and imaging optics by the transportation distance. The
fixed imaging optics permanently monitors the MOT region,
both to verify the initial presence of a single atom in the MOT
and to confirm its absence after displacement, see Fig. 3. At
its destination, the transported atom is illuminated by a reso-
nant probe laser (F =4 — F’ =5 transition of the D, line)
overlapped with a repumping laser (F =3 — F’ = 4), pro-
viding cyclic optical excitation. Both probe and repumping
laser are collimated and overlapped with the Nd:YAG laser
and focused to a beam diameter of only 100 pm in order to
achieve a high intensity of 10/ at the position of the atoms
without a measurable contribution to stray light. From a sin-
gle atom we routinely collect 40 fluorescence photons within
40 ms with near zero background. This allows us to unam-
biguously detect the atom at its new position as long as d <
3 mm, as will be shown below.

This detection scheme demonstrates the deterministic de-
livery of a single atom to a desired position. The measured
probability to observe the transported atom as a function of
the displacement is shown in Fig. 4 as empty circles. For small
distances, the fraction of detected atoms is above 90%. How-
ever, the position dependence of the trap depth limits this
detection efficiency for larger displacements from the laser
focus. The tight focusing of the trapping laser beams yields
a Rayleigh length z¢ of only 3 mm. Due to the divergence of
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FIGURE 4 Transportation efficiency of the optical conveyor belt for a con-
stant acceleration of 500 m/s?. Each data point results from ~ 100 shots
performed with one atom each. Empty circles: the atom is detected by res-
onant illumination at its new position. Filled circles: more efficient detection
by moving the atom back and recapturing it in the MOT

the beams, the local trap depth U(z) scales with the displace-
ment z from the focus as

2 —1
U(z) = Uy <1+Z—2) .

20

“

During resonant excitation the atom is heated by scattering
photons. The fluorescence signal lasts until the atom is evap-
orated out of the trap, which happens on average after N =
U(z)/2E; scattering events. Here E; = (hkp2)? /2m is the pho-
ton recoil energy with kpy = 27r/Apy. As a consequence, we
observe that the number of detected fluorescence photons per
atom is proportional to U(z). In this measurement we detect
the presence of the atom if a fluorescence peak substantially
exceeds (more than five photons) the stray light background
(two photons on average) of the Nd:YAG and the probe laser
beams. Thus, at d > 3 mm the probe laser can evaporate the
atom out of the dipole trap before enough fluorescence pho-
tons have been detected.

The actual transportation efficiency, however, is much
higher than that shown by the resonant illumination detec-
tion. To demonstrate this, we use the MOT to detect the atom
with 100% efficiency. Without resonant illumination, the dis-
placed atom is transported back to z = 0 before we switch on
the MOT lasers to reveal the presence or absence of the atom.
The results of this measurement are shown in Fig. 4 as filled
circles. Even for distances as large as 10 mm the two-way
transportation efficiency remains above 80%. At a distance of
15 mm, however, the transportation efficiency drastically de-
creases to 16%.

The atoms are lost at this distance because gravity reduces
the effective potential depth. In our setup, the optical z-axis of
the dipole trap is oriented horizontally. Thus, the potential in
the vertical direction is the sum of the radial dipole trapping
potential and the gravitational potential

2

_ 22
Uit (0, 2) = U(z) exp »@* +mgo, (5)

where U(z) is the trap depth of a potential well, given in (4).
The acceleration due to gravity tilts these Gaussian potential
wells, which reduces the trap depth to U (z), see Fig. 5. In
contrast to the pure Lorentzian dipole potential U(z), this ef-
fective potential disappears at z = 21 mm. However, due to the
initial energy of the atom, we lose the atom at even smaller
distances. This interpretation is supported by an independent
measurement [13] in a stationary standing wave. We meas-
ured the survival probability of the atom after an adiabatic
lowering of the trap depth by attempting to recapture it in the
MOT. We observed that 80% of the atoms survive if the trap
depth is reduced from Uy to 0.03U), which equals the effective
potential depth U,(z) at z = 13 mm. However, a reduction to
0.01U,, which corresponds to a displacement of z = 17 mm,
yielded a survival probability of only 10%. This is in agree-
ment with the measured transportation efficiency of 16% at
z=15mm.
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FIGURE 5 Reduction of the trap depth due to gravity. The inset shows the
sum Uy, of the dipole potential and the gravitational potential versus the
radial coordinate o for an arbitrary potential well along the optical z-axis. Be-
low, the resulting effective potential depth Uesr(z) is compared to the pure
dipole potential U(z) for z = 10—21 mm. The position z =21 mm, where
U.sr completely disappears, represents the fundamental upper bound for the
transportation distance in our dipole trap
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FIGURE 6 ‘Single-atom shuttle’. The measured efficiency is plotted versus

the number of bounces, with a displacement distance of 1 mm each and with
an acceleration of 5000 m/s>
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More complicated position manipulations than a simple
displacement of an atom along the standing wave are possible.
We implemented an ‘atomic shuttle’ by transporting one atom
by 1 mm and then reversing the direction of motion repeatedly.
After swapping the atom back and forth n times, itis directly de-
tected using resonant illumination (Fig. 6). Each acceleration
process causes heating of the atom as discussed below, which
results in a decreased detection efficiency. Heating processes
are sufficiently small such that a single atom bounces back and
forth 30 times with a measured efficiency of 40%.

4 Acceleration

We have investigated the transportation efficiency
as a function of the acceleration for a constant displacement of
1 mm using resonant illumination detection. Although the ac-
celeration a was varied over four orders of magnitude (Fig. 7),
we found a nearly constant transportation efficiency of more
than 90% for a < 7 x 10* m/s?. For larger accelerations, the
efficiency rapidly decreases.

The potential in the accelerated frame is the sum of the
periodic potential of the standing wave and the contribution
of the accelerating force, U(z') = Upcos?(kz') +maz’. In the
ideal case of an initially motionless atom, the acceleration
could be adiabatically increased until the local minima of
the standing wave disappear. The acceleration is thus funda-
mentally limited by the potential depth, am,x = |Uglk/m =
4.8 x 10° m/s>.

However, there are two effects that experimentally limit
the maximum acceleration to a lower value. The first is an
additional heating effect due to abrupt changes of the accel-
eration. At the beginning of the transportation process the
acceleration is instantly switched from O to a and similarly
from a to —a after half the transportation distance (Fig. 3).
The equilibrium position of the accelerated potential is shifted
by the amount Az = —(2k)'arcsin(a/ama) (Fig. 8). These
sudden changes of the potential, which occur three times
during a transportation process, either heat or cool the atom
depending on the phase of its oscillation. The atom can in-
crease its energy twice during the first two changes, as il-
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FIGURE 7 Transportation efficiency for a displacement of 1 mm as a func-
tion of the acceleration. The transportation efficiency for a displacement of
1 mm remains well above 90% when the acceleration is varied over several

orders of magnitude
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FIGURE 8 Standing wave potential shown in reference frames accelerated
with +a, 0, —a, respectively. Here the worst case of maximal energy gain
at a = 0.42amax is illustrated: due to the abrupt changes of the accelerating
potential an initially motionless atom can gain enough energy to leave the
trap

lustrated in Fig. 8 where the worst case of a maximal en-
ergy gain is shown. This leads to a non-zero probability to
lose the atom for accelerations exceeding 0.42ay,. The ini-
tial thermal energy of the atom, corresponding to 0.15|Up| in
our case [13], reduces this value to 0.24ap,.x. For accelera-
tions below 0.1lan,x this heating effect can be neglected. The
maximum energy gained due to abrupt jumps of the accel-
eration for a < dmax 1S A Emax(@) = 4|Up|(a/amax)?, 0 that
AFEnax (0.1amax) is only 52 pK. Changing the acceleration
slowly enough would avoid this heating effect completely be-
cause the atom would then adiabatically follow the motion of
the potential well.

The second fact that experimentally limits the maximum
acceleration is the finite bandwidth of the AOMs. The high-
est acceleration achieved requires a mutual detuning of up to
20 MHz of the counter-propagating laser beams. For these pa-
rameters, the AOM deflection efficiency decreases by 50%,
which results in a similar decrease of the dipole trap laser
power and thus of the trap depth. Due to the combination of
these two effects the transportation efficiency should decrease
for accelerations exceeding 0.12am. = 5.8 x 10* m/s?. This
is indeed what we observe. Note, however, that the accelera-
tions realized here still exceed that of the maximum resonant
light pressure force, agr = ppnl/2m ~ 6 x 10*m/s?. Here,
Pph = hikpy is the photon momentum. This allows us to change
the atomic velocity from zero to the maximum velocity of
10 m/s (limited by the AOM bandwidth) within 100 ps.

The decrease of the transportation efficiency around
100 m/s? is attributed to a modulation of the dipole trap po-
tential caused by partial reflection of one of the laser beams
on the glass cell. The reflected beam interferes with the stand-
ing wave, which is thus phase and amplitude modulated. For
appropriate detunings this effect causes either resonant or
parametric heating of the atoms. This mechanism can be used
to measure the oscillation frequency of the atoms in the trap
and is currently under study [13]. If required, the effect could
be avoided by slightly changing the geometry of the setup or
by selecting proper detunings of the two beams.
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5 Conclusions and outlook

We have realized a deterministic source of cold
atoms which delivers a prescribed number of single atoms to
a desired spot. The precise control of the experimental para-
meters allows us to transport a single atom over the distance
of 10 mm within 1 ms with an accuracy of A/2. The absolute
position of the atom is limited by the size of the MOT. The de-
crease in the efficiency at larger distances is accredited only to
the effect of gravity. This indicates that larger displacements
could be achieved by using higher laser power and different
beam geometries. Moreover, additional cooling of the trapped
atoms would further improve the performance of the atomic
conveyor belt.

Alternative approaches are possible to control the mo-
tion of the standing wave interference pattern. The first is to
retro-reflect one of the trap laser beams by a mirror. Trans-
lating the mirror would result in a traveling wave. This me-
chanical solution would avoid the major heating effect due
to the phase noise of the AOM drivers. Its disadvantages,
however, are a worse overall stability and much lower pos-
sible accelerations and velocities. A second alternative is to
use an electro-optical modulator (EOM) to phase-shift one
of the laser beams. Here, an adiabatic shift from Oto 2w
moves the interference pattern along with the trapped atom
by A/2. Then, the EOM rapidly switches the phase from 27
back to 0 without the atom being able to follow. Repeating
this procedure n times transports the atom over the distance
of nA/2. This approach would simplify the optical setup at
the cost of placing demanding requirements on the EOM
driver.

One of the most interesting applications of the optical
conveyor-belt is the controlled positioning of two or more
atoms in the fundamental mode of a high-finesse optical cav-
ity. In current single-atom cavity-QED experiments [18, 19]
atoms are released from a MOT and thus enter the cavity in
a random way. Our device, however, could place a predeter-
mined number of atoms into the cavity deterministically. This
could provide the possibility to entangle neutral atoms via
the exchange of optical photons [20,21], a demanding task
which, so far, has only been accomplished in the microwave
domain [22, 23].
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