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Deterministic Delivery of a
Single Atom

Stefan Kuhr,* Wolfgang Alt, Dominik Schrader, Martin Miiller,
Victor Gomer, Dieter Meschede

We report the realization of a deterministic source of single atoms. A standing-
wave dipole trap is loaded with one or any desired number of cold cesium atoms
from a magneto-optical trap. By controlling the motion of the standing wave,
we adiabatically transport the atom with submicrometer precision over mac-
roscopic distances on the order of a centimeter. The displaced atom is observed
directly in the dipole trap by fluorescence detection. The trapping field can also
be accelerated to eject a single atom into free flight with well-defined velocities.

The manipulation of individual atomic parti-
cles is a key factor in the quantum engineer-
ing of microscopic systems. These techniques
require full control of all physical degrees of
freedom with long coherence times. In com-
parison to well-established single-ion trap-
ping methods (/-4), a similar level of control
of neutral atoms has yet to be achieved be-
cause of their weaker interactions with exter-
nal electromagnetic fields.

Thermal sources of neutral atoms, such
as atomic beams, provide a flux of uncor-
related atoms with random arrival times.
However, there is great interest in a source
that would deliver a desired number of cold
atoms at a time set by the experimentalist.
Micromaser experiments, for example, use
a dilute atomic beam, which results in a
mean number of atoms inside the resonator
that is much less than 1. Poissonian statis-
tics, however, dictate that the probability of
having more than one atom inside the res-
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onator simultaneously does not vanish; this
can easily destroy the ideal one-atom-maser
operation (5). Another possible application
is the controlled generation of single opti-
cal photons triggered by atoms entering a
resonator with mirrors of ultrahigh reflec-
tivity (a “high-finesse” resonator) one by
one (6, 7). Other experiments require the
placement of more than one atom into the
region of interest. Quantum logic gates (8)
can be implemented by entangling (2, 4, 9,
10) neutral atoms through their simulta-
neous coupling to the optical field of a
resonator (11, 12). This is possible with the
current technology, but in recent experi-
ments (/3, 14) atoms enter the cavity in a
random way, rendering it impossible to
have a certain small number of atoms on
demand.

In comparison, our technique guarantees
control of the position of individual neutral
atoms with submicrometer precision. A
standing-wave dipole trap is used to store
any desired small number of cold atoms in
a laser field interference pattern, localizing
the trapped atoms to better than half of the
optical wavelength. Changing the laser pa-
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rameters moves this interference pattern
along with the trapped atom in a prescribed
way. Whereas the transportation of atomic
clouds has recently been realized using
magnetic potentials (/5), here we demon-
strate the controlled transport of a single
atom.

Optical dipole traps (/6-21) are based
on the interaction between an electric com-
ponent of the light field E and the induced
atomic electric dipole moment d, which is
proportional to E. The interaction energy
U = —(d - E)/2 is proportional to the local
light intensity. If the laser frequency is
smaller than the atomic resonance frequen-
cy, the atom is attracted to the region of
maximum intensity. Thus, the simplest op-
tical dipole trap is a focused laser beam.
Tuning the laser frequency far away from
all atomic resonances substantially reduces
the photon scattering rate, and the atom is
trapped in a nearly conservative potential.
In contrast, a magneto-optical trap (MOT)
(22) provides dissipative forces and serves
as a convenient source of single cold atoms
(23, 24). Atoms captured from the back-
ground gas interact with the near-resonant
light field of the MOT and scatter photons
from the laser beams. This fluorescence
signal monitors the number of trapped at-
oms in real time (Fig. 1). These atoms can
be transferred into a dipole trap superim-
posed on the MOT without any loss, thus
allowing us to experiment with a predeter-
mined number of atoms (24).

Our dipole trap consists of two counter-
propagating laser beams with equal inten-
sities and optical frequencies v, and v,,
producing a position-dependent dipole po-
tential U(z, 1) = U, cos*[w(Avt — 2z/\)},
where U, is the local trap depth, z is the
position of the atoms, A = 1064 nm is the
optical wavelength (A = ¢/v, = c/v,, where
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c is the speed of light), and Av = v, — v,
<< v,, v,. An atom initially trapped in the
stationary standing wave (Av = 0) is
moved along the optical axis by changing
the frequency difference Av, which causes
the potential wells to move at a velocity
v = ANAv/2. The value of Av is controlled
with two acousto-optic modulators (AOMs)
(Fig. 2). A similar technique is used in (25,
26) to accelerate atomic ensembles in opti-
cal lattices. In our case, both dipole trap
laser beams, which are derived from a Nd:
YAG (yttrium-aluminum-garnet) laser, are
focused to a waist of wy, = 30 um. With a
total power of 5 W, these two beams pro-
duce a maximum trap depth of U, /kp =~ 2
mK (where kg is the Boltzmann constant).
Because the typical kinetic energy of a
trapped atom (~0.1 mK) is considerably
smaller than the trap depth, the radial lo-
calization (~7 pm) is much tighter than the
waist w,. For these parameters, the maxi-
mum photon scattering rate is about 3 s™!
and can be neglected on the relevant time
scales. On the basis of our previous exper-
iment (24), we expect a spin relaxation time
on the order of half a minute.

Our device allows us to accelerate a
single trapped cesium atom and bring it to
a stop at preselected points along the stand-
ing wave. For this purpose, a digital fre-
quency synthesizer sweeps the frequency of
one of the modulators in a phase-continu-
ous way. We control the transportation dis-
tance with submicrometer precision by het-
erodyning both frequencies of the AOM
drivers. A counter monitors the number of
cycles during a frequency sweep, which
directly measures the transportation dis-
tance in multiples of N/2.

We use position-sensitive fluorescence
detection (27) to detect a displaced atom
within the dipole trap. The atom is illumi-
nated by a weak resonant probe laser
(A\jes = 852 nm, F = 4 — F' = 5 transition
of the D, line) overlapped with a repump-
ing laser (F = 3 — F' = 4), providing
cyclic optical excitation. The resulting flu-
orescence signal is detected by a second
optical system identical to the one used for
collecting fluorescence from the MOT (Fig.
3A). A high-precision linear motion stage
displaces both detector and imaging optics
to the exact transportation distance. Spatial
filters limit the fluorescence detection to a
field of view of radius ~40 pm. This is
much smaller than the typical displace-
ments, which are on the order of several
millimeters. Resonant illumination yields a
burst of up to 100 fluorescence photons in
50 ms at near zero background, which war-
rants secure detection of the atom at its new
position (Fig. 3B). The fixed imaging op-
tics permanently monitor the MOT region,
both to verify the presence of a single atom
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and to confirm the disappearance of the
displaced atom from the MOT.

This detection scheme serves to prove
the deterministic delivery of a single atom
to a desired spot. The measured probability
of observing the transported atom as a
function of the displacement (Fig. 4, cir-
cles) shows that for small distances, the
fraction of detected atoms is above 90%.
However, the position dependence of the
trap depth limits the detection efficiency
for larger displacements z from the laser
focus. The tight focusing of the trapping
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laser beams yields a Rayleigh length z, of
only 3 mm. Because of the divergence of
the Gaussian trapping beams, the local trap
depth U, scales with the displacement z
from the focus as Uy(z) = U, (1 + z%
z,2)7!. During resonant excitation, the
atom is heated by scattering photons. The
fluorescence signal lasts until the atom is
evaporated out of the trap, which happens
on average after N = 2mU,(2)/p,,* scatter-
ing events, where m is the atomic mass and
Ppn = /N s (Where h is Planck’s constant)
is the photon momentum. As a conse-

Fig. 1. Loading the dipole trap with a
desired number of atoms. Fluorescence
from the MOT shows discrete signal
levels and directly monitors the number
of trapped atoms N. Here, the MOT is
switched on at t = 0 and four atoms
are captured from the background gas.
A desired number of atoms (two, in this
case) is transferred into the dipole trap
by turning on the dipole trap laser a few
milliseconds before the MOT lasers are
turned off. After 1 s, the reverse proce-
dure recaptures the atoms into the
MOT, showing the same fluorescence
level (i.e., the same number of atoms)
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1 as before. Transfer of atoms between
the two traps can be repeated many
times without losing atoms.

Fig. 2. The MOT and dipole trap are
overlapped in the center of a vacu-
um cell (not shown). AOMs are used
to control the frequencies of the
two laser beams that form the di-
pole trap. Fluorescence light is col-
lected by imaging optics with spatial
filtering apertures and is detected
by a single photon counting detec-
tor. The photon count rate from the
MOT is 5 X 10* s~ per atom (see

Fig. 1).
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Fig. 3. “Single-atom conveyor belt.” (A) Moving the interference pattern transfers a trapped atom
from the MOT region to a new position where the resonance fluorescence is collected by the
displaced detection optics. (B) Detection of a single atom in the dipole trap. The graph shows a
burst of fluorescence photons from one atom in the dipole trap displaced by 500 um. The probe
laser is switched on with a time delay of 30 ms after transportation and produces no measurable

contribution to stray light.
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quence, the fluorescence signal decreases
for larger distances.

Nonetheless, the transportation efficien-
cy is much higher than shown by the reso-
nant illumination detection. As the atom
moves away from the laser focus during the
transportation procedure, the depth of the
dipole potential decreases. This potential
flattening is sufficiently slow to result in
adiabatic cooling of the transported atom.
Simple calculations show that even for rel-
atively hot atoms with a kinetic energy of
half the maximum trap depth, the transpor-
tation distance should be on the order of 5
mm. To prove this, we have used 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 (Fig. 4,
squares) reveal that even for distances as
large as 10 mm, the two-way transportation
efficiency remains above 80%.

The investigation of various accelerations
at a constant displacement of 1 mm yields a
constant transportation efficiency of more
than 95% until the acceleration exceeds a
value of 10° m/s?. At larger accelerations, the
efficiency rapidly decreases as a result of the
reduction of the dipole trap laser power,
caused by the finite bandwidth of the AOMs.
An acceleration of 10° m/s? allows us to
change the atomic velocity from 0 to 10 m/s
in 100 ps.

In all the manipulations described
above, the dipole trap is never switched off.
However, it is of interest to see whether the
atomic position and velocity can still be
determined after a period of zero interac-
tion with light fields. Using the conveyor
belt as a catapult and the MOT as a target,
we realized a rudimentary linear accelera-
tor for a single atom. Initially, a single atom
is displaced by 3 mm, which is substantial-
ly larger than the capture region (about 300
pm) of our high-field gradient MOT (24).
We now move the standing wave in the
opposite direction, accelerating the atom
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back over 0.5 mm. The atom is now re-
leased into free flight 2.5 mm away from
the MOT by rapidly switching off the
standing wave. In the absence of light, it
then flies with a final velocity of 2 m/s
toward the position of the MOT. Note that
the initial kinetic energy of the trapped
atom limits the precision of this velocity (to
about 5% in this case). The time of flight
can still be calculated with enough accura-
cy such that if the MOT lasers are turned on
exactly at this time, the atom is always
recaptured by the MOT, demonstrating the
working principle of the catapult. We ob-
served, however, that the MOT is not a
perfectly defined target. Slight misalign-
ment of the MOT laser beams causes un-
balanced resonant light forces to deflect the
atom from its path before dissipative forces
capture it in the center of the trap. This
effect reduces the recapture efficiency to
20% if we direct the atom into the operating
MOT. This capture rate is due to pure
magnetic trapping only, as has been con-
firmed by measuring the same capture ef-
ficiency of 20% without accelerating the
atom toward the MOT. More generally, a
dipole trap made of crossed laser beams
could eject an atom into a direction differ-
ent from the beam axis. This ability to
deliver a single atom with a well-defined
velocity and direction of motion could trig-
ger further experiments in which single
atoms act as a probe for various physical
systems.

The single-atom conveyor belt can
transport a desired number of atoms into a
resonator of high finesse in order to imple-
ment basic quantum gate operations (8, 1/,
12). Although the standing-wave structure
has a periodicity of N/2, the absolute con-
trol of the axial position of the atoms in the
dipole trap is currently limited by the size
of the MOT (less than 20 wm). Lowering
this limit and consecutively loading single
atoms from the MOT into the dipole trap
should generate a string of atoms with well-
defined separations to create an “atomic
shift register.” The standing-wave structure

Fig. 4. Deterministic delivery of a 1.0 4
single atom, as shown by the $ L ] i
probability of detecting a dis- L] L] []
placed atom as a function of the 0.8 1 { !
displacement. Each data point
results from ~100 shots per- Z 06 f
formed with one atom each. Cir- s f
cles: The atom is detected by ©
resonant illumination at its new & 4 | }
position. Squares: More efficient
detection by moving the atom
back and recapturing it into the 0.2 4 i
MOT.
0-0 T T T T M T ; T T T
2 0 2 4 6 8 10
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also provides tight confinement of trapped
atoms, leading to axial oscillation frequen-
cies of about 400 kHz. This opens a route to
the application of Raman sideband cooling
techniques (28) and the generation of non-
classical motional states of atoms (29). Ad-
ditional cooling of the atoms will improve
the performance of the conveyor belt with
respect to both transportation efficiency
and atomic localization. Spin relaxation
times of many seconds, in combination
with the state-selective detection at the lev-
el of a single neutral atom (24), show that
this system promises to be a versatile tool
for future experiments with full control of
internal and external atomic degrees of
freedom.
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