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Large-volume single-beam dark optical trap
for atoms using binary phase elements
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A novel method to trap ultracold atoms in a single-beam, dark optical dipole trap, which uses a binary phase
element, is proposed and demonstrated. The length and the width of this trap are independently controlled to
enable a larger volume, a more symmetric shape, and a higher loading efficiency. More than 106 rubidium
atoms were loaded into the trap at a trapping laser detuning of 0.1–10 nm above the atomic transition.
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1. INTRODUCTION
Blue-detuned optical dipole traps rely on repulsive light
forces to tightly confine atoms mostly in the dark, where
perturbations induced by the trapping light (e.g., sponta-
neous scattering of photons, light-assisted losses, and dis-
tortions of the atomic energy levels) are largely
reduced.1,2 Such dark optical traps thus enable long life-
times at high atomic densities and long atomic-coherence
times, which are important for precision spectroscopy and
the study of ultracold atomic collisions and of quantum-
degenerated atomic samples. The use of single-beam
traps enables simple and robust dynamical changes of the
trap geometry and strength (e.g., using a zoom system)
that can further increase the atomic density.3 Very long
atomic spin-relaxation times were recently measured in
such a single-beam, blue-detuned trap based on a simple
p-phase mask.2

The main disadvantage of single-beam dark optical
traps is the low loading efficiency (;1023) from the
magneto-optic trap (MOT) that usually serves as the
source for cold atoms. The low loading efficiency results
from the very different volume and shape of the (nearly
spherical) MOT and the highly elongated dipole traps.
For example, for the simplest dipole trap, composed of a
single Gaussian beam with waist W0 of 10–50 mm, the
characteristic length is the corresponding Rayleigh range
Zr 5 pW0

2/l ' 0.3–8 mm (for l ' 1 mm). Dark optical
traps with more isotropic potentials were formed with
multiple laser beams4,5 and demonstrated improved load-
ing efficiency at the cost of increased complexity. Alter-
natively, high loading efficiencies were achieved for
single-beam gravito-optical traps,6,7 but the reliance on
the weak gravity forces prevents tight confinement for
these traps. Finally, efficient loading into attractive
(red-detuned) dipole traps is possible, thanks to the cool-
ing of the atoms by the MOT beams as they fall into the
dipole trap.8

In this paper we propose and demonstrate a novel
scheme for a single-beam, dark optical dipole trap with a
much larger volume and a more symmetric shape than
before. We achieve this by simultaneously exploiting two
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diffraction orders of a properly designed binary phase el-
ement (BPE). By improving the mode matching between
the dipole potential and the MOT, we have increased the
loading efficiency and hence the number of trapped atoms
by a factor of 50 as compared with our previous trap2 at
a wide detuning range of d 5 0.1–10 nm above the
5S1/2–5P3/2 transition in 85Rb.

2. OPTICAL SETUP
The optical setup for the generation of our dark optical
trap is illustrated in Fig. 1. An incident collimated beam
impinges on a BPE and is then focused by a lens. The
BPE is composed of concentric phase rings with a p-phase
difference between subsequent rings, thus creating a ra-
dial grating with uniform spacing. The BPE amplitude
transfer function is given by

U~r ! 5 expF i(
n51

M

p~21 !n11circS r

a1 1 ~n 2 1 !a
D G , (1)

where M is the number of phase rings illuminated by the
beam, and a is the width of all phase rings, except a1 ,
which is the radius of the central phase area. In the geo-
metrical optics limit (which is a good approximation when
M @ 1), the diffraction pattern of the BPE is composed of
discrete diffraction orders. The 0th diffraction order is
suppressed, owing to destructive interference between ad-
jacent phase rings. Figure 1 depicts the 1st and 21st dif-
fraction orders from the radial grating, each having a dif-
fraction efficiency of 40.5%,9 which together form an
outgoing cone of light. When focused, the cone will ap-
pear in the focal plane as a narrow ring. The ring closes
upon itself in both sides of the focal plane owing to the
beam divergence to form a dark region completely sur-
rounded by light. Note that the use of both the 1st and
21st diffraction orders of the grating is essential for ob-
taining complete enclosure of the dark region by light.10

This is seen by comparison of the setup of Fig. 1 to a simi-
lar setup in which a refractive axicon was used to form a
light cone.7 There, the dark region opened to one side of
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the optical axis, so additional gravitational forces were re-
quired to obtain a so-called gravito-optical trap.

For a quantitative evaluation of the light distribution
around the focal region of Fig. 1, wave optics was used.
Figure 2 presents a numerical solution of the Fresnel dif-
fraction integrals for the parameters used in our experi-
ment: a focusing lens with focal distance f 5 16 mm, a
BPE with a 5 50 mm and a1 5 37.5 mm, and an imping-
ing Gaussian beam with wavelength l 5 0.78 mm and
waist W0,input 5 400 mm. As seen, a dark volume at the
focus of the lens is indeed surrounded by light in all di-
rections. The width and the length of the dark region,
R 5 0.11 mm (OA in Fig. 2) and Z 5 5.1 mm (OB),
respectively, can be simply estimated as R
5 (p/2)MW0,focus and Z 5 (p/2)MZr . W0,focus 5 lF/
pW0,input is the waist of the focused Gaussian beam, Zr
5 pW0,focus

2 /l is its Rayleigh range, and M 5 W0,input /a
is the number of the radial grating periods within the in-
coming beam waist. The main point is that R and Z can
be nearly independently controlled by use of the two pa-
rameters M and W0,focus , as opposed to a Gaussian beam
where M 5 1, so R and Z are uniquely related.

Several new features emerge from the wave-optics pic-
ture that were missing from the ray-optics one. First,
the width of the light ring at the focal plane is exactly the
diffraction limit of the Gaussian beam (W0,focus). Second,
at both sides of the focal plane where the 1st and 21st dif-
fraction orders of the BPE overlap, they interfere to form
bright and dark (radial) interference fringes, which form
channels with reduced dipole potential height. In par-

Fig. 1. Generation of a dark optical trap by use of a binary
phase element (BPE). The 1st (gray) and 21st (dashed) diffrac-
tion orders are focused and form a dark volume around the focal
plane, completely surrounded by light.

Fig. 2. Contour map for the calculated light intensity of the
trap: A, transverse maximum; B, axial maximum; C, lowest
barrier height; O, trap center, at the focus of the lens.
ticular, the dark fringe closest to the optical axis (C in
Fig. 2) has a dipole potential height of only 13 mK, as op-
posed to the transverse potential height (A) of 154 mK of
the light ring at the focal plane and to the longitudinal po-
tential height (B) of 754 mK of the bright fringe along the
optical axis (these values are calculated for a detuning of
d 5 1.3 nm and a trap-beam power of 120 mW). Third,
the radius of the central phase region of the diffractive op-
tical element must be carefully optimized to ensure con-
structive interference of the light on the focal light ring,
and thus optimize the transverse potential height of the
trap. The best radius was numerically found to be a1
5 0.75a. Figure 3 presents the optical potential in the
focal plane for a1 5 0.75a and for a1 5 0.25a, which was
found to give the lowest transverse potential height. As
seen, an 80% improvement in the transverse potential
height is achieved through this optimization.

The BPE was formed as a binary surface-relief phase
element.11 Glass plates were coated with photoresist
(PR) by a spinner, where the spinner rotation speed was
adjusted to obtain the desired thickness of the PR layer.
The plates were then exposed to UV light through a mask
and developed to remove the PR in the areas exposed to
light all the way to the glass. Thus the thickness of the
PR layer determined the phase difference between differ-

Fig. 3. Calculated trap potential at the focal plane for central
phase area radius a1 5 0.75a (solid curve) and a1 5 0.25a
(dashed curve).

Fig. 4. CCD picture of the trap at the focal plane.
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Fig. 5. Measured cross sections of the trapping light intensity, at three planes along the trap: A, focal plane (Z 5 0); B, Z
5 1.56 mm; and C, Z 5 2.08 mm.
ent areas of the beam. For a p phase difference and for a
PR with index of refraction n 5 1.5, the desired thickness
of the PR layer is d 5 l/@2(n 2 1)# 5 0.78 mm.

A Ti:sapphire laser with a line width of ;40 GHz and a
TEM00 (Gaussian) transverse mode with W0,input
5 400 mm was passed through a BPE with a 5 50 mm
and then focused by a lens with f 5 16 mm. In the focal
plane of the lens a 150-mm-diameter glass ball was placed
to block a small 0th diffraction order of the beam (owing
to inaccuracies in the PR layer thickness). The trap was
then imaged into the vacuum chamber with a 1:1 magni-
fying telescope. A CCD camera picture of the trap at the
focal plane is shown in Fig. 4. Three cross sections of the
trap light intensity at different distances along the optical
axis, extracted from such pictures, are shown in Figs.
5(a)–5(c) and are in a good agreement with the calculated
light intensity of Fig. 2. The laser power going into the
cell was 120 mW, with a total diffraction efficiency of
;60% of the 1st and 21st diffraction orders of the BPE.12

The dark focal region was aligned with the center of a
MOT, which served as the cold atomic source.

3. TRAPPING OF ATOMS IN THE BINARY-
PHASE-ELEMENT TRAP
The loading procedure was very similar to that described
in a previous work.2 Briefly, 700 ms of MOT loading, 47
ms of compression, and 3 ms of polarization gradient cool-
ing produced a cloud of ;108 atoms, with a temperature
of 9 mK and a peak density of ;1011 atoms/cm3. After
the MOT beams were shut off, a few million atoms were
typically loaded into the optical trap. The number of
trapped atoms was measured with fluorescence imaging
into a photomultiplier tube, induced by a 100-ms laser
pulse resonant with the 5S1/2 , F 5 3 → 5P3/2 , F 5 4
transition. Figure 6 shows the number of trapped atoms
as a function of the trapping time for different trapping-
beam detunings. As seen, for every detuning there are
two different time scales for the loss of atoms from the
trap: 55–80 ms and 300–350 ms. The fast decay time
corresponds to atoms that are trapped only in the radial
direction (two-dimensional trapping), as the lowest point
in the trap potential barrier is of the order of the atomic
temperature of 9 mK. Hence atoms with a kinetic energy
higher than the lowest point are lost after the time it will
take them to traverse the trap (;70 ms). The slower de-
cay time is due to atoms that are trapped in three dimen-
sions and are lost owing to collisions with hot background
atoms. The loss measurements were repeated for d
5 0.2–10 nm, and the fraction of three-dimensional

Fig. 6. Number of atoms in the trap as a function of time after
the MOT turn-off, for d 5 1.5 nm (circles), 3 nm (triangles), and 5
nm (diamonds). The solid curves are fits as sums of two expo-
nentials, which give a fast decay-time constant of 55–80 ms, and
a slow decay-time constant of 300–350 ms. The fraction of
three-dimensional trapped atoms is 0.5, 0.03, and 0.003, for d
5 1.5, 3, and 5 nm, respectively.

Fig. 7. Fraction of atoms in the F 5 3 hyperfine level as a func-
tion of time, at a trapping-beam detuning of 1.3 nm. The (1/e)
spin-relaxation time was measured to be 273 ms.
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trapped atoms changed from 1 for d < 1 nm, to ,1023 for
d 5 10 nm, which supports our interpretation.

Finally, the spin-relaxation time of the atoms in the
trap was determined by measurement of the rate at which
the atoms undergo spontaneous Raman scattering events,
which transfer the atoms between the two hyperfine lev-
els of the ground state.2 After pumping of all the atoms
in the trap to the F 5 2 hyperfine level of the ground
state, the population of the F 5 3 hyperfine level was
measured as a function of time. Figure 7 shows the frac-
tion of atoms in the F 5 3 hyperfine level as a function of
time, at a trapping-beam detuning of 1.3 nm. The (1/e)
spin-relaxation time was measured to be 273 ms. Using
the analysis described in Ref. 2, we calculated the total
photon-scattering rate to be 10 s21.

4. CONCLUSIONS
To conclude, a dark optical trap for cold atoms with im-
proved symmetry and hence improved loading efficiency
of ;5% was proposed, demonstrated, and characterized.
The use of multiple diffraction orders from a binary phase
element enabled us to construct the trap with a single la-
ser beam and yet not to rely on gravity for confinement.
This opens the possibility for us to compress the trapped
atoms by dynamically changing the volume of the trap,
using a fast zoom-lens system instead of the focusing lens
of Fig. 1. For example, a zoom system that decreases
W0,focus by 310 would decrease the trap volume by 3104

and increase the potential height by 3100.13 There could
be several ways to overcome the low potential at the dark
interference fringes. One could, for example, move the
trap rapidly so as to form a time-averaged potential that
will be the average between the destructive and construc-
tive fringes, or alternatively, one could destroy coherence
only in the azimuthal direction by using a rotating dif-
fuser. We note that even though diffractive optical ele-
ments have certain limitations in creating three-
dimensional optical potentials, they enable the formation
of almost any arbitrary shape of optical potential in two
dimensions. Therefore, provided that the confinement
along the optical axis is achieved independently, by use of
a blue-detuned standing wave, for example, interesting
two-dimensional physics that is sensitive to the potential
shape, such as quantum chaos, can be studied with such
elements. Finally, we estimate that nearly all the atoms
from our ;1-mm MOT can be loaded into a dark optical
trap by use of a BPE with M 5 30 and a 2-W-power trap-
ping laser with a 1-nm detuning from resonance.
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