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Production of annular flat-topped vortex beams
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A model of an annular flat-topped vortex beam based on multi-Gaussian superimposition is proposed. We
experimentally produce this beam with a computer-generated hologram (CGH) displayed on a spatial light
modulator (SLM). The power of the beam is concentrated on a single-ring structure and has an extremely
strong radial intensity gradient. This beam facilitates various applications ranging from Sisyphus atom
cooling to micro-particle trapping.
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In optical trapping, the dark hollow beam is a pow-
erful tool because it possesses many unique features,
such as zero center intensity, orbital angular momentum,
strong intensity gradient force, and propagation invari-
ance. The most attractive and practical applications of
dark hollow beams include atom manipulations, such as
atom transport, atom guiding, evaporative cooling, and
dipole trapping[1−8]. These atom manipulations and ap-
plications require the optical gradient force to restrict
the transverse motion of the atoms. For the gradient
force, the frequency detuning of the laser light can either
attract or repel the atoms from regions of high light in-
tensity. In red-detuned guiding, the atoms are attracted
to the maximum intensity of the light beam. However,
this form of guiding has drawbacks mainly in the form
of heating resulting from spontaneous emission as the
atoms spend an extensive period of time in regions of
high light intensity. This heating invariably leads to the
loss of coherence and an increase in average temperature
of the atomic ensemble. Blue-detuned guiding, in which
the light frequency is tuned above resonance, is advanta-
geous in this respect because the atoms are restricted to
regions of intensity minima. Thus, perturbations induced
by the light field are minimized. Dark hollow beams also
show promise for the long-distance transport of large
numbers of ultra-cold atoms, making them strong com-
petitors against hollow fiber atom guides, because a dark
hollow beam may guide cold atoms along hollow fibers.
Guiding along hollow fibers has been reported in both
the red- and blue-detuned regimes[9−11]. Dark hollow
beams, however, have some significant advantages over
the use of hollow fibers, such as the ease with which they
are loaded, physical wall elimination, and the variation
of core size.

Well-known dark hollow beams include the Laguerre-
Gaussian (LG) and Bessel beams. These beams
have been intensively studied, both theoretically and
experimentally[12−15]. More importantly, higher order
forms of these beams retain their on-axis intensity min-
imum and are very well suited for atom guiding and
atom optics. In addition, high-order Bessel light beams
are better candidates for atom guiding over extended
distances due to their non-diffractive nature and very
narrow dark central regions. LG beams with higher az-
imuthal index l concentrate their power in a narrower

ring, resulting in steeper and larger potential barriers;
such beams with higher radial index p present more ra-
dial intensity nodes, resulting in widening multi-ringed
power distribution. However, LG beams are inferior to
high-order Bessel beams in terms of propagation invari-
ance, narrow dark central region, and potential barrier.
Arlt et al. reported a method for directly transforming
a LG beam into a higher order Bessel beam using an
axicon; in that work, the hole drilled into the axicon
allows a cold atomic beam to be directly channeled into
the Bessel beam guide[6].

In the case of the Gaussian beam, the forces exerted
on the micro-particles are scattering and gradient forces.
The scattering force usually weakens the effect of the

Fig. 1. One-dimensional radial intensity distribution simula-
tion of the mathematical model for the multi-Gaussian beam.
(a) Demonstration of the effect of large number N ; when N

becomes large, the superimposed multi-Gaussian beam tends
to become a flat-topped beam with the center located at the
origin of the radial coordinate. (b) Radial normalized inten-
sity distributions for annular flat-topped vortex beams and
their individual Gaussian component beams.
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gradient trapping force. Dark hollow beams have no ax-
ial scattering force, which is instrumental in enhancing
the trapping effect. The crucial factor for successful ap-
plications of dark hollow beams is the strong intensity
gradient of inner boundaries. However, the maximum
gradient force in the LG, Bessel-Gaussian, and doughnut-
like beams is limited when the total laser power is set,
because these beams have fixed transverse intensity pro-
files. Alternate beams with extremely strong intensity
gradients are eagerly sought by physicists[16−18]. Monte-
Carlo simulations and experimental research show that
the intensity gradient is usually small and inefficient for
Sisyphus atom cooling, either in standing or evanescent
wave[19,20].

In this letter, we demonstrate a method of producing
an annular flat-topped vortex beam, which has a stronger
intensity gradient than any current beam profile. The
method involves a computer-generated hologram (CGH)
displayed on a nematic liquid crystal spatial light mod-
ulator (SLM). The hologram is formed by interference
between the inclined incident plane reference beam and
the annular flat-topped vortex object beam. This robust
beam possesses the strongest intensity gradient and all
power concentrated on single-ring can be used to cool,
guide, and rotate atoms.

The mathematical model for the object beam we adopt
is multi-Gaussian written as:

E(r, φ) =E0
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where E0 is a constant; r and φ are polar coordinates;
r0 is a radial location biased value controlling the size
of the central dark area; m is the topological charge of
vortex beam; N is referred to as the order of the multi-
Gaussian beam, when N = 0, the multi-Gaussian beam
reduces to the fundamental Gaussian beam; w0 is the
width of the individual Gaussian beam. The width of
the entire multi-Gaussian beam W is related to w0 by
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The multi-Gaussian beam model expressed in Eq. (1)
may be taken as the superimposition of 2N +1 individual
Gaussian vortex beams, each of which is radially centered
on r0 + nw0. The one-dimensional (1D) radial intensity
profiles with different N and the individual Gaussian
component are illustrated in Figs. 1(a) and (b) along
with their superimposed annular flat-topped beams. Ac-
cording to Eq. (2), if we design a multi-Gaussian beam
with W = 10 and N takes 10 or 20, then w0 should take
either 0.4842 or 0.9382. With an increased order of the
multi-Gaussian beam, the intensity gradients of the su-
perimposed multi-Gaussian beam or annular flat-topped
vortex beam at the boundaries become large, which is a
requirement in neutral atom Sisyphus cooling. When N
approaches infinity, the annular flat-topped vortex beam

becomes an ideal flat-topped beam. Figures 2(a) and (b)
show the calculated intensity and phase distribution of
annular flat-topped vortex beams. The main parameters
are N = 8 and m = 5, which verify the feasibility of the
mathematical model for the annular flat-topped vortex
beam.

To experimentally produce the annular flat-topped
vortex beam, we used a digital holography scheme. An
inclined incident plane wave was taken as the reference
beam described by E(x) = E0 exp(i2πα/λ), where α is
the directional cosine, and λ is the laser wavelength. The
object beam was the annular flat-topped vortex beam we
want to produce. Figure 2(c) shows one example of the
interfergram. There are complex fork gratings and thick
fringes, and there are numerous fine fringe structures
on each of the thick fringes resulting from the specific
structure of object wave. Figure 2(d) is the computer-
reconstructed intensity profile of the annular flat-topped
vortex beam, which has been directly obtained by apply-
ing discrete fast Fourier transform to the interfergram. In
the experiment, the emitting source was the He-Ne laser
with a wavelength of 632.8 nm; it was pinhole-filtered,
collimated, and directed onto the nematic liquid crystal
SLM, as shown in Fig. 3(a). The total pixel number
was 1024×768, and the pixel size was 14×14 (µm). Two
linear polarizers were placed in front of and behind the
SLM, respectively. The calculated hologram from the
computer was displayed on SLM through a cable con-
nection. To optimize the visibility of the interfergram
and use the gray level available on the SLM, we carefully
selected an amplification coefficient to alter the gray level
of the whole hologram. Changing the relative azimuthal
angle through rotating two polarizers, the diffraction
efficiency is improved. If the diffracting images of dif-
ferent orders were not spatially separated, the direction
cosine had to be slightly adjusted. To realize far-field
Fraunhofer diffraction observation, a lens was inserted
somewhere behind the SLM, and the charge-coupled de-
vice (CCD) was focused on the focal plane of the lens.
However, we observed that the annular beam quality

Fig. 2. Calculated (a) intensity distribution and (b) phase
distribution of annular flat-topped vortex beams. (c) CGH
and (d) its reconstructed image.
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Fig. 3. (a) Experimental setup for producing the annular
flat-topped vortex beams; (b) reconstructed annular flat-
topped vortex beams taken in black-white camera mode; (c)
reconstructed annular flat-topped vortex beams taken in color
camera mode.

Fig. 4. Radial intensity distributions of the annular flat-
topped beam and the high-order Bessel beam.

was damaged. To minimize the influence of the imag-
ing system and the lens on the reconstructed annular
flat-topped vortex beam, we removed the lens and illu-
minated the SLM with a slightly converging collimated
beam. Afterwards, we observed the reconstructed annu-
lar flat-topped vortex beam 2 m away from the SLM.
Figures 3(b) and (c) show the pictures taken from this
plane. As can be seen, it is a single-ring beam with a
good flat top intensity; in addition, the inner boundary
has a clear and sharp edge, which is useful in firmly trap-
ping the atoms and making it difficult for them to escape.
The resulting image is much clearer than the one dis-
played on the monitor. As designed, the light intensity
in the nearby axis was nearly zero, which exerted no ra-
diation pressure on the trapped atoms. In other words,
the light intensity in the nearby axis did not perturb the
cooled atoms; the intensity variations around the flat-
topped ring and the annular width deformation (Figs.
3(b) and (c)) were caused by the misalignment of the
whole optical system. These intensity variations around
the ring resulted in the azimuthal component of the gra-
dient force. The misalignment also led to the breakdown
of the vortex and the loss of circularly symmetrical in-
tensity profile. To ensure a perfect annular flat-topped

vortex beam, careful alignment and adjustment are crit-
ically needed.

In the process of creating a CGH, the central dark areas
can be controlled by adjusting the annulus radius. In this
work, the central dark area was reduced by employing a
telescope in the reconstructed beam. Thus, the recon-
structed dark hollow beam had a dark center, which was
as small as we wanted. The reduced dark center area im-
plies that more energy is concentrated on the flat-topped
ring. A dark center, which is as small as the magnitude
of wavelength, exhibits some significant features. The
width of the annulus is controllable by altering the num-
ber of individual Gaussian beam; in the case of a wide
annulus, it renders lasting dragging force to the trapped
particles or cooled atoms to prevent them from escaping
from the trap or light conduit when the light beam moves
transversely. However, when the beam is blue-detuned,
the atoms are attracted to the dark center area, and in
this case, a wide annulus is not preferred.

To understand the superiority of a single-ring struc-
ture of an annular flat-topped beam compared with a
high-order Bessel beam in terms of energy efficiency, we
illustrated the radial intensity distribution of both beams
with approximately equal total energy (Fig. 4). As each
ring of a high-order Bessel beam contains equal portion
of total laser energy[21], the innermost ring playing a
dominant role in trapping, guiding, cooling, and rotating
atoms has the highest energy density due to the short
ring radius. However, the innermost ring of the high-
order Bessel beam only accounts for a very small frac-
tion of the total energy, compared with the single-ring
flat-topped beam with the same total energy.

This annular flat-topped beam is a vortex beam con-
taining spiral phase term exp(imφ), which makes the cen-
ter point a phase singularity. Electromagnetic radiation
with spiral phase distribution and linear polarization pos-
sesses orbital angular momentum and spin angular mo-
mentum. Each photon in the beam contains mh̄ of the
orbital angular momentum. Orbital angular momentum
and spin angular momentum can be transferred to mi-
croparticles and cold atoms[22−24]; therefore, the annular
flat-topped vortex beam will truly be an optical spanner
capable of rotating the trapped atoms.

In conclusion, we have proposed a mathematical model
for annular flat-topped vortex beams, which is a superim-
position of multi-Gaussian beams. With enough number
of individual Gaussian beams and a small waist width,
the annular flat-topped vortex beams will have an inten-
sity gradient, which will be as strong as desired. Ex-
perimentally, we have produced the annular flat-topped
vortex beams using a CGH displayed on a nematic liq-
uid crystal SLM. The produced annular flat-topped vor-
tex beams agree well with the theoretical expectation.
Due to its single-ring intensity profile, the energy effi-
ciency is much higher than those of the well-known LG
beam and Bessel beam in application and in production.
The annular flat-topped vortex beams with a strong in-
tensity gradient are suitable for firmly trapping, cooling,
and guiding particles, especially atoms. Furthermore, the
photons in the beams carry orbital angular momentum,
making the annular flat-topped vortex beams capable of
rotating particles.
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