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Experimental generation and dynamical
reconfiguration of different circular optical lattices

for applications in atom trapping
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Different configurations of optical lattices with circular cylindrical geometry have been recently studied in the
context of atom trapping from a theoretical viewpoint, giving rise to a number of proposed applications. A com-
mon problem for testing theoretical predictions is the difficulty in the experimental realization of some of the
necessary optical potentials. Here we discuss the experimental generation of four different circular optical lat-
tices in an efficient and simple way using a single spatial light modulator. Our approach allows switching be-
tween different light configurations with a time resolution given by the response time of the light modulator.
© 2010 Optical Society of America
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. INTRODUCTION
owadays, optical trapping of neutral atoms has become
common tool in many laboratories worldwide, opening

he possibility of investigating new frontiers in physics. In
articular, the development of far-off-resonance traps [1]
as allowed the confinement and organization of cold
atter in optical lattices [2]. Exciting potential applica-

ions have been envisioned for this kind of traps in sev-
ral scientific and technological areas. For instance, in
he realm of quantum computing, atoms trapped in opti-
al lattices could be used to implement quantum logical
ates [3].

The geometry of an optical lattice strongly determines
he behavior of the trapped matter and, thus, its applica-
ions [4–6]. In this context, circular optical lattices appear
s very attractive alternatives, with important differ-
nces with respect to rectangular lattices. Typically, circu-
ar lattices should be generated with light beams possess-
ng a well defined orbital angular momentum (OAM) [7],
uch as Laguerre–Gaussian (LG) or Bessel beams (BBs)
8], which adds them an extra appeal since this dynamical
roperty of the electromagnetic field can be transferred to
atter. In fact, the OAM has been transferred to optically

rapped microparticles [9,10], cold atom clouds [11], and—
ore recently—to Bose–Einstein condensates [12,13]. An-

ther interesting property of light fields with OAM, also
alled optical vortices, is that they exhibit a screw type
islocation of the wave fronts associated with a rotating
hase distribution [14]. It has been demonstrated that
odes with phase singularities in Bose–Einstein conden-

ates are robust to decoherence effects, opening the pos-
ibility to quantum information storage in atomic vapors
15]. In general, we will assume a harmonic time depen-
ence of the form exp�−i�t�, so we will look only at the
patial dependence of the wave function in each case.
0740-3224/10/050948-8/$15.00 © 2
Superpositions of counter-rotating optical vortices pro-
ucing stationary waves in the angular direction have re-
arkable features as well. For instance, whereas a linear

ptical lattice may represent a one-dimensional quasi-
eriodic system only within a limited region with open
oundaries, a circular lattice with a set of potential wells
istributed along the angular variable is a suitable model
or an unlimited one-dimensional periodic system with
losed boundaries [4]. These necklace-like optical poten-
ials have been proposed also as an interesting alterna-
ive for achieving the exchange of angular momentum be-
ween light and cold atoms [16,17]. An optical potential of
his kind would split the wave function of a single local-
zed atom into clockwise and anticlockwise components,
hich may interfere under certain conditions [16]. In a re-

ent theoretical study, the interaction of a cold atom with
ifferent configurations of circular Bessel lattices was
nalyzed within a semi-classical approach [17]. Among
ther applications, the alternate operation of the different
ptical potentials was proposed for creating predesigned
tomic paths in three dimensions [17]. Nevertheless, a
ractical issue that must be overcome for implementing
hese and other ideas experimentally is the simultaneous
nd efficient generation of two independently structured
ight beams that shall interfere to form the lattice.

The recent advances in spatial light modulation tech-
ology along with the continuous development of different
lgorithms to produce computer generated holograms
CGHs) have led to a great progress in the creation of
tructured light distributions, with especially tailored
roperties in intensity, in phase, or both. In fact, CGHs
ave been used to generate vortex beams since two de-
ades ago [18], and these have been encoded in spatial
ight modulators (SLMs) for more than a decade by now
19].
010 Optical Society of America
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In this article, we present an experimental method for
he generation of four different circular optical lattices by
sing a phase SLM. Our code for generating the struc-
ured light beams is very simple and efficient; it consists
f displaying the phase of the desired beam in the SLM.
e analyze the performance of this code for the genera-

ion of multi-ringed vortex beams and necklace-like pat-
erns by means of numerical simulations and experi-
ents, and compare our method with previous work. In

ddition, we use a single SLM to independently modulate
wo parallel beams, which eventually interfere to form an
ptical lattice. The light distribution can be dynamically
econfigured by changing the hologram or phase mask
isplayed in the SLM.

. OPTICAL LATTICES WITH CIRCULAR
YLINDRICAL GEOMETRY

n this study, we deal with paraxial light beams, which
rovide a good description for our experiments, and thus
e will focus our attention on the transverse component
f the optical field within a scalar approach, having a con-
entional polarization state. Detailed vector treatments of
he wave fields studied here and other related vector light
elds can be found in [17,20–25]. Under the considered
onditions, a general expression for a monochromatic op-
ical vortex on-axis, with an angular frequency �, and
ropagating along the z axis can be written as

��r�,t� = Am��,z�exp�i�kzz + m� − �t��, �1�

here kz denotes the component of the wave vector along
he propagation axis and m is an integer known as the to-
ological charge or the order of the vortex [26]. The sign of

determines the helicity of the beam; this is the projec-
ion of its OAM along the propagation direction. The ra-
ius vector and the radial and angular variables are de-
ned as usual as r� = �x ,y ,z�, �=�x2+y2, and tan �=y /x.
he amplitude of the wave field, Am�� ,z�, is proportional
o �m when � is small.

The most typical examples of optical vortices are BBs
nd LG beams. In the first case, the amplitude is propor-
ional to the Bessel function of the first type, Am�� ,z�
Jm�kt��, with kt being the transverse component of the
ave vector. BBs are propagation invariant optical fields,
hich means that their transverse intensity distribution
oes not change on propagation [8,27]. This is an ideali-
ation of course; in practice, the propagation invariance
egion is finite and determined by the experimental con-
itions. In the case of LG beams, the amplitude Am�� ,z� is
solution of the paraxial wave equation in circular cylin-

rical coordinates [7,28]. In contrast with BBs, LG beams
o spread on propagation, although they are structurally
table [28]. The particular propagation properties of LG
odes and BBs make them suitable for different pur-

oses; the appropriate choice depends on the specific ap-
lication (see, for instance, [9,10,17,21,22,29–32]).
Linear combinations of vortex fields with exactly the

ame characteristic parameters but having opposite he-
icities yield stationary fields in the angular variable,
uch as
��r�,t� = Am��,z��cos m�

sin m��exp�i�kzz − �t��. �2�

ereafter we will refer to these fields as angular cosine
odes or simply cosine modes.
In what follows, we will briefly discuss four particular

ases of circular optical lattices that can be created by
eans of superpositions of counter-propagating vortices

r cosine modes. The first three cases were discussed in
etail in [17], while the fourth case was introduced and
emonstrated using sound waves in [33].

. Three-Dimensional Stationary Circular Lattice
onsider the interference of two angular cosine modes of

he type described by Eq. (2), but propagating in opposite
irections along the z axis. The resulting optical field has
he form

�3D�r�� = Am��,z�cos m��exp�ikzz� + exp�− ikzz��, �3�

ith the corresponding intensity distribution

I3D�r�� = 4Am
2 ��,z�cos2�m��cos2�kzz�. �4�

here are nodal surfaces along the angular and axial co-
rdinates. The intensity distribution for this lattice is
hown in Fig. 1(a), for the case of a BB with m=3.

. Toroidal Train Lattice
set of light doughnuts arranged along an axis can be

enerated by the interference of two optical vortices with
pposite helicities and propagating in opposite directions
long the same axis. In spite of their different helicities,
he two beams are rotating in the same direction with re-
pect to a fixed reference frame [17]. The resulting field is
iven by

�TT�r�� = Am��,z��exp�ikzz + im�� + exp�− ikzz + im���,

�5�

eading to an intensity distribution of the form

ITT�r�� = 4Am
2 ��,z�cos2�kzz�. �6�

e will refer to this case as a toroidal train lattice, and it
s illustrated in Fig. 1(b) for a BB with m=1.

. Twisted Helical Lattice
his light configuration was first introduced by Bhatta-
harya for the case of LG beams [34]. A twisted helical lat-
ice can be generated by the interference of two rotating
ortices with the same helicity but counter-propagating
long the same axis. This means that the two beams are
otating in opposite directions with respect to a fixed ref-
rence frame [17]. The resulting field is described by

�TH�r�� = Am��,z��exp�i�kzz + m��	 + exp�− i�kzz + m��	�,

�7�

nd the intensity distribution yields

ITH�r�� = 4Am
2 ��,z�cos2�kzz + m��. �8�

igure 1(c) shows this optical lattice for the case of a BB
ith m=2.
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. Lattice with an Orbital Angular Momentum Gradient
peculiar optical lattice is generated by the superposition

f a cosine and a sine mode propagating in opposite direc-
ions along the same axis, that is,

�OAMG�r�� = Am��,z��sin m� exp�ikzz�

+ cos m� exp�− ikzz��. �9�

he resulting intensity distribution is

IOAMG�r�� = 2Am
2 ��,z��1 + sin 2l� cos�2kzz��. �10�

his field represents a “chain of vortices,” in the sense
hat it is constituted by a succession of vortices along the
axis alternating opposite helicities, and between each

air of vortices, there are orthogonal cosine modes [33].
he resultant field exhibits a gradient of the OAM, which

s analogous to the spin gradient or polarization gradient
sed for atom cooling by means of the Sisyphus effect
35]. Figure 1(d) shows the intensity distribution of this
attice for a BB with m=2.

We have left the radial dependence Am�� ,z� unspecified
ecause the most significant dynamical characteristics of
he lattices studied here are associated with their angular
ependence. In fact, it is worth noticing that for m=0, all
he cases reduce to same. A standing wave of this kind,

ig. 1. (Color online) Schematic of the intensity distributions of
he circular optical lattices at different planes along the propa-
ation axis z. In all cases the radial profile corresponds to a BB.
a) Three-dimensional circular lattice, m=3. (b) Toroidal train
attice, m=1. (c) Twisted helical lattice, m=2; the red spot is a
eference to follow the rotation of the pattern. (d) Lattice with
AM gradient, m=2; the red arrows indicate the rotation direc-

ion of the phase.
ith A0�� ,z�=J0�kt��, has been used to create a “conveyor
elt” for manipulating large amounts of microparticles
ver extended distances [32].

. GENERATION OF MULTI-RINGED BEAMS
ITH A PHASE SLM

t is clear from the previous section that, in order to gen-
rate any of the considered optical lattices and switch
mong the different configurations as proposed in [17], it
s necessary to independently generate the two light
eams that shall interfere. This task requires a dynami-
al control of the light configuration, achievable by means
f a SLM. In this section, we will discuss the generation of
he desired optical fields by means of a phase SLM. In
articular, we use a reflection spatial phase modulator
Holoeye LC-R-2500), which was characterized for a
avelength of 532 nm. The characterization process con-

ists of determining the phase value encoded in the SLM
or each gray level in the screen of the control computer
36].

One of the first techniques for producing optical vorti-
es was the use of spiral phase plates [37], which are re-
ractive elements whose optical width is linearly increas-
ng along the angular variable by a complete cycle of 2� in
he phase, or an integer number of cycles, for a given
avelength. Nowadays, spiral phase plates can be di-

ectly encoded with a phase SLM [38]. We follow the same
dea of phase-only codification for generating both multi-
inged vortices and cosine modes [39]. Specifically, we dis-
lay in the SLM the phase of a BB, either a vortex or a
osine type. We chose this multi-ringed structure of the
eams because the lattices studied for atom trapping in
17], which we have closely followed, have been analyzed
ith BBs.
In order to analyze the optical field modulated by the

LM, we have simulated its propagation through our op-
ical system. We consider an incident Gaussian beam of
aist w0 impinging on the SLM, in which the phase dis-

ribution of the desired beam is displayed. We use a con-
entional 4f-system of spatial filtering (Fig. 2), consisting
f two lenses with focal lengths f1 and f2. The SLM is at
he back focal plane of the first lens �z=0�; an iris dia-
hragm is placed at the Fourier plane �z=2f1� and the
odulated optical field is analyzed after the second lens

z�2f1+ f2�. We set w0=2.35 mm, f1=250 mm, and f2
300 mm, in agreement with our experiment. The results

ig. 2. (Color online) Simulation of the axial propagation of an
nput Gaussian beam modulated by a phase mask located at z
0, which encodes the phase of a Bessel vortex of topological
harge m=1.The resulting field propagates through a lens of fo-
al length f1, an iris diaphragm placed at its Fourier plane
z=2f1�, and a second lens of focal length f2. The plane indicated
s z corresponds to the back focal plane of the second lens.
0
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f the axial propagation for a phase mask corresponding
o a vortex BB of order m=1 and kt=12.8 mm−1 are shown
n Fig. 2. We have scaled the wavelength (��=10�, with
=532 nm) in order to facilitate the visualization of the
pectrum details in the Fourier plane of the first lens z
2f1 (the real spectrum would be ten times smaller). On

he other hand, the radial profile of the Fourier spectra
FS), the transverse intensity distribution of the FS (in
eal units), and the generated optical fields at the focal
lane of the second lens (labeled as z0 in Fig. 2) for a
ulti-ringed vortex of order m=1 and for a cosine mode
ith m=2 are shown in the left and right columns of Fig.
, respectively. The FS of the Bessel vortex consists of a
ell defined main ring in which most of the energy is con-

entrated and two faint rings at both sides of it (inner and
uter); there are also much weaker higher diffraction or-
ers in the form of rings with larger radii. The main ring
orresponds to the spectrum of a Bessel–Gauss beam [40];
ts radius R=kt�f1 /2� is associated with the BB and its
nite width �R=2�f1 /w0� is associated with the Gauss-

an envelope. The faint rings around the main ring give
ise to additional Bessel–Gauss components of very simi-

��� ���

��� ���

��� ���
ig. 3. Left and right columns correspond, respectively, to the
ase of a multi-ringed vortex of order m=1 and a cosine mode
ith m=2. The length scales are given in millimeters; (a) and (b)

epresent the radial profile of the FS; (c) and (d) show the trans-
erse intensity distribution of the FS; (e) and (f) illustrate the
fenerated optical fields at the plane labeled as z0 in Fig. 2.
ar transverse frequencies, which will interfere with the
ain beam producing intensity variations of the resulting

ptical field along the propagation axis (axial intensity
eatings). A proper spatial filtering in the Fourier plane
ould prevent these axial intensity variations, yielding a
ery good approximation to a Bessel–Gauss beam; the
deal filter is a screen with an annular aperture with in-
er and outer radii given by R	�R2. However, a simple

ris diaphragm with the right aperture �R+�R2� can give
ery reasonable results, as it is shown in the simulations
n Figs. 2 and 3. The case of the cosine modes is analogous
o that of the vortices.

From our numerical calculations, we have evaluated
he efficiency of the generated fields as a function of the
opological charge and of the radial frequency kt. Our
ndings are summarized as follows: (1) The efficiency is

n general higher for the rotating modes than for the co-
ine modes due to a higher spreading of the Fourier spec-
rum in the latter case [compare Figs. 3(c) and 3(d)]. (2)
he efficiency decreases as the topological charge in-
reases; but for m
5, the efficiency for the rotating
odes is over 75%, while it is over 60% for the cosine
odes. (3) The efficiency varies by less than 5% when kt

hanges within the range from 6 to 14 mm−1, being larger
or the smaller value of kt.

We note that a very similar method for producing vor-
ex BBs has been recently reported [41]. In that case, the
hase hologram is limited by a circular pupil and the in-
ut beam is assumed to be a plane wave. This is in con-
rast with the Gaussian beam illumination we consider
ere, which plays the role of an apodizing function, giving
ise to a cleaner Fourier spectrum in the central region
han that of [41] (this is what allows us to make a reason-
ble filtering by means of a simple iris diaphragm). In ad-
ition, it is worth to notice that the maximum propaga-
ion invariance distance of the BB generated with a phase
ask is proportional to the diameter of the input beam;

he smaller the beam waist of the illuminating beam, the
horter the propagation invariance distance of the gener-
ted field. In the case of a plane wave, this distance might
e of several meters, and this is an advantage for align-
ent applications, for instance. Nevertheless, for applica-

ions requiring high energy densities, such as optical mi-
romanipulation of particles and atom trapping, Gaussian
eam illumination of the phase masks provides a better
lternative since a smaller waist yields a shorter propa-
ation invariance distance with a higher energy density.

Our numerical analysis is based on ideal conditions.
owever, there are unavoidable effects deteriorating the

fficiency and performance of the phase masks displayed
n the SLM. For instance, a common problem with SLMs
s a curvature in the surface of the chip, which introduces
berrations in the modulated field. Although we obtained
ery reasonable results without the need for a compensa-
ion of this curvature in our masks, this effect seems to be
esponsible for a deterioration of the experimentally ob-
ained field with respect to the numerical simulation, as
e move away from the plane of best reconstruction �z0�.
n the other hand, the partial specular reflection at the
ront surface of the SLM contributes with unmodulated
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ight traveling on-axis, which adds noise to the recon-
tructed field (this could be removed by using an annular
lter).

. EXPERIMENTAL SETUP
n order to generate the two independently modulated
ight beams required to produce any of the optical lattices
ith a single SLM, we have encoded what we call dual

omputer generated phase masks. Namely, we encode in-
ependent phase masks in the two halves of the modula-
or display. A similar approach was used before to produce
ector beams [25]. The SLM should be illuminated with
wo parallel beams, each one of them centered with re-
pect to the corresponding half of the SLM. In this way, a
ual phase mask (DPM) can be used to modulate two
eams simultaneously with a single SLM, and each DPM
s associated with a particular optical lattice configura-
ion. Our system offers the versatility to reconfigure the
ight distribution in one step, by switching among the dif-
erent DPMs displayed in the modulator in a programmed
equence with a time resolution that is given by the re-
ponse time of the specific SLM device. For example, our
LM has a typical response time of 16 ms. There are

aster modulators, but the spatial resolution might be
ower. Therefore, the response time of the specific SLM is

very important parameter to consider for experiments
n atom trapping.

The experimental setup for the generation of circular
ptical lattices is shown in Fig. 4(a). A continuous wave
olid state laser (Coherent Verdi V5), emitting at a 532
m with linear output polarization state passes through a

ig. 4. (Color online) (a) Experimental setup: M1–M3, mirrors;
S, non-polarizing beam splitter; HWP, half-wave plate; SLM,
patial light modulator; P, linear polarizer; RAP, right angle
rism; L1–L4, spatial filtering lenses; ID1–ID4, iris diaphragms.
b) Numerical simulation of the axial propagation of one of the
eams through the whole optical system.
alf-wave plate (HWP), and it is divided by a non-
olarizing beam splitter into two equally intense beams.
irror M1, which diverts the transmitted beam, is
ounted on a linear translation stage in order to control

he separation between the parallel beams (approxi-
ately 1 cm). Both beams impinge on the SLM with a

mall angle and, after being modulated and reflected,
ass through a linear polarizer P. The orientation of the
ast axis of the HWP and the transmission axis of the po-
arizer P are set for optimizing the performance of the
LM [36]. After the polarizer P, a right-angle prism is in-
roduced with the aim of increasing the separation be-
ween the beams. As discussed previously, the spatial fil-
ering of each of the modulated beams is performed by
eans of two identical systems of lenses and iris dia-

hragms; L1-ID1-L2 and L3-ID2-L4. When the two lenses
sed for each spatial filtering differ in the focal length,
he output beam is rescaled. In our case, the focal lengths
re 25 cm for L1 and L3, and 30 cm for L2 and L4. Finally,
irrors M2 and M3 redirect the beams along the same

xis but in opposite directions. An extra pair of iris dia-
hragms, ID3-ID4, is introduced for alignment purposes.
n fact, each beam should pass through all the four dia-
hragms (ID1–ID4) as illustrated in the simulation in
ig. 4(b) showing the axial propagation of one of the
eams through the whole optical system after the SLM.
iaphragms ID1 and ID2 are crossed by the FS of both
eams traveling in opposite directions, while diaphragms
D3 and ID4 are crossed by the generated multi-ringed
eams, as indicated by the arrows in the interference re-
ion in Fig. 4(a). In this context, it is important that the
lane z0 corresponds to the common focal plane of lenses
2 and L4. The measured power efficiency of each of the
econstructed fields is up to 50%.

. EXPERIMENTAL RESULTS AND
ISCUSSION

t is well known that the first demonstration of standing
aves with light was due to Wiener, who placed an in-

lined photographic plate in the space region occupied by
he standing waves, in such a way that the period of the
egistered fringes depended on the inclination of the plate
ith respect to the common propagation axis [42]. This

annot be done for the case of structured light beams
orming a standing wave since the inclination of the pho-
ographic plate would distort the transverse structure of
he beams. Instead, we present all the necessary indirect
vidence to infer the existence of the optical lattices in our
xperimental setup.

Firstly, we analyzed each of the generated light beams
eparately. In particular, we demonstrated that the light
elds are propagation invariant over a region of several
entimeters, which is in agreement with what we ex-
ected from our numerical simulations for the given waist
ize of the illuminating Gaussian beam. Secondly, we
erified for the case of the vortices that the energy flux is
piraling on propagation, which is a signature of the ro-
ating phase distribution [43]. Finally, the two beams
ave the same intensity, and the coherence and the polar-

zation properties necessary for the interference are
ranted in our experimental setup in a natural way.
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Figure 5 shows two sets of images illustrating the
ropagation invariance for two examples of the different
ight beams that were generated. The top row corresponds
o a multi-ringed vortex of order m=1, and the bottom
ow presents a cosine mode of order m=2. The transverse
lane with the best field reconstruction is set as z=0 (in-
icated as z0 in Figs. 2 and 4), and the distances mea-
ured at the left and right hand sides of this plane are
aken as negative and positive, respectively. In the simu-
ation in Fig. 2, this region is comprised within the axial
nterval 103 cm
z
118 cm.

For determining the phase behavior of the different
ight beams, and in particular of the vortex beams, we
sed two different methods: the knife edge probe [43] and
irect interference with a plane wave. Figure 6 illustrates
he results of the knife edge probe for a multi-ringed vor-
ex with m=−1 [Fig. 6(a)], a multi-ringed vortex with m
1 [Fig. 6(b)], and a cosine mode with m=3 [Fig. 6(c)].
he left column illustrates the images of the beams when
he knife edge is at the plane z0 and the charge-coupled
evice camera is placed as close as possible from it (ap-
roximately 1 cm away), and the right column shows the

������ ����������� ��������
ig. 5. Test of the propagation invariance of the generated op-
ical fields. Top row: rotating BB with m=1. Bottom row: cosine
B with m=2. The reference plane z=0 corresponds to the best
econstruction.

	
�

	��

	��

ig. 6. Knife edge test for some of the generated light beams.
he left column illustrates the images when the knife is placed at

he plane z=0 and the camera is at the closest possible position.
he right column shows the same beams when the camera is
laced 8 cm away from the knife edge. Rows: (a) Multi-ringed
ortex with m=−1. (b) Multi-ringed vortex with m=1. (c) Cosine
ode with m=3.
ame beams when the camera is moved at a distance z
8 cm away from the knife edge. It is seen from the im-
ges in the right column that the diffraction pattern
preads straight upward for the non-rotating beam (c),
hile it spreads asymmetrically in the case of rotating
eams (a) and (b), with opposite asymmetry. This is an in-
icative of the rotating energy flux in the case of optical
ortices, where the rotation direction is associated with
he beam helicity [43]. On the other hand, Fig. 7 shows
he interference of a plane wave with a multi-ringed vor-
ex with m=1 propagating with a small angle relative to
ach other. A fork-like pattern at the beam center can be
learly identified, characteristic of the interference be-
ween a vortex and a plane wave [18]. Also, there is a
-phase shift between consecutive rings of the beam, as it
an be noted from the shift of the interference fringes.

Finally, having verified that the generated beams pos-
ess all the expected properties, a summary of our results
or the generation of the proposed optical lattices is pre-
ented in the form of a table in Fig. 8. From left to right,
he columns indicate the lattice configuration, the DPM
hat should be used for its generation, and the two ob-
ained beams. From top to bottom, the topological charges
f the lattices correspond to m=3, m=1, m=2, m=2.

ig. 7. Interference pattern formed by the superposition of a
lane wave and a vortex BB with m=1, propagating with a small
ngle relative to each other.
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ig. 8. Summary of the experimental results for the generation
f the different optical lattices, indicating the DPM in each case,
nd the two generated beams.
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. CONCLUSIONS
n conclusion, we have proposed a simple and efficient ex-
erimental scheme for generating four different configu-
ations of optical lattices with circular cylindrical geom-
try using a single spatial light modulator (SLM). Our
cheme is based on the display of dual computer gener-
ted phase masks in the SLM, which is illuminated with
wo parallel light beams. Each of the parallel beams is in-
ependently modulated by the corresponding half of the
ual phase mask (DPM), and then they are filtered and
edirected in order to counter-propagate along the same
xis to form the desired optical lattices. By changing the
hase mask displayed in the SLM, it is possible to switch
etween different configurations of optical lattices in a
ingle step, with a time resolution given by the response
ime of the SLM.

Although the periodicity of the standing waves along
he common propagation axis is too small to be observed
irectly �� /2�, we presented all the necessary indirect evi-
ence to prove that our experimental scheme is suitable
or creating the different proposed configurations of opti-
al lattices with circular cylindrical geometry. Namely,
he two beams had the same intensity, our experimental
etup naturally granted the parallel polarization states of
he interfering beams, we used a laser source of extremely
igh coherence, and we thoroughly tested that all the gen-
rated beams had the necessary characteristics to form
he lattices. Specifically, we verified that the generated
ight fields were propagation invariant over the necessary
istance, in our case, of several centimeters. We analyzed
s well the phase behavior of the different light fields by
etermining the energy flux direction with the knife edge
est and also by means of direct interference with a plane
ave. We offered in this way a simple tool for implement-

ng different kinds of optical lattices with circular cylin-
rical geometry in experiments with cold atoms and
ose–Einstein condensates.
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