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Polymorphic beams and Nature
_inspired circuits for optical current

José A. Rodrigo & Tatiana Alieva

Laser radiation pressure is a basis of numerous applications in science and technology such as atom
. cooling, particle manipulation, material processing, etc. This light force for the case of scalar beams is

Accepted: 28 September 2016 : proportional to the intensity-weighted wavevector known as optical current. The ability to design the
Published: 13 October 2016 @ optical current according to the considered application brings new promising perspectives to exploit the

. radiation pressure. However, this is a challenging problem because it often requires confinement of the
optical current within tight light curves (circuits) and adapting its local value for a particular task. Here,
we present a formalism to handle this problem including its experimental demonstration. It consists of
a Nature-inspired circuit shaping with independent control of the optical current provided by a new kind
of beam referred to as polymorphic beam. This finding is highly relevant to diverse optical technologies
and can be easily extended to electron and x-ray coherent beams.
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The ability of light to exert a force on objects along its propagation direction, known as radiation pressure, is a
well-understood phenomenon. This was first conjectured by Kepler in 1619 to explain why a comet’s tail (dust)
points away from the sun. The first laboratory demonstrations of the radiation pressure force were reported
in 1901 by Lebedev! and Nichols?. Today, the radiation pressure is understood in the context of light-matter
interaction as a consequence of the conservation of momentum during absorption and scattering of photons.
As in other areas of science, the invention of the laser prompted renewed interest in the radiation pressure for
optical manipulation of micro/nano-particles®=®, atom cooling!®~'4, material processing and cleaning'>'¢, etc.
Interestingly, only two decades ago, it has been found that the phase of a laser beam can redirect part of the radi-
ation pressure yielding transverse optical forces suited for manipulation of small particles. Indeed, the rotation
of micro-particles induced by the familiar Gaussian optical vortex'’-?? is a well-known manifestation of such
transverse forces, which, however, are not restricted to the particular case of vortex beams. This kind of transverse
forces is proportional to the optical current® defined as j(r) = I(r) VO(r), where I(r) and ®(r) are the intensity and
phase distributions of the beam with r= (x, y) and V being the position vector and the gradient in a transverse
plane, correspondingly.

To efficiently exploit the transverse forces governed by the optical current, this has to be confined into
well-defined circuits with form and size easily tailored to the considered application. Such circuits for optical
current correspond to high intensity gradient light curves, where the phase can be independently prescribed in
a large variety of configurations providing a control of the current flow along the circuit. The combined use of
high intensity and phase gradients, for example, allows for improving laser micromachining tools?. Moreover,
three-dimensional (3D) high intensity gradients of the beam yield additional optical forces responsible for stable
3D trapping of dielectric particles while the phase gradient forces can drive their transport along the circuit?>2.
Note that transverse optical forces associated to the phase gradient of a focused laser beam along a line and
circle?® as well as along other closed and open curves®® have been proved suitable for 3D transport of dielec-
tric micro-particles. These conditions cannot be fulfilled by the usually applied Gaussian beams and require
the use of suitably structured diffraction-limited beams. Another important requirement is the ability to create
complex circuit shapes tailored to the considered application. Fortunately, Nature has evolved many inspiring
solutions to design problems. Indeed, the curved circuits can be described by an elegant expression known as
Superformula, which was found by J. Gielis?’ in the study of biological and other natural forms: shapes of plants,
micro-organisms (e.g.: cells, bacteria and diatoms), small animals (e.g.: starfish), crystals, etc. The Superformula
gives the radius of the curve
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as a function of the polar angle t, where the real numbers in q=(a, b, n,, n,, 1, m) are the design parameters
of the curve and p(#) is a non-periodic function of ¢ required for the construction of asymmetric and spiral-like
curves (e.g.: p(t) xx e™ or p(t) o<t ). For p(t) = pyand q=(1, 1, 1, 1, 1, 0), where ¢ € [0, 27], a circle with radius
R(t) = p, is obtained while for other values of q a variety of closed polygons of different symmetry are easily gener-
ated. Note that the Superformula has also been used in the design of 3D dielectric lens antennas? and to describe
complex shapes of metamaterials® and nanostructures®.

Here we introduce the concept of polymorphic beam that fulfills the aforementioned requirements. It can
be focused into a diffraction-limited light curve described by the Superformula yielding optical current circuits
with the following key properties: i) high intensity gradients, ii) diversity of forms with inherent biomimicry
created in a practical way, iii) independent phase gradient control, iv) arbitrary design of the optical current along
the circuit. This makes the focused polymorphic beam a multi-functional tool of high technological interest.
In particular, the expected applications include: Single-shot laser lithography, micro-machining (e.g.: drilling
and marking)?**!, photo-fabrication of structures for tissue engineering scaffolds**~ or other sophisticated con-
structs®-¥, transport of particles along programmed trajectories?>*® required for drug delivery, rheology, creation
of colloidal motors and study of collective particle dynamics, to name a few.

Results
Description of a polymorphic beam. The complex field amplitude of a polymorphic beam is written as

T K .
E(x, ) :fo g(Dexp| ~iZR()(x cos ¢+ y sin 1)dr.

)

The function g(t) is a complex valued weight (with dimension of electric field) of the plane waves comprising
the beam and f is a normalization constant. The parameter T stands for the maximum value of the azimuthal
angle t, where k= 27/ with A being the light wavelength. The radius R(#) given by Eq. (1) varies according the
curve that can be either closed (T =2 and constant p(t)) or open. To create the light curve (optical circuit), the
polymorphic beam is Fourier transformed:

= 1
E(u,v) = i)\—ffE(x, y)exp dxdy

—i% (xu + yv)

T
i_l)\fj(; g(t)d(u + R(t)cos t)6(v + R(t)sin t)dt,

3)
by using a convergent lens of focal length f. Taking into account the § —function properties:
V|Vf(u, v)|, f(u,v) =0
0, otherwise, (4)

where|Vf (u, v)| = /(0,f Y+ 0.f )2, we derive that the complex field amplitude E(u, v)is described by the 2D
curve written in parametric form as c(¢) = (u(t), v(¢)), with u(f) = —R(#)cost and v(t) = —R(¢)sint. The field ampli-

tude distribution along the curve is given by |E(t) | = |g(®)|/k|c/(t)], where: |¢/(t)| = 4 u' (1) + V(1)
=R (£)* + R(t)* with ¢/(f) =dc/dt, and k =L/ X with L = fT |¢/ () |dr being the curve length.
For the analysis of the optical current it is convenient to write the complex function g(t) in the form

27l
S(T)

g(t) = |g(®)] exp(iV) = |g ()| expli S(t)

>

(5)

with S(#) being an arbitrary real function describing the phase variation along the curve. We underline that the
parameter [ defines the phase accumulation along the entire curve. For closed curves the phase accumulation is

27l and I corresponds to the vortex topological charge: Q = - CV\I/dc, see for example®. The direction of the
phase gradient coincides with the curve tangent v=dc/|dc| and then V¥ =v-d¥/dc, where the phase derivative
is given by

av 2nl dS(t)

de  S(D|@)| dt (6)

Thus, the optical current is expressed as

2rllg () dS(1)
V.
KS(T) | () dt )

j= B[ VY=

Therefore, R(t) defines the form of the circuit while g(f) prescribes the optical current along it.
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Figure 1. Intensity and phase distributions of the polymorphic beam (A=532nm and f=30cm) at the
input (top panel) and at the Fourier plane (bottom panel) for different curve shapes. (a,b) Circle of radius
R=0.5mm, (c,d) sandglass, (e) rose, (f) modified-square, (g) starfish, and (h) spiral. The modulus of the
function g(¢) is chosen so that the intensity distribution along the optical circuits is uniform (|g(¢)| o< |¢'(t)])
except for (d) where |g (t)| o< /|¢/(#)]. The phase of g(t) is governed by /=34 and S(¢) which is uniform
(Equation (9)) for (a), (c), and (d). While S(¢) is given by the expressions S(¢) = ¢ + 6 sin(2t)/I for (b) and
Eq. (12) with a=2 for (e-h). Thus, in these examples the optical current is constant for (a) and (c) whereas
variable otherwise.

In general, the value of the optical current can be modified by changing the intensity distribution or phase
gradient. However, in the most of applications it is preferable to maintain uniform intensity distribution along the
circuit, that corresponds to |g(£)| = Ey|c’(#)|, in which case the optical current is written as

2 27l ds(t)

j=Eg—

S(T)|c' ()] dt (8)

We recall that the phase function S(t) is arbitrary and can be independently specified. For example, the
function

S(t) = fo I (r)|dr, ©

which prescribes an uniform phase distribution along the curve c(t), can be applied to create circuits with con-
stant optical current: j = Eg27IL 'v.

Thus, the polymorphic beam is a perfect tool for creating arbitrary optical current, governed by g(¢), confined
inside an independently designed circuit with form and size given by R(#).

Non-diffractive beams as a particular case of the polymorphic beam. For the simple case of con-
stant radius of the curve: R(t) = R and T =2, the Eq. (2) is reduced to the well-known Whittaker’s integral®
describing non-diffractive beams. Indeed, for g () = EoxR exp(ilt), a Bessel beam**~*? that focuses into a
ring-like vortex beam® of radius R with topological charge ! is created. The intensity and phase distributions are
uniform along the ring due to |g(¢)| = Eyk|c/(t)| = Eox<R and S(t) =, respectively. This is easy to demonstrate by
considering polar coordinates x = rcosf and y = rsinf as it follows: The plane waves of Eq. (2) are exp[—ix
(xcost+ ysint)] = exp(—ikrsin(f — t)), and the resulting polymorphic beam corresponds to the helical Bessel
beam of order I:

E(x, y|O) = EyLx];(kr)exp(ilf), (10)

where

1 2 . .
Ji(kr) = Ef(; exp(i[lt + wr sin t])dt. (1)

The top panel of Fig. 1(a) shows the intensity and phase of the helical Bessel beam E (x, y| O) with charge
I=34. The corresponding focused beam (at the Fourier plane), displayed in the bottom panel of Fig. 1(a), reveals
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the circle of radius R where the wavevectors of the plane waves lie. On the other hand, the term S(¢) given by
Eq. (9) yields an uniform vortex phase distribution over the circuit. By maintaining constant the intensity distri-
bution along the circle and varying the phase function S(¢) = t + « sin(Nt + )/l in Eq. (5), the so-called
modulated vortices (which are non-diffractive in our case) are obtained**. The non-uniformity of the phase cor-
respondingly changes the beam intensity in the direct domain creating N-fold Lissajous intensity patterns. For
example, the modulated vortex described by the phase function S(¢) = t + 6 sin(2t)/] with I= 34 yields an
elliptic-like pattern as displayed in the first row of Fig. 1(b). In spite of the fact that the circular shape of the beam
and its uniform intensity distribution are preserved in the Fourier plane, the phase ¥ is non-uniform along the
circle due to the term 6 sin (2¢), see bottom panel of Fig. 1(b). We underline that while the purpose of the intro-
duction of the modulated Gaussian vortices was the reconfiguration of the beam intensity distribution in the
direct domain, the non-uniform phase distribution along the circle in the Fourier domain is indeed more impor-
tant. It provides a modulated optical current expressed by j = EZIR™(1 + aN cos(Nt + 3))v yielding variable
forces exerted over particles that can be interesting for optical tweezers applications.

Versatile shaping of the intensity and phase along circuits. The intensity and phase governing the
optical current can be also designed for non-circular curves in distinct configurations. To illustrate this fact and
the ability to set different optical currents for the same circuit shape, let us first consider a sandglass curve corre-
sponding to q=1(0.9, 10, 4.2, 17, 1.5, 4) in the Superformula Eq. (1). For example, the optical current in the case
of Fig. 1(c) is uniform because both intensity and phase are so, whereas it is variable in Fig. 1(d) due to the
non-uniform intensity created by using|g ()| = 7,/|¢/(¢)|. This non-uniformity of the intensity along the sandg-
lass circuit is responsible for variation of the optical current: j=x~27227l(L|c/(£)|) ~'v. We recall that the intensity
and phase are independently prescribed along the curve and therefore it is possible to create a non-uniform
intensity distribution along the curve and yet preserving the phase profile, as observed in Fig. 1(d), and
viceversa.

Variable optical current for any non-circular curve can easily be obtained by using, for example, the following
constraint

t
S(t):fo R%(r)dr, 1)

with a being a real number and R(7) is given by the Superformula. Then, for uniform intensity distribution along
the circuit, the optical current is proportional to R (¢)// R’ (t)* + R(#)*.In Fig. 1(e-h) there are displayed the
intensity and phase distributions of polymorphic beams (a =2 and I=34) in the form of: Rose q=(1.6, 1, 1.5, 2,
7.5, 12) Fig. 1(e), modified-square q=(1, 1, 15, 15, 15, 4) Fig. 1(f), starfish q= (10, 10, 2, 7, 7, 5) Fig. 1(g), and
spiral q=(1, 1, 5, 5, 5, 10) Fig. 1(h). Here, p(f) = p, is constant and T'=27 expect for the spiral in Fig. 1(h) where
p(t) = poe®?/40 and T= 6.

Note that well-defined circuits of different forms are preserved independently on the design of the optical
current governed by the phase distribution along the curve. To illustrate this important fact, let us now consider
arectangle q=(1, 2/3, 15, 15, 15, 4) with uniform intensity but different phase distributions as displayed in Fig. 2.
Specifically, in the case of Fig. 2(a) the phase is uniform (S(¢) is given by Equation (9) and | V¥| = constant), while
in the case of Figs 2(b) and 1(c) the prescribed phase is variable (S(¢) is given by Eq. (12)) by using av =2
(V¥ x R(* /R () + R(t)*) and a= —1 (V¥ o 1/R(2) \/R’(t)2 + R(1)?), respectively. This example
demonstrates that rather different optical currents can easily be created in the same circuit without altering its
shape and size, see bottom row of Fig. 2.

Holography for the experimental generation of polymorphic beams. The complex field amplitude
of the polymorphic beams studied in this work has been created in about 10 seconds by numerical calculation
of the integral Eq. (2), programmed by us in Matlab. To experimentally generate the beam, it has been encoded
(in ~5s) as a phase-only hologram by using the technique reported in ref. 44. Here, we have used a programma-
ble liquid-crystal spatial light modulator (SLM, Holoeye PLUTO, pixel size of 8 um) to display the hologram.
As an example, the intensity distribution of several polymorphic beams measured by using a sCMOS camera
(Hamamatsu, Orca Flash 4.0, 16-bit gray-level, pixel size of 6.5 um) are shown in the top row of Fig. 3. While, the
corresponding intensity of the focused beams at the Fourier plane of a convergent lens (focal length of 15 cm) are
presented in the bottom row of Fig. 3. These experimental results are in good agreement with the expected ones
displayed in Fig. 1. Note that, in general, the curved beam observed in the Fourier plane can be directly encoded
into the hologram instead of Eq. (2), however, the proposed method allows for focusing much more light along
the circuit and better controlling of its phase and intensity distributions.

A static diffractive optical element*® can be used instead of a programmable SLM to display the hologram if
needed. This is particularly important in the case of beam shaping for wavelengths outside of the visible spectrum
and other types of coherent beams. For example, electron and x-ray vortex beams have been generated by using
ahologram in the form of binary-amplitude mask*® or spiral plate*’. To generate electron and x-ray polymorphic
beams, as well as arbitrarily structured complex scalar fields, a proper arrangement of pinholes can be used as
binary mask®.

Optical current in action. The high intensity gradients of the optical circuits (Fourier transformed pol-
ymorphic beam) are important for single-shot material processing. Moreover, they create an attractive optical
force on colloidal dielectric particles, with refractive index larger than the one of the surrounding medium, that
can compensate the repulsive axial scattering force of light providing stable 3D optical trapping. On the other
hand, the phase gradients along the curve redirect part of the light radiation pressure producing transverse
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Figure 2. Setting different optical currents over the same rectangular circuit. Intensity and phase
distributions of the rectangular polymorphic beam q=(1, 2/3, 15, 15, 15, 4) at the input (top panel) and at the
Fourier plane (middle panel) for different phase of g(f). The focused beam has uniform intensity distribution in
all the cases, but different phase distributions (/=34): (a) Uniform phase obtained by using S() given by Eq. (9),
and non-uniform phase by using Eq. (12) with =2 in (b) and a = —1 in (c). The distinct phase gradients yield
different optical currents along the same circuit as displayed in the bottom row.

optical forces. These forces are directly related to the optical current providing improved performance for laser
micro-machining and ablation of materials as well as for driving colloidal dielectric micro-particles along the
designed curves?*.

The action of the intensity gradient forces that confine colloidal dielectric particles within the circuit and the
phase gradient force that propel them along it, is demonstrated here on the example of an Archimedean spiral
circuit: R(f) = pytand q=(1, 1, 0, 1, 1, 1) with t € [m, 37]. The corresponding polymorphic beam with phase distri-
bution given by Eq. (12), with =2 and /=34, is projected into the back aperture of a microscope objective lens

|6:35341|DOI: 10.1038/srep35341
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Figure 3. Experimental intensity distributions of the polymorphic beam (top panel) and of the corresponding

optical circuits observed in the Fourier domain (bottom panel) for different curve shapes and topological charge
1=34: (a) circle, (b) rose, (c) modified-square, (d) starfish, and (e) spiral.
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Figure 4. (a) Sketch of the optical trapping setup: The polymorphic beam is projected into the back aperture

of a high numerical aperture (NA) microscope objective lens (see Methods) that focuses it over the sample
(silica micro-spheres dispersed in water) in the form of Archimedean spiral. The particles are trapped within
this curve and their motion is controlled by the optical current prescribed along the spiral circuit, see (b,c) and
Supplementary Video 1. A time lapse image made by combining the recorded frames is shown in (d) and reveals
the spiral trajectory of the particles. The optical current, displayed in the top row of (d), predicts the accelerating
particle motion observed in the experiment, as expected. Note that the particles are optically manipulated far
enough from the sample walls (25 pum from the bottom glass coverslip), avoiding proximal hydrodynamical
effects, as reported in ref. 26.

as sketched in Fig. 4(a). The resulting focused beam traps in 3D several silica spheres of 1 ym within the curve as
observed in Fig. 4(b-d), see Methods and Supplementary video 1, far from the sample walls (25 ym deep within
the sample) thanks to the strong intensity gradient forces. The time-lapse image of the trapped particles displayed
in Fig. 4(d) confirms the strong confinement revealing the shape of the light curve. The particles travel along the
spiral towards its center according with the circuit shape and the created optical current displayed in the top row
of Fig. 4(b-d). The motion is reversed in real time by setting the opposite charge | = —34 to avoid losing the par-
ticles when reaching the end points of the spiral, see Supplementary video 1. As it is expected the particles speed
up when move out from the center of the spiral according with the optical current distribution.

|6:35341| DOI: 10.1038/srep35341



www.nature.com/scientificreports/

Discussion

We envision that the introduced concept of polymorphic beam inspired by Nature opens up promising per-
spectives. The polymorphic beam solves the problem of shaping laser light (without using iterative algorithms)
in a large variety of forms creating closed or open circuits, but also allows for designing the optical current on
demand. In contrast to the Gaussian vortex beams, these circuits are well-localized and their form as well as size
are independent on the optical current flowing along as it has been demonstrated. This flexibility is an impor-
tant achievement for all-optical transport and manipulation of small objects, laser micro-machining, study of
micro-particle dynamics, etc. The versatility in the design of the polymorphic beam could be attractive for devel-
oping information encoding protocols for free-space laser communications based upon different shapes and/
or topological charges®*->2. The proposed approach can be used to design lattices of optical vortices required,
for example, for fabrication of photonic crystals®. Indeed, as it is observed in Fig. 1 (in the input plane, first and
second rows) for the case of the rose 1(e), starfish 1(g) and spiral 1(h) there exists a complex but well-structured
vortex lattice field.

We underline that the curve shape can be specified by using other functions apart from the Superformula.
Moreover, 2D circuits can be transformed into 3D ones by including the spherical phase term
exp[ikz () ((x — R(t)cos Y + (y — R(t)sin Y )/2f4 in the integral Eq. (2), where z(¢) is the axial coordinate
of the parametric 3D curve. As in the case of the Bessel beams®* the polymorphic scalar beam concept is extensi-
ble to the vector one. Polymorphic electron and x-ray beams can be created by specific holographic techniques
based upon structured array of pinholes®, that paves the way to single-shot e-beam lithography adding the ben-
efits of tailored phase gradients.

Methods

The complex field amplitude given by expression Eq. (2) has been encoded for each case as a hologram and
addressed into a programmable spatial light modulator (SLM, Holoeye PLUTO, pixel size of 8 um) as reported
in ref. 49. The SLM was illuminated by a collimated laser beam (Laser Quantum, Ventus, A= 532nm, 1.5W, lin-
early polarized) and the resulting beam relayed into the back aperture of the focusing lens: microscope objective
lens (Olympus UPLSAPO, 1.4 NA, 100x). An oil immersion with n =1.56 (Cargille Labs Series A) was used to
mitigate the spherical aberration arising form the glass-water refractive index mismatch as considered in ref. 26.
The power of the laser beam was ~170 mW at the back aperture of the objective lens. The particles were observed
in bright-field mode, under white light illumination (LED, SugarCube Ultra), and recorded by a sCMOS cam-
era (Hamamatsu, Orca Flash 4.0, 16-bit gray-level, pixel size of 6.5 ;1m) at 30 frames per second. A Notch filter
(Semrock, dichroic beamspliter for 532 nm) redirected the trapping beam into the objective lens, that prevents
saturating the camera by backscattered laser light. The sample was enclosed into a chamber made by attaching
two glass coverslip (thickness 0.17 mm). A double-sided Scotch tape (thickness about 100 m) was used as spacer
between the coverslips. The 1 yum silica spheres (Bang Labs) were filled into the sample cell directly from an aque-
ous solution (deionized water).

References
1. Lebedev, P. N. Untersuchungen uber die Druckkrafte des Lichtes. Ann. Phys. 6,433 (1901).
2. Nichols, E. E & Hull, G. E A preliminary communication on the pressure of heat and light radiation. Phys. Rev. (Series I) 13, 307-320
(1901).
. Ashkin, A. Acceleration and Trapping of Particles by Radiation Pressure. Phys. Rev. Lett. 24, 156-159 (1970).
. Ashkin, A. Applications of laser radiation pressure. Science 210, 1081-1088 (1980).
5. Ashkin, A. Optical Trapping and Manipulation of Neutral Particles Using Lasers: A Reprint Volume With Commentaries (World
Scientific Publishing Company, 2006).
6. Svoboda, K. & Block, S. M. Optical trapping of metallic Rayleigh particles. Opt. Lett. 19, 930-932 (1994).
7. lida, T. & Ishihara, H. Theory of resonant radiation force exerted on nanostructures by optical excitation of their quantum states:
From microscopic to macroscopic descriptions. Phys. Rev. B - Condens. Matter Mater. Phys. 77, 1-16 (2008).
8. Jiang, Y., Narushima, T. & Okamoto, H. Nonlinear optical effects in trapping nanoparticles with femtosecond pulses. Nat. Phys. 6,
1005-1009 (2010).
9. Kudo, T. & Ishihara, H. Proposed nonlinear resonance laser technique for manipulating nanoparticles. Phys. Rev. Lett. 109, 1-5
(2012).
10. Letokhov, V. S. & Minogin, V. G. Laser radiation pressure on free atoms. Phys. Rep. 73, 1-65 (1981).
11. Chu, S., Hollberg, L., Bjorkholm, J. E., Cable, A. & Ashkin, A. Three-dimensional viscous confinement and cooling of atoms by
resonance radiation pressure. Phys. Rev. Lett. 55, 48-51 (1985).
12. Phillips, W. D., Prodan, J. V. & Metcalf, H. J. Laser cooling and electromagnetic trapping of neutral atoms. J. Opt. Soc. Am. B2,
1751-1767 (1985).
13. Cohen-Tannoudji, C., Dupont-Roc, J. & Grynberg, G. Atom-photon interactions: basic processes and applications. Wiley-Interscience
publication (J. Wiley, 1992).
14. Wieman, C.,, Pritchard, D. & Wineland, D. Atom cooling, trapping, and quantum manipulation. Rev. Mod. Phys. 71, $253-5262
(1999).
15. Chicbkov, B. N., Momma, C., Nolte, S. & Tiinnermann, A. Femtosecond, picosecond and nanosecond laser ablation of solids. Appl.
Phys. A 115, 109-115 (1996).
16. Gattass, R. R. & Mazur, E. Femtosecond laser micromachining in transparent materials. Nat. Photon. 2, 219-225 (2008).
17. Allen, L., Beijersbergen, M. W, Spreeuw, R. J. C. & Woerdman, J. P. Orbital angular momentum of light and the transformation of
Laguerre-Gaussian laser modes. Phys. Rev. A 45, 8185-8189 (1992).
18. Gahagan, K. T. & Swartzlander, G. a. Optical vortex trapping of particles. Opt. Lett. 21, 827-829 (1996).
19. Rubinsztein-Dunlop, H., Nieminen, T. a., Friese, M. E. ]. & Heckenberg, N. R. Optical Trapping of Absorbing Particles. Adv.
Quantum Chem. 30, 469-492 (1998).
20. Curtis, J. E. & Grier, D. G. Structure of optical vortices. Phys. Rev. Lett. 90, 133901 (2003).
21. Ladavac, K. & Grier, D. Microoptomechanical pumps assembled and driven by holographic optical vortex arrays. Opt. Express 12,
1144-1149 (2004).
22. Abramochkin, E. G. & Volostnikov, V. G. Spiral light beams. Physics-Uspekhi 47, 1177-1203 (2004).
23. Berry, M. V. Optical currents. J. Opt. A: Pure Appl. Opt. 11, 094001 (2009).

W

SCIENTIFICREPORTS | 6:35341 | DOI: 10.1038/srep35341 7



www.nature.com/scientificreports/

24. Duocastella, M. & Arnold, C. Bessel and annular beams for materials processing. Laser ¢ Photon. Rev. 6, 607-621 (2012).

25. Roichman, Y., Sun, B., Roichman, Y., Amato-Grill, J. & Grier, D. Optical Forces Arising from Phase Gradients. Phys. Rev. Lett. 100,
8-11 (2008).

26. Rodrigo, J. A. & Alieva, T. Freestyle 3D laser traps: tools for studying light-driven particle dynamics and beyond. Optica 2, 812-815
(2015).

27. Gielis, J. A generic geometric transformation that unifies a wide range of natural and abstract shapes. Am. J. Bot. 90, 333-338 (2003).

28. Mescia, L. et al. Electromagnetic Mathematical Modeling of 3D Supershaped Dielectric Lens Antennas. Math. Probl. Eng. 2016, 1-10
(2016).

29. Zhou, S. et al. Design of fishnet metamaterials with broadband negative refractive index in the visible spectrum. Opt. Lett. 39, 2415
(2014).

30. Tassadit, A., Macias, D., Sinchez-Gil, J. A., Adam, P. M. & Rodriguez-Oliveros, R. Metal nanostars: Stochastic optimization of
resonant scattering properties. Superlattices Microstruct. 49, 288-293 (2011).

31. Hamazaki, J. et al. Optical-vortex laser ablation. Opt. Express 18, 2144-2151 (2010).

32. Xu, M., Gratson, G. M., Duoss, E. B., Shepherd, R. F. & Lewis, J. A. Biomimetic silicification of 3D polyamine-rich scaffolds
assembled by direct ink writing. Soft Matter 2, 205 (2006).

33. Ovsianikov, A., Li, Z., Torgersen, J., Stampfl, J. & Liska, R. Selective functionalization of 3D matrices via multiphoton grafting and
subsequent click chemistry. Adv. Funct. Mater. 22, 3429-3433 (2012).

34. Applegate, M. B. et al. Laser-based three-dimensional multiscale micropatterning of biocompatible hydrogels for customized tissue
engineering scaffolds. Proc. Natl. Acad. Sci. 112, 12052-12057 (2015).

35. Thiel, M., Fischer, J., von Freymann, G. & Wegener, M. Direct laser writing of three-dimensional submicron structures using a
continuous-wave laser at 532 nm. Appl. Phys. Lett. 97, 221102 (2010).

36. Ackerman, P.]. et al. Laser-directed hierarchical assembly of liquid crystal defects and control of optical phase singularities. Sci. Rep.
2,414 (2012).

37. Martinez, A. & Smalyukh, I. I. Light-driven dynamic Archimedes spirals and periodic oscillatory patterns of topological solitons in
anisotropic soft matter. Opt. Express 23, 4591 (2015).

38. Amaral, A. M., ao Filho, E. L. F. & de Aratjo, C. B. Characterization of topological charge and orbital angular momentum of shaped
optical vortices. Opt. Express 22, 30315-30324 (2014).

39. Whittaker, E. T. & Watson, G. N. A Course of Modern Analysis (Cambridge University Press, 1996) fourth edn. Cambridge Books
Online.

40. Durnin, J., Miceli, J. & Eberly, J. H. Diffraction-free beams. Phys. Rev. Lett. 58, 1499-1501 (1987).

41. Durnin, J. Exact solutions for nondiffracting beams. i. the scalar theory. J. Opt. Soc. Am. A 4, 651-654 (1987).

42. Indebetouw, G. Nondiffracting optical fields: some remarks on their analysis and synthesis. J. Opt. Soc. Am. A 6, 150152 (1989).

43. Curtis, J. E. & Grier, D. G. Modulated optical vortices. Opt. Lett. 28, 872-874 (2003).

44. Davis, J. A,, Cottrell, D. M., Campos, J., Yzuel, M. ]. & Moreno, I. Encoding Amplitude Information onto Phase-Only Filters. Appl.
Opt. 38, 5004-5013 (1999).

45. Soifer, V. A. (ed.) Methods for Computer Design of Diffractive Optical Elements (Wiley, 2002).

46. Verbeeck, J., Tian, H. & Schattschneider, P. Production and application of electron vortex beams. Nature 467, 301-304 (2010).

47. Peele, A. G. et al. Observation of an x-ray vortex. Opt. Lett. 27, 1752-1754 (2002).

48. Liu, R, Li, E, Padgett, M. ]. & Phillips, D. B. Generalized photon sieves: fine control of complex fields with simple pinhole arrays.
Optica 2, 1028 (2015).

49. Rodrigo, J. A., Alieva, T., Abramochkin, E. & Castro, I. Shaping of light beams along curves in three dimensions. Opt. Express 21,
20544-20555 (2013).

50. Gibson, G. et al. Free-space information transfer using light beams carrying orbital angular momentum. Opt. Express 12, 5448-5456
(2004).

51. Wang, . et al. Terabit free-space data transmission employing orbital angular momentum multiplexing. Nat. Photon. 6, 488-496
(2012).

52. Krenn, M. et al. Communication with spatially modulated light through turbulent air across Vienna. New J. Phys. 16, 113028 (2014).

53. Campbell, M., Sharp, D. N., Harrison, M. T., Denning, R. G. & Turberfield, A. J. Fabrication of photonic crystals for the visible
spectrum by holographic lithography. Nature 404, 53-56 (2000).

54. Dudley, A., Li, Y., Mhlanga, T, Escuti, M. & Forbes, A. Generating and measuring nondiffracting vector bessel beams. Opt. Lett. 38,
3429-3432 (2013).

Acknowledgements
The Spanish Ministerio de Economia y Competitividad is acknowledged for the project TEC2014-57394-P.

Author Contributions
J.AR. initiated the project, designed and performed the experiments as well as programs. J.A.R. and T.A.
developed the idea and mathematical derivations, discussed the results and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Rodrigo, J. A. and Alieva, T. Polymorphic beams and Nature inspired circuits for
optical current. Sci. Rep. 6, 35341; doi: 10.1038/srep35341 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
M o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:35341 | DOI: 10.1038/srep35341 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Polymorphic beams and Nature inspired circuits for optical current

	Results

	Description of a polymorphic beam. 
	Non-diffractive beams as a particular case of the polymorphic beam. 
	Versatile shaping of the intensity and phase along circuits. 
	Holography for the experimental generation of polymorphic beams. 
	Optical current in action. 

	Discussion

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Intensity and phase distributions of the polymorphic beam (λ = 532 nm and f = 30 cm) at the input (top panel) and at the Fourier plane (bottom panel) for different curve shapes.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Setting different optical currents over the same rectangular circuit.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Experimental intensity distributions of the polymorphic beam (top panel) and of the corresponding optical circuits observed in the Fourier domain (bottom panel) for different curve shapes and topological charge l =​ 34: (a) circle, (b) ro
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) Sketch of the optical trapping setup: The polymorphic beam is projected into the back aperture of a high numerical aperture (NA) microscope objective lens (see Methods) that focuses it over the sample (silica micro-spheres dispersed i



 
    
       
          application/pdf
          
             
                Polymorphic beams and Nature inspired circuits for optical current
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35341
            
         
          
             
                José A. Rodrigo
                Tatiana Alieva
            
         
          doi:10.1038/srep35341
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep35341
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep35341
            
         
      
       
          
          
          
             
                doi:10.1038/srep35341
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35341
            
         
          
          
      
       
       
          True
      
   




