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The question of the transfer of angular momentum from light to objects is a key issue in optical tweezers and thus raises issues in physics, chemistry and biology. Most of the attempts have been performed either with spin angular momentum using light's polarization or using orbital angular momentum with twisted beams. We experimentally demonstrate here the exchange of angular momentum from a linearly polarized plane wave to a two dimensional asymmetric object. More precisely, we show that the diffracted light from a snail-shaped mask, carries orbital angular momentum which topological charge depends on the symmetry of the object. This opens the way to new means to produce micrometer-sized twisted beams from high power laser or even pulsed beams.

Since 1992, there has been a revival of interest for the angular momentum of light [1][2][3]. Apart from fundamental considerations, they are many potential applications as, for example, in astrophysics [4], microwaves [5], atom optics [6,7], rotation of particles [8,9], manipulations of objects of biological interest [10,11], telecommunications [12,13], quantum entanglement [14,15], acoustics [16], or electron beams [17]. These beams are generally produced either from dedicated optical elements [1,18,19], or from the diffraction of particular gratings [20][21][22].

Such beams have been recently shown to be able to interfere in the shadow of a circular disk, thus generating non-diffracting beams with micro-meter dimensions [23]. In particular, since the disk is symmetrical, the beam in its shadow keeps the same topological charge as the incident beam. On the other hand, one may seek for new, simple, and effective ways to produce twisted beams with micrometer size in the context for example of atom guiding [24,25] or for broadband sources that can be adapted to high power continuous, pulsed light beams, or white light sources. One may then wonder what would the diffracted light look like in the shadow of a simple asymmetrical disk, illuminated by a single plane wave. The aim of this work is to investigate such diffracted light, and to look for possible connexions with twisted beams.

Let us consider the experimental set-up depicted in figure 1. A collimated red laser beam (λ = 633 nm) illuminates a 2 mm diameter two-dimensional (2D) object. We have used four different objects, (i) a circular disk that is fully symmetrical under rotation. (ii) a snail shaped 2D object or single cam (wheel used in mechanics) with one notch that has a 2π/l (l = 1) symmetry, we will call it a l = 1 object in the following. (iii) a double snail or double cam with two notches that has a 2π/l (l = 2) symmetry, we will call it a l = 2 object. (iv) a triple snail or triple cam with three notches that has a 2π/l (l = 3) symmetry, we will call it a l = 3 object. By analogy, the symmetrical disk will be called a l = 0 object. Actually, we show below that the l object generates twisted beams with a l topological charge. These objects are drawn with a computer and printed in black on a transparency.

The diffracted beam in the shadow of the object is best observed on a screen, at a distance d = 6 m, with the naked eye or with a camera. For a l = 0 object, one recognizes on figure 1, the usual Arago-Poisson non-diffracting bright spot [26], as expected. Surprisingly, for l = 1, 2, 3 objects, the Arago-Poisson bright spot is replaced by a small dark spot surrounded by bright light. It strongly resembles the dark spot recently observed [23] in the shadow of a perfect symmetrical disk that was illuminated by a twisted beam generated from a spiral phase plate. This suggests that a single plane wave diffracted by a simple asymmetric object may have the same spatial distribution as a twisted beam diffracted by a symmetrical object. It has already been shown that in the case of gratings, the wave generated by asymmetrical sources [5] or diffracted by asymmetrical gratings [20][21][22] is indeed twisted. However it has never been explored in the case of simple asymmetrical objects.

We have developed numerical simulations based on Fresnel diffraction [27], to investigate the structure of such diffracted beams. Using exactly the same masks as the ones printed for the experiments (1 st input parameter), we calculate the diffracted field from a plane wave, for a wavelength λ (2 d input parameter), at a distance d (3 d input parameter) from the diffracting object. From the simulations, we can either extract the light intensity or the phase distribution of the light field.

The comparison between our simulations and the experimental observations on the intensity of the diffracted beam shows a very good agreement (see figure 1).

We have experimentally changed the various input parameters, starting with the wavelength of the beam, using different lasers (see figure 2a). At a given distance d, where the image is clear, the size of the dark spot increases linearly with the wavelength, as usual for diffraction patterns [23,26], for every value of l.

We have then changed the distance d between the diffracting object and the screen. We have measured the size of the dark spot versus d (see figure 2b), for l = 1, 2, 3. One distinguishes four zones: zone1 2 m< d < 4 m, zone2 4 m< d < 5m, zone3 5 m< d < 10 m and zone4 d > 10 m. Zone2 seems to be a transition zone: the diffracted beam undergoes specific deformations and the dark spot is hardly noticeable. In zone4, the dark spot slowly disappears and evolves into the usual Arago-Poisson bright spot for d > 20 m (not shown in figure 2b). Let us thus focus on zone1 and zone3. We clearly identify a dark spot surrounded by bright light in the shadow of the disk. Its diameter increases linearly with the distance, as usual for diffraction patterns [23,26]. However, the slope of its variation is divided by a factor of two between zone1 and zone3. The straight line in zone1 for l = 1, matches the straight line in zone3 for l = 2, with a transition zone in between.

Thus, it seems impossible to find an analytical expression describing the size of the dark spot for the different input parameters.

Finally, we have modified the shape of the diffracting object. Figures 2a and2b show that the diameter of the dark spot varies linearly with the number of notches (l). We have checked that the observation of this dark spot is not specific to the dimensions of the cam we used. A smaller diameter of the cam or a smaller notch only shifts the various zones towards smaller d values.

Are these diffracted beams actually twisted? Let us extract the phase of the beam from the simulations (figure 3). For l = 0 one evidences a supraluminal propagation as already demonstrated [26], thus validating our phase simulations.

For l = 1, 2, 3 and d=6 m, the phase of the beam varies from 0 to 2πl in one turn.

The diffracted beam carries angular momentum with a topological charge equal to the number of notches l. However, for d = 3 m, the phase of the diffracted beam varies from 0 to 4πl in one turn. The diffracted beam thus carries angular momentum with a topological charge equal to 2l, confirming the differences observed between zone1 and zone3 in figure 2b. For d >20 m, we have checked that the phase is constant, then the topological charge equals zero. Since the topological charge of the diffracted beam varies from 2l to 0, the topological charge is not a conserved quantity along propagation.

Let us focus on the transition zone, zone2, in order to understand how the topological charge of the diffracted beam by a single snail changes from l = 2 to l = 1. We have simulated on Fig. 4 with 2π per turn. This explains why it was so difficult to evaluate the size of the dark spot since the beam has lost its cylindrical symmetry. The jump from l = 2 to l = 1 is not sudden. Since this diffracted beam is not an eigen solution of the equation of propagation, it thus could be that the topological charge is not conserved along propagation.

Actually, is it possible to experimentally evidence the twisted nature of the beam? Among the various existing techniques, we choose to measure the topological charge using the interference pattern from Young's double slit set-up [28]. We now use a green laser (λ = 532 nm), since the human eye is much more sensitive to green than to red. One clearly sees in figure 5 that the fringes are shifted by one order of interference from the top to the bottom of the figure. The diffracted spot behind the cam thus carries orbital angular momentum with a l = 1 topological charge. For a distance d = 3 m, the topological charge is l = 2, as expected.

Besides, one can easily reverse the 2D asymmetrical object from a right to a left snail, just by turning it over. The interference pattern is reversed (see figure 5).

The handedness of the diffracted laser beam is thus reversed to l = -1. Indeed one can simply generate a left-handed or a right-handed twisted beam with a plane wave and a 2D asymmetrical object just by turning it over. The diffracted twisted waves are thus chiral, with a size of the order of few micrometers. Recently, it has been suggested that such twisted waves could induce chirality [29,30]. As 2D objects and plane waves are not chiral whereas twisted beams are, the generation of chiral quantities (twisted beams) from non chiral quantities (diffraction of plane waves and asymmetrical 2D objects) may then shed some new light in the unsettling problem of the homochirality of life [31,32].

We have thus been able to generate twisted beams from a linearly polarized plane wave diffracted by asymmetrical objects. We have checked numerically that the diffracted light from an inverted cam (the cam only is transparent), complementary to the cam we used, doesn't carry angular momentum in its shadow.

There is thus no light carrying orbital angular momentum out of the cams shadow.

We have also verified that the spin angular momentum has no influence since the polarization of the diffracted light is the same as the incident light. The angular momentum carried by the diffracted light from a cam is of orbital nature and lies in the shadow of the object, only. Then, due to the conservation of the angular momentum, the diffracting object must have acquired angular momentum.

In principle, it should be possible to rotate asymmetrical 2D objects using plane waves.

To conclude, we have experimentally evidenced the generation of a twisted beam from the diffraction of a plane wave by a 2D simple asymmetric object.

The topological charge corresponds to the symmetry of the diffracting object and is not conserved along propagation. One may now try to optimize the shape of the diffracting object depending on the applications. Such an experiment could be a way to generate twisted beams in a wide variety of lasers as in high power beams or pulsed lasers for example. Indeed, in high power instable cavity lasers, an intense Arago-Poisson spot arises in the shadow of the output mirror [33]. Using an asymmetrical output coupler would lead to a high power twisted beam behind the mirror. Besides, since the dark spot only slightly varies with the wavelength, one could create twisted beams on the whole spectrum of light with a single-easy-torealize diffracting object. Thus, pulsed lasers, or light electroluminescent diodes, or even white light twisted beams could be generated. 

  the phase variation of the beam, for various distances d between the diffracting object and the observation, with a step of 0.25 m. For d = 3 m, the topological charge clearly equals 2, and for d = 6 m the topological charge equals 1. Actually, the phase distribution on a circle of d = 3 with 4π per turn slowly moves into a spiral (d = 4) that then starts to close (d = 5)
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 1 FIG. 1. Experimental and simulated diffracted beams. Diffracted pictures of a red laser beam diffracted by 2D objects recorded at a distance d = 6 m from the object. The red laser has been collimated using two lenses. In the case of a symmetrical object, one recognizes the well-known Arago-Poisson spot. In the case of an asymmetrical object, a strange hole appears in the diffracted bright spot in the shadow of the object.
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 22315 FIG. 2. Variation of the dark spot size. Variation of the diameter of the dark spot, a) versus the laser wavelength, for various asymmetrical 2D objects, and b) versus the distance between the diffracting object and the screen. The grey zone corresponds to distances where the dark spot is hardly noticeable.