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Recently, we proposed and built an optical system to generate arbitrary vector beams (VB) using two liquid-crystal on
silicon (LCoS) spatial light modulators (SLM). Since the LCoS-SLMs devices used in the system are flicker-free, we
showed the generation of VBs on-axis in a common path architecture being very efficient in terms of light energy. Here,
we further demonstrate that the same system is also useful to perform common-path phase-shifting interferometry, thus
being a useful tool to evaluate the phase distribution of the generated optical VB. We show different VBs obtained by
superposition of two Laguerre-Gaussian (LG) beams with different orthogonal polarizations. The phase measurement
is obtained by phase shifting interferometry (PSI), obtained by adding different values of a uniform phase distribution
in one of the SLMs, and registering the corresponding interferograms. The continuous phase modulation provided by
the LCoS-SLMs is demonstrated here to be useful to apply the synchronous detection interferometric technique for the
verification of the phase distribution of different VBs. © Anita Publications. All rights reserved.
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1 Introduction

Vector beams (VBs), as light beams with defined spatially-variant intensity, phase and polarization
features, are important for many applications including tight focusing [1], optical tweezing [2], materials
processing [3], or super-resolution microscopy [4]. VBs can also be defined as pure laser modes with an
additional spatial polarization modulation [5]. There have been several methods to generate such beams,
based on the superposition of scalar modes having orthogonal polarization [6]. Initial techniques included
the manipulation of a laser resonator in order to directly emit a desired vector beam [7], or the use of
interferometric arrangements [8]. More recently, they have been generated with spatially variant uniaxial
flat elements, which can be fabricated with subwavelength gratings [9], or with liquid-crystal materials [10].
These elements, often referred to as g-plates, are in general designed to generate low-order VBs [11,12].
However, higher-order Laguerre-Gaussian g-plates have also been developed [13].

In addition, optical beams with helical wave-fronts and associated orbital angular momentum
(OAM) have become a focus of intense research in recent years owing to its high-capacity information
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bearing characteristics with noteworthy applications in various domains of imaging and communication [14].
The recognition of OAM of helical phase beams provides new insights into the theoretical and applied realms
of optical vortex beams [14]. The vortex encoded light beams possess an azimuthal phase of e/ ,where 6 is
the angular coordinate and ¢ is referred to topological charge that owns a positive or negative sign, and carries
an OAM equivalent to £% per photon [5]. The topological charge equals the number of ring dislocations in its
far field amplitude. Paradigmatic examples of light beams with such spiral phase patterns are Laguerre-Gauss

beams.

Besides, the advancements in the generation of vector beams, vortex beams and other higher order
modes motivated their application for optical communications [15-17]. In this context, the recovery and
determination of topological charge of optical vortex beams have been receiving much attention during
last decade [18,19]. More recently, Prabhakar et a/ [20] proposed a method for determining the topological
charge of a vortex beam through measuring the Fourier transform (FT) of its intensity, and it was shown that
the number of the dark rings in the FT of the intensity is equal to the topological charge of the vortex beams.
In fact, conventional approaches for measuring topological charges are mostly based on diffraction fringe
counting or intensity analysis [21,22]. However, given the defects of these optical elements and the noisy
illumination background, these methods can roughly distinguish vortex beams with significant differences
in their topological charges instead of offering a precise measurement of these topological charges. Other
techniques exploit the correlation between the input beam and reference beams encoded onto a diffraction
grating or holograms, typically encoded onto phase-only SLMs [23,24].

Topological charge can also be estimated by recovering the phase distribution of the beam. This is
advantageous since any defect in the generation of phase distribution can be directly visualized on the phase
pattern. Examples include the use of a phase-only SLM as a phase-shifting element within a Mach-Zehnder
interferometer [25] or with ghost diffraction holography [26]. In this paper, we present a different method
based on phase shifting technique to directly obtain the phase distribution of superposition of LG beams and
so the topological charge can be obtained. We use a previously reported optical system [27] to efficiently
generate vector beams by means of two liquid-crystal on silicon (LCOS) SLMs, each one encoding a phase
pattern onto an orthogonal polarization component. By adding a polarizer at the output, the interference
of the two polarization components is obtained. Here we take profit of the possibility of adding a constant
phase value to any of the two SLMs to produce an arbitrary phase shift. Because this phase shift can be made
continuous, the synchronous detection method [28,29] can be applied by recording an arbitrary number N of
intensity interference patterns useful to obtain the phase recovery of the output beam through PSI.

The paper is organized as follows: after this introduction, Section 2 describes the interferometric
optical system to generate the LG modes. Vector beams and OAM are treated in Section 3. In Section 4, we
explain the phase-shifting techniques to recover the phase distribution of the generated beams. Experimental
results are shown in Section 5. Finally, conclusions are given in section 6.

2 Interferometric experimental optical setup

Figure | shows the scheme of the optical system [27]. We use an input He-Ne laser (4 = 633 nm) that
is spatially filtered and collimated. Two LCoS-SLMs are arranged in a Z configuration. The angle between
the incident ray and the reflected ray on each modulator is about 11°. LCoS1 and LCoS2 devices are on
conjugated planes by means of a 4f-system obtained by two lenses of the same focal length, thus obtaining a
minus one magnification. Both devices are parallel-aligned LCoS displays from Hamamatsu (model X10468-
01). We measured a reflectivity of more than R = 78% for both devices. We also measured more than 27z
radians of phase modulation for the operating wavelength [30]. And they have 800x600 pixels, with 20 um
pixel pitch, an effective area of 15.8x12 mm? and 98% fill factor, thus providing more than 96% efficiency to
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the main reflected beam (zero order). Therefore, the total device efficiency at the zero order is about 7 ~ 75 %.
As mentioned earlier, an important characteristic of these devices is that they are free of flicker. Therefore, the
reflected beam does not present zero order (DC) component and the displayed holograms can be designed to
generate hologram reconstruction on-axis, and therefore make full use of this 75% zero-order efficiency [31].

LCoS2

He-Ne laser

Fig 1. Scheme of the optical setup. LCoS1 and LCoS2 are liquid-crystal on silicon SLMs, with the liquid-crystal

director oriented horizontally. A 4f-system (lenses L2 and L3) gives an image of LCoS1 into LCoS2. POL: input

linear polarizer. ANA: output polarization analyzer. HWP: half-wave plate. CCD: charge couple device detector.

The input polarizer (POL) is oriented at 45° to ensure equal magnitude on both horizontal and

vertical polarization components. Parallel-aligned LCoS displays only modulation of the linear polarization
component which is parallel to the LC director. In our laboratory devices, this corresponds to the horizontal
direction. Therefore, a phase pattern addressed to LCoS1 modulates the horizontal component of the input
beam, while the vertical polarization component remains unaffected. A half-wave plate (HWP) oriented
at 45° is added after LCoS1 in order to transform the horizontal linear polarization component into the
vertical component of the input beam (and vice-versa). In this way, LCoS2-SLM modulates the polarization
component that was not modulated by LCoS1-SLM, while leaving unaffected the polarization component that
was already modulated by the first SLM. Thus, the output beam has two orthogonal horizontal and vertical
polarization components that are independently modulated through the phase-only mask implemented by the
two LCoS-SLMs.

Since, the output beam emerging from the system is a phase-only distribution in its vertical and
horizontal components, therefore, the output Jones vector can be written as:

S ) (ez‘wl .3 .
Iy )~ e | M

where Ji(x, y) and J(x, y) denote the spatial patterns encoded onto the vertical and horizontal linear

T,y =

polarization components, respectively, and eV ), k =1, 2 denotes the phase-only mask displayed onto
LCoS1 and LCoS2 SLMs, respectively. A converging lens is introduced to focus the beam in a CCD camera
(see lens L4 in Fig 1). In our optical system the converging lens has been simulated by encoding it as a phase-
only hologram in the SLM. Finally, a polarizer analyzer (ANA) verifies the polarization output.

Since LCoS-SLM devices work in phase-only modulation regime, a method to encode complex
values onto phase-only displays is required. Here, we used the codification method described in [32], which
is based on a random spatial multiplexing of two phase-only functions: the phase information of the desired
pattern and a diverging optical diffractive element to redirect undesired light out of the optical axis. This
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codification method presents interesting features: (1) it does not require any iterative algorithms, thus it is
not computationally costly; (2) the desired complex optical field is reconstructed on-axis; and (3) no phase
carriers are required. Next, we briefly review this method.

Let F(x, y) = M(x, y) 9> be the complex function to be encoded, where M(x, y) and ¢ (x, y)
represent its magnitude and phase. A new multiplexed phase-only function e/ is designed as:

MNEY) = R (x,y) oY) 4 I_Q(X, ») e ix, ) )
where R(x, y) is a binary-amplitude (0-1) pattern, R(x, ) = 1 — R (x, ) is its complementary pattern, and
/™7 is the phase function of a diverging element, in our case a high-frequency negative diffractive axicon,
E(x, y) =—-2m rlp, where r = (x* + y?) denotes the radial coordinate, and p denotes the axicon’s period.

The negative diffractive axicon acts as a circular blazed diffraction grating that diverges the light
away from the optical axis. This light can be very easily filtered by a circular aperture. This way, the magnitude
information M (x, y) is encoded onto the new multiplexed phase-only function 1(x, y) via the function R(x,y)
which is defined as

1 if M(x,y)>rnd(x,y)
R ={) !
0 ifM(x,y)<rnd(x,y)
where, rnd (x, y) is a distribution of random numbers in the interval [0,1].

A3)

This phase-only encoding technique of the complex function M(x, y) e ™) can be easily understood
as follows. If the required amplitude M (x, ), is close to 1, it is better represented by the phase-only function
€™ and R(x, y) = 1 is the good choice. On the contrary, for pixels where M (x, y) is close to 0, light should
be removed. The diverging axicon performs this operation directing light out of the optical axis. Therefore,
R(x, y) = 0, is the right choice for these pixels. For intermediate values of M(x, y), Eqs(2-3) provide an
adequate random choice between the two phase-only functions.

3 Generation of vector beams as Laguerre-Gauss modes superposition

In this work, we encode Laguerre Gaussian modes on the J,(x, ) and J,(x, y) patterns. LG modes are
exact solutions of the scalar paraxial wave equations in cylindrical coordinates. We consider an output beam
at the waist plane z = 0, the complex amplitude can thus be written as:

1 12\f\+1 7 1€ 2 - 2 . .
4 _ ! t 2 rlo il6 _ il6
LG, (r,0,00) = o /—EIZWHp)' (—wo) L'p‘(—w%r )e( 0 = 4, (r)e @)

where LLf‘ are the p{-th order Laguerre polynomials, and » and 6 are polar coordinates. The term A4,,(r) in
this equation accounts for the radial part of the function and does not depend on the sign of ¢, only on its
magnitude. The mode order is N =2p + |£| for a LG mode [33].

Although VBs are natural solutions to the vectorial Helmholtz equation they are very often generated
as coaxial superpositions of orthogonal scalar fields with orthogonal polarizations [6]. The system in Fig 1
directly allows the superposition of different LG modes encoded on the vertical and horizontal polarization
states. For instance, we generate higher-order vector beams by combining LG modes with orthogonal
polarization states and higher values. We used again the linear polarization basis (x, y ) that comes from the
system in Fig 1. Therefore, the output vector beam can be written as the following Jones vector:

J. (7, 0)) (LGéi (r, 9>) . (A@I NG e"“")
Jy, (r,0) LGZ (,0) A(Pz £) (r) o2

The corresponding intensities of the superposed beam behind a linear polarizer at different rotation
angles is then calculated by projecting the electric field vector on the corresponding linear polarization states.
When we use a linear analyzer oriented horizontal and vertical axis, we recover the distribution given by

J(r,0) = ( )
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LGf,‘1 (r,60) and LGﬁz (r,0), respectively. If the analyzer is oriented at & 45°, the following superposition is
obtained.

=t e 0= 56 = 165) P ©

where, I_’; 45 1s the linear polarization normalized state at + 45°.

We can calculate the corresponding intensity by squaring the absolute values of the electric field, as
in an interferometric optical system, which will be developed in next section.

4 Determination of VB wavefront phase using phase-shifting interferometry

PSI is a well-established technique for areal surface characterization that relies on digitalization
of interference data acquired with a controlled phase shift, most often introduced by controlled mechanical
oscillation [28,29]. The last years have seen many significant developments in PSI [34,35]. The PSI is based
on the recording of different interferograms by introducing artificially known steps of phase differences in
the interference pattern as:

Li(x, y) = 1o (e, ) {1 + Vx, y)cos[a(x, y) + 0; ]} (7
where Iy(x, ) is the mean intensity, (x, y) is the visibility, a(x, y) is the phase difference between the interfering
waves and J; is the phase shift which is produced by adding a phase term in one of the interferogram path. A
minimum of three intensity patterns are required to calculate the phase distribution [30]. In our case we used
a technique known as synchronous detection, that consist of recording N stepped phase interferograms and
then calculating the phase distribution as:

X 4 @ y)sing
o(x, y) = tan N ®)
ijl I; (x, y)cos 9;
where, J; = 27j/N is the phase shift for the jth interferogram, /;(x, y) is the corresponding intensity of the
interference pattern, and N is the total number of phase steps.

One of the common methods for introducing the phase shifts in an interferometer is moving a mirror
mounted on a piezoelectric transducer (PZT). The role of the PZT is to shorten or elongate the reference beam
path by a fraction of a wavelength [28,29]. Here, instead, we will make use of the phase-modulation property
of the LCoS-SLM to add this phase bias, so the same system that generates the VBs is employed also for the
phase-shifting measurement. Since, we illuminate the system with linearly polarized light oriented at 45°, we
have equal intensity in vertical and horizontal polarization components, therefore achieving the maximum
visibility in the interference. Because of that the function V' (x, y) in Eq (7) is equal to one.

We are interested in the calculation of the phase of superposition of LG modes LG ((r, 0) and
LG , (1, 0) obtained after they pass through the polarizer analyser oriented at 45°, i.e. the phase of the
amphtude term of the Jones vector in Eq (6). The phase-only SLMs in the system also enable adding an
extra constant relative phase-shift between the vertical and horizontal polarization components, i.e., this is
equivalent to adding a linear retarder with retardance J and neutral axes oriented along vertical/horizontal
directions. For instance, if we apply the phase shifting technique adding steps of phase in the second SLM,
the output Jones vector after the addition of phase-shift J; is given by

. . ( J, (r,0) (A@,f,) (e’
Jj(xa y) - J(}", 635]) - Jy (I", H)eiéj - A(pzfz) (}") ei[zeei(;/

According to Eq (0), the intensity of the superposition when the analyzer is oriented at +45° is given by
L, y)=J;(x,») J(x, ) = |A(p,f,)\2 + |A(pzfz)|2 + 244, 0)Ap, e coslalx,y) + ], (10)

)
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where now a = ({; — {»)0. Then, the phase distribution a(x, y) of the superposition of the LG modes is
directly calculated from Eq (8).

5 Experimental results

In this final subsection, we generate higher-order vector beams by combining LG modes encoded
in orthogonal polarization states and higher £ values. We used again the linear polarization basis (x, y) that
naturally comes from the system in Fig |.

5.1.Calibration of the phase modulation

We first calibrated the phase modulation to properly apply the PSI algorithm. For that purpose, the input
polarizer in the system was oriented at 45° while the output polarizer was oriented crossed, oriented at —45°. This
configuration has been used extensively to measure the retardance of linear retarders [36] which can be derived
directly from intensity measurements. If both SLMs display the same amplitude and a uniform phase pattern,
in Eq (10) we can consider the amplitude terms as constant, a(x, y) = 0; and therefore, the intensity is given
directly proportional to (1+cos(d;)). The images in Fig 2 were captured in the camera detector when images with
uniform gray level were displayed in both LCoS1 and LCoS2 SLMs, but the gray value was varied in the first
SLM. The images show a complete oscillation in the intensity, thus denoting the phase change of 2z radians.

Relative Intensity

0 50 100 150 200 250

2

Gray level

Fig 2. (a)-(p) Images captured in the CCD camera when the LCoS-SLMS are addressed with uniform
images. Input and output polarizers are oriented at +45° and —45°, respectively. The gray level is varied
in each image in steps of 7/8 radians.
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Figure 2(q) shows the values measured for the intensity in this configuration, both with crossed and parallel
polarizers, showing how the intensity follows the sinusoidal curve, with the 2z phase modulation obtained
for a gray level variation of about 200 levels. The images in Figs 2(a)-2(p) correspond to phase shifts added
in LCoS1-SLM in steps of J; = /8 radians obtained by changing the gray levels in steps of 12. We will
use this phase shift as the bias for the PSI procedure.

5.2. Superposition of two LG modes with zero radial index and opposite azimuthal indexes

Once the system is calibrated, we can use it to display phase masks generating the desired modes.
Figure 3(a) and 3(b) shows the phase functions (encoded in gray levels) that are addressed to LCoS-SLM1
and LCoS-SLM2 in Fig 1, respectively. These phase functions encode the amplitude and phase of the LG
modes LGz and LG 3, respectively, but also codify an additional quadratic phase that reproduces the effect
of the lens L4 in the system in Fig 1. Note how the spiral phase characteristic of the LG modes are clearly
encoded in the phase pattern, showing opposite sense. Figure 3(c) shows a computer simulation of the
intensity distribution and state of polarization of the generated VB by this superposition. In this figure, the
opposite helicity of the polarization ellipses is indicated in red/blue colours, while green denotes linear states.
This result shows how the ellipticity of this VB is changing azimuthally. Figure 3(d) shows the expected
intensity distribution when the beam is filtered with a linear polarizer oriented at 45°, and the experimentally
captured intensity pattern in the plane of focusing is shown in Fig 3(e). This focalization is in the form of
a “petal” beam [37]. The annular focusing characteristic of the LGy, mode has the same radius since £ =
{; = — {,. Since both modes share the same amplitude, Eq (10) now turns to be

; (11)

where we used that a(9) = (¢, — £,) @ = 2£6. This function is represented in Fig 3 (f). Therefore, if we consider
Jp = 0, the maxima of the cosine function is obtained when {6 = mx i.e. at angles 6 = mn/f. Consequently,
since we selected in this case £=3, the maxima are located at angles 8, = 0°, 8,= 60°, 8, = 120°, 6; = 180°,
6, = 240° and 6, = 300°, with points of null intensity at angles in between, thus providing the six bright
lobes pattern observed in the doughnut focalization shown in Fig 3(d-3e).

0
L(x, y) = 2| Ag (1 + cos [2€0 + 6,]) = 4| Ao |* cos® €0 + 5’

Fig 3. (a) and (b) Central part of the phase-only holograms displayed on LCoS1 and LCoS2 SLMs to generate
LGy3 and LG, 3 modes (c) Simulation of the intensity and polarization of the generated vector beam. (d-e)
Intensity distribution after passing through a polarizer oriented at 45°, simulation and experiment. (f) Phase
difference a(x, y), (g) Result obtained by PSI synchronous algorithm.

To experimentally measure the phase function a( x, y) in this beam, we apply the synchronous
detection algorithm of phase-shifting interferometry (PSI) [28]. In our system, we can apply this technique
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via a constant phase-bias that can be added to the phase masks in any of the two LCoS-SLMs in the system.
Figure 4 shows the experimental results obtained again from the superposition of the modes LGy; and LG 3,
but now additional phase jumps of phase J; = jn/8, where j = 0, 1, 2...15. A new hologram like in Fig 2 (a)
is calculated for each value of §; and displayed on one of the SLM. The corresponding intensity patterns
are shown in Fig 4. In all cases, we obtain the six-lobe annular pattern, but it is progressively rotated. As
mentioned above, the beam is characterized by a phase a(x, y) = 66, thus with an azimuthal phase variation

of 2z radians every 60° in the transversal plane. Therefore, an additional phase bias of 7/8 radians in the

L/g) = 3.75°. The experimental
2

results in Fig 4 corroborate this, where the rotation in steps of 3.75° is observed for every addition of 7/8

phase modulation induce a rotation of the sidelobe pattern of an angle 60° x

in the hologram displayed on the SLM.

Fig 4. Experimental interferograms with superposition of LG; and LG,,_3 using phase steps of @/8.

These images in Fig 4 are then used to calculate the phase difference distribution a(x, y) of the
superposition with the PSI synchronous detection algorithm presented in Sec 3 and the result shown in Fig
3 (g). We can observe that the experimental superposition shows the expected spiral phase pattern with £ =
3 — (-3) = 6 jumps from 0 to 2z. Thus, these results verify the correct generation of the vector beam, not
only in terms of the intensity pattern (Fig 3(e)), but also in terms of its phase distribution (Fig 3(g)).

5.3. Comparison of vector and scalar vortex beams

When we encode LG modes with opposite topological charge (opposite azimuthal order) in
orthogonal polarization states, we generate pure vector beams, but when we encode the same modes in both
polarizations, we generate a scalar beam. To prove this, in this subsection we compare a situation where
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modes LGy and LG9 are encoded in LCoS1 and LCoS2 SLMs with that where both SLMs encode the same

Fig 5. (a) and (b) Central part of the phase-only holograms displayed on LCoS1 and LCoS2 SLMs to generate LGy and
LG(.9 modes. (c) Simulation of the intensity and polarization of the generated vector beam. (d-e) Intensity distribution
after passing through a polarizer oriented at 45°, simulation and experiment. (f) Phase difference a(x, ). (g) Result
obtained by PSI synchronous algorithm.

Fig 6. Experimental interferograms with superposition of LG9 and LG9 using phase steps of 7/8.
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Fig 7. (a) and (b) Central part of the phase-only holograms displayed on LCoS1 and LCoS2 SLMs to generate LG,
mode in both SLMs. (c) Simulation of the intensity and polarization of the generated vector beam. (d-e) Intensity
distribution after passing through a polarizer oriented at 45°, simulation and experiment. (f) Phase difference a(x, y).
(g) Result obtained by PSI synchronous algorithm.

Fig 8. Experimental interferograms with superposition of two LGy modes using phase steps of m/8.
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Figures 5(a) and 5(b) show the holograms displayed on the SLMs to generate the modes LGy and LG .o.
Figure 5(d) shows the captured intensity pattern, which again shows the “petal” beam shape, now with 2¢ =
18 azimuthal lobes distributed along a ring focusing with larger diameter compared to the results in Fig 3.
Figure 5 (c) shows the expected VB and Fig 5(d) shows the expected intensity distribution after the beam is
filtered with a linear polarizer oriented at 45°.

Following the discussion in the previous subsection, these lobes are produced every 20°. Therefore,

adding phase bias of 7/8 radians results in rotation of the petal pattern of 20° x ? =1.25°. The experimental
T

interferograms in Fig 6 illustrate this rotation. As expected, we observe the rotation of the pattern, but we
require 3 steps to achieve the same rotation angles as in Fig 4. These images are used to calculate the phase
difference distribution a(x, y) of the superposition with the PSI synchronous detection in Eq (8). The result is
presented in Fig 5 (g) which now shows the expected 18 phase jumps, as simulated in Fig 5 (f).

A completely different situation is obtained when the same hologram is displayed on LCoSlI
and LCoS2 SLMs, thus encoding the same mode in both polarizations, in this case, the mode LGyy. The
corresponding results are presented in Figs 7 and Fig 8. Note that in Figs 7(a) and 7(b), now we are
addressing the same hologram in both SLMs. Now the generated beam is not a VB in the sense that the state
of polarization is the same at all points, always linearly polarized (Fig 7(c)). The captured image in the CCD
camera now presents a continuous ring of the same diameter as that in Fig 5(c), but now there is no azimuthal
interference.

Now, when we apply phase bias steps of /8 radians we do not observe a rotation of the pattern, as
the images in Fig § are showing. Instead, the total intensity oscillates in agreement with the calibration shown
in Fig 2. These results demonstrate that we are generating a scalar vortex beam which has a uniform state of
polarization. The phase bias only changes this state of polarization. Now, when the 16 images for this beam
are used to calculate the phase difference distribution a (x, ), the result provides values of 0 (black) and 2n
(white) shown in Fig 7(g).

5.4. Superposition of non-standard combinations of LG modes

To complete the results, we finish by presenting two additional cases where a non-standard
combination of LG modes is encoded to generate arbitrary vector beams. In the next example, we apply
the same technique to a vector beam generated by encoding LG modes with nonzero radial index. In this
case we use the LGy; and LGy_3 modes. Like in previous cases, Fig 9 (a) and 9 (b) show the two phase-only
holograms displayed on the LCoS1 and LCoS2 SLMs. Figure 9(c) shows the expected VB. Note how the
two rings of light are generated, with a state of polarization that changes ellipticity azimuthally. The expected
intensity pattern when projected to a polarizer oriented at 45° is shown in Fig 9 (d), and the corresponding
experimental captured intensity pattern in Fig 9 (e). Now the pattern with six lobes is reproduced not only in
the central annular ring (like in the case of LG(; and LG 3 modes superposition in Fig 3), but a second ring
appears also showing the same kind of interference.

The same kind of PSI experiment was conducted to derive the phase distribution. Like in the case
shown in Fig 4, the addition of phase steps of 7/8 radian results in a rotation of the pattern in angular steps
of 3.75°. The result of the PSI algorithm provides the phase pattern shown in Fig 9(g) which again shows
6 phase jumps in the angular coordinate, both in the inner circle and in the outer one, as expected from the
simulation in Fig 9(f).

The final example that we include is the superposition of modes LGy, and LG;. This kind of
superposition, where the topological charge (azimuthal order) is different in each polarization, generates the
so-called hybrid vector beams. Since one of the beams is the zero order Gaussian beam, this one will focus in
a regular bright spot, while the LG, mode will focus on a ring of light of relatively big diameter. Therefore,
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Fig 9. (a) and (b) Central part of the phase-only holograms displayed on LCoS1 and LCoS2 SLMs to generate LG 3
and LG;_; modes. (c) Simulation of the intensity and polarization of the generated vector beam. (d-e) Intensity
distribution after passing through a polarizer oriented at 45°, simulation and experiment. (f) Phase difference
a.(x, ¥). (g) Result obtained by PSI synchronous algorithm.

Fig 10. Sixteen interferograms with superposition of LG5 and LG_3 using phase steps of 7/8.
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Fig 11. (a) and (b) Central part of the phase-only holograms displayed on LCoS1 and LCoS2 SLMs to generate
LGy and LGy; modes. (c) Simulation of the intensity and polarization of the generated vector beam. (d-e) Intensity
distribution after passing through a polarizer oriented at 45°, simulation and experiment. (f) Phase difference o(x, y).

(g) Result obtained by PSI synchronous algorithm.

Fig 12. Sixteen interferograms with superposition of LGy, and LG, using phase steps of n/8.



710 P Garcia-Martinez, I Moreno and M M Sanchez-Lopez

the interference is becoming more complicated since there is intensity variation along the radial direction
and phase variation along the azimuthal direction. The expected VB is shown in Fig 11(c). Note how the
central part of the beam, where the LG, mode mainly focuses, is linearly polarized in the vertical direction.
On the contrary, the outer part of the ring focus of the LGy; mode is also linearly polarized but horizontally.
In between, in the region of superposition, the local state of polarization changes azimutally. The intensity
after passing through the polarizer at 45° (Fig 11(d)) and the corresponding experimental pattern shown in Fig
11(e), both show a beam with seven dark points all at the same distance from the centre.

These dark spots rotate as we add a phase bias in LCoS2 SLM, in angular steps of (360°/7) x (”/8

2

=3.21° Figure 12 shows all the experimental captures when adding the 16 phase steps of /8 radians. These
images are again employed to calculate the phase difference distribution a(x, y) shown in Fig 11(g) which, in
the area of superposition of the two beams, shows the expected azimuthal variation.

6 Conclusions

In summary, we have presented new results for the generation of vector beams with a previously
reported highly efficient optical system [27] that uses two LCoS-SLMs to encode two different Laguerre-
Gauss modes onto two orthogonal states of polarizations (in all the provided examples, the linear horizontal-
vertical states).

As a novelty, we demonstrate the capability of the same system to perform phase-shifting
interferometry (PSI) to evaluate the phase function a(x, y) given by the difference of the phases between the
two encoded modes. PSI is achieved simply by adding a phase bias in one of the SLMs. Because the LCoS-
SLMs provide continuous phase modulation, the number of steps for the PSI can be selected arbitrarily. In
our case we selected 16 steps of n/8 phase shift to provide a precise measurement through a synchronous
detection algorithm.
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