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Abstract 

Special light beams are becoming more and more interesting due to their applications in particle manipulation, 

micromachining, telecommunications or light matter-interaction. Both spin and orbital angular momenta of light are exploited 

often in combination with spatially varying linear polarization profiles (e.g. radial or azimuthal distributions). In this work we 

study the interaction between those polarization profiles and the spin-orbit angular momenta, finding the relation involved in 

the mode coupling. We find that this manipulation can be used for in-line production of collinear optical vortices with 

different topological charges, which can be filtered or combined with controlled linear polarization. The results are valid for 

continuous wave and ultrashort pulses, as well as for collimated and focused beams. We theoretically demonstrate the 

proposal, which is further confirmed with numerical simulations and experimental measurements with ultrashort laser pulses. 
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1. Introduction 

During the last few years the applications of structured light 

with spatial polarization shaping and orbital angular 

momentum (OAM) are becoming increasingly important in 

many fields [1,2] as light-matter interaction [3], 

micromachining [4], particle acceleration, microscopy [5] or 

telecomunications, among others. The spin angular 

momentum (SAM) of light also plays an important role in 

those applications, e.g. to control polarization and OAM in 

attosecond pulses [6].  

The coupling between spatial phase in OAM and circular 

polarization in SAM has been known for a long time [7], 

which remains being a topic under investigation. In this way, 

spin-orbit interaction has previously been reported to 

especially play an important role in nano-optics, photonics and 

plasmonics [8], being applied for example to chiral 

nanophotonic waveguides [9]. In previous works it has been 

studied in the far-field at sub-wavelength scale [10]. Recently, 

electromagnetically induced transparency has been used to 

couple spin-orbit [11].  

Spatially-varying polarization extensively used as radial or 

azimuthal polarization can be imparted, for example, by liquid 

crystals [12] and spatial light modulators [13] that can be 

combined with interferometry [14], or with nanostructured 

inscribed gratings waveplates [15,16]. A polarization 

azimuthal index, m , can be associated to these polarization 

patterns, being m  defined as the number of times that the 

orientation of the local linear polarization distribution is 

rotating 2π radians for a variation of 2π radians in the 

azimuthal coordinate (both usual radial and azimuthal 

polarization possess 1m = ). 

Radial and azimuthal polarizations can interact with the 

OAM of the light. In previous works, it has been reported the 

interaction of polarization azimuthal index with OAM under 

tight focusing conditions [17], the radial to azimuthal 

polarization conversion using high-order vortices and tight  

focusing [18], decomposition of linearly polarized vector 

beams without vortex structure into two orthogonal vortex 
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fields, each one exhibiting OAM with opposite charge m  

[19], the production of spatially separated OAM modes by 

geometry, polarization and nonlinear process control [20], the 

use of polarization azimuthal index to detect OAM under tight 

focusing [21], and transformation of perturbated polarization 

singularities into topological charges [22]. Also, diffractive 

optical elements have been applied to radially polarized beams 

to spatially separate circularly polarized vortices with opposite 

helicity [23] and, very recently, it has been measured the 

spatial phase of vector beams decomposed in vortex beams 

with circular polarization [24]. Interferometric techniques 

have also been reported for OAM modes transformation [25]. 

Finally, the advantages of ultrashort laser pulses and particular 

polarization patterns combined with OAM have been 

exploited in several applications [26–30]. 

In this work, we propose the use of a laser beam with 

azimuthally varying linear polarization to create collinear 

optical vortices with different OAM. Depending on the 

polarization azimuthal index of the polarization pattern, there 

is a different transfer of OAM to the final vortices, which is 

added to the possible input OAM. We first demonstrate the 

proposal and study the angular momentum −both OAM and 

SAM− properties of the decomposed beams, verifying the 

momentum conservation, and showing that the SAM of the 

vortices can be transferred. 

After analytically demonstrating the angular momentum 

transference, we numerically show the vortices production 

and simulate their focusing. Then, we perform experiments 

with a femtosecond pulsed laser, demonstrating the OAM of 

the final vortices with different input beams. Notice that the 

proposed method is not specific for ultrashort pulses and can 

be applied either to pulsed or continuous wave radiation. 

 

2. Methods 

2.1 Theoretical demonstration 

We consider a beam with a transverse distribution of the 

polarization, 0

mR , denoting the polarization azimuthal index by m  

and the input OAM by 0 . The beam is defined as 
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where   denotes the azimuthal coordinate. The beam presents a 

singularity at the center of coordinates both due to the spatially-

varying polarization and to the OAM introduced by the s-waveplate, 

being a zero of intensity at posterior propagation positions. As the 

radially polarized beam is locally linearly polarized and the SAM of 

linear polarization is  0 = , thus it does not carry any global SAM, 

so that the total angular momentum, j , of the input beam, 0

mR , is 

0 0 0 0j = + =  (note that the input beam energy is normalized). 

We define the normalized right-hand circular polarization (RCP) 

and left-hand circular polarization (LCP) states as 
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where the SAM of the RCP and LCP beams are defined to be 

1RCP = −  and 1LCP = + , respectively. 

Then, the spatially-varying polarization of the vector beam can be 

re-expressed as 
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which represents the superposition with equal amplitude of two 

circularly polarized beams of opposite handedness, RCP and LCP, 

which carry opposite OAM equal to m= +  and m= − , 

respectively.  

Considering it, the original radially polarized beam, 0

mR , can be 

expressed as  
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which means the superposition with equal amplitude of two 

beams: the first with OAM value given by 1 0 m= +  and 

with RCP, therefore with SAM 1 1 = − ; while the second 

beam having 2 0 m= −  and with LCP, thus with SAM 

2 1 = + . 

The total angular momenta of the decomposed beams are 
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and it is found that the angular momentum is conserved: 

( )1 2 02totalj j j= + =  (equal to the original beam 0

mR ), 

taking into account the energy of each beam. 

If we apply a quarter-waveplate (QWP) oriented at 45°, denoted by 

the matrixQ , the RCP and LCP are converted to horizontal and 

vertical linear polarization, respectively: 
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Due to the QWP, the SAM of both components is 

eliminated, 1 1 0 = − →  and 2 1 0 = + → , respectively, and 

there is not a global transfer of SAM to the light beam. The 

OAM of the decomposed beams is not altered at this stage, 

therefore producing two orthogonal linearly polarized optical 

vortices with relative OAM given by 1 2 2m = − = . Both 

vortices are produced with the same energy and ideally 

without energy loses. Because of having perpendicular 

polarization, the vortices can be independently filtered just by 

means of a linear polarizer or they can be projected to the same 

linear polarization with the desired relative weight in order to 

be used for a certain application.  

Finally, the focusing of the different vortices was 

numerically simulated by calculating the electric field 

following the Fresnel’s diffraction model as described in 

[31,32]. The model approximation is valid close to the optical 

axis, which is appropriate for focused beams. 

 

 
Figure 1. Schematic representation of the three different experimental configurations used for the generation and 

characterization of the vortex beams with radial polarization modes 0

mR , where 0 and m  denote the input OAM and the 

azimuthal index respectively. The insets show the spatial phase (wavefront) of the decomposed orthogonal projections with 

their corresponding OAM 1  and 2  for each studied vortex beam. Characterization was performed using the STARFISH 

technique and in-line interferometry. Labels in the figure correspond to: BS, beam splitter; SP, S-plate (SP1 was oriented to 

produce radial polarization for input horizontal linear polarization, while the orientation for SP2 was arbitrary); QWP, quarter-

waveplate (45º); HWP, half-waveplate (arbitrary orientation); FL, focusing lens; BP, birefringent plate and LP, linear polarizer 

(set at 0º, 90º and 45º for analysing the different projections). For STARFISH the fibre optic coupler is used to combine the 

delayed reference pulse and the beam under test. The spatial profile of the test beam is scanned using an x,y motorized stage 

(not shown) after passing through the in-line interferometry section of the set-up, composed by the BP and the LP. The FL was 

present only for the focusing measurements. Inset: the spatial profile of the input beam is shown. 

 

2.2 Experimental set-up 

A schematic representation of the three different 

configurations of the experimental set-up employed in this 

work is depicted in figure 1. For the experiments, we used as 

a source Ti:sapphire CPA laser system delivering linearly 

polarized pulses centered at 797 nm with a Fourier limit of 

80 fs (FWHM). The radially polarized beam with input OAM 

was generated by using two different S-plates (SPs) [15,16]. 

The first of them, SP1, operates as half-waveplate with 

spatially varying fast axis, and converts input linear 

polarization into radial polarization ( 1m = ) or input circular 

polarization into circular polarization vortex ( 1=  , 

depending on input helicity sign) [15]. The second plate, SP2, 

operates as quarter-waveplate with spatially varying fast axis, 
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and converts input circular polarization into radial polarization 

( 1m = ) vortex ( 1=  ) [16]. We used two zero-order QWPs 

designed for 800 nm, the first to produce the input circular 

polarization and the other to decompose the perpendicularly 

linear polarized vortices from the radially polarized beams. 

After this decomposition, the beams where focused by an 

achromatic lens (focal length f = 500 mm).  

In both cases, collimated and focused beam, the 

spatiotemporal (and spatiospectral) amplitude and phase of the 

X and Y polarization components were measured with the 

STARFISH technique [33], while their relative phase were 

measured by means of spatially-resolved in-line 

interferometry [34], taking advantage of the recently 

introduced capability for ultrafast vector beams reconstruction 

[35]. Therefore, the experimental method is able to extract the 

spatiotemporal polarization as well as the relative wavefronts 

between the X and Y projections. 

 

3. Results and discussion 

3.1 Simulation of vortex beams 

We firstly performed the numerical simulations of a 

collimated pulsed laser beam having a gaussian spatial 

transverse profile of 4-mm diameter (FWHM). The input 

pulses had a duration of 80 fs (intensity FWHM). Then, we 

calculated different radially polarized vortices, 0

mR , and 

applied the decomposition in output modes described above, 

producing linearly polarized vortices with different OAM, 1  

and 2 . 

As an example, we show the spatial phase (figure 2) of the 

X and Y polarization components for input vector beam 
1

1R , 

producing modes with 2= and 0= ; 
2

1R , producing modes 

3=  and 1= ; 
0

2R , producing modes 2=  and 2= − ; 

and 
2

2R , producing modes 4=  and 0= . The predicted 

OAMs are checked in the wavefronts (figure 2), and the 

relation 2m =  is also verified. As expected, the results are 

constant throughout the spectral and temporal ranges. 

 

 
 

Figure 2. Simulation of collimated radially polarized vortices, 

0

mR , projected to orthogonally linearly polarized vortices. 

The spatial phase (wavefront) of different output OAM, 1  

and 2 , is represented. 

 

Then, we performed numerical simulations under loose 

focusing of the produced ultrashort beams. Focusing was 

simulated using a lens with focal length f = 500 mm, as in the 

experiments, being the results of the spatial intensity and 

phase at focus presented in figure 3 for each considered input 

beam.  

For example, when the input of the simulation corresponds 

to vector beam 
2

1R , the OAM of the two vortices produced are 

3 and 1 respectively, which is deduced from the X and Y 

wavefronts and in the comparison between the ring diameter 

of the focusing vortices (figure  3, row 1).  

 

 

Figure 3. Focusing different vortices produced from 0

mR  

modes. X and Y components of the spatial intensity (columns 

1 and 2) and phase (columns 3 and 4). Rows 1, 2 and 3, starting 

from the top, correspond to input 
2

1R , 
0

2R  and 
2

2R , 
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respectively. Notice that the intensity plots are individually 

normalized. 

 

Input 
0

2R  produces modes with OAM 2 and −2, therefore 

having the same spatial intensity ring, while having opposite 

variation of the spatial phase (figure 3, row 3). In the case of 

input 
2

2R , the decomposed vortices have topological charges 

of 4 and 0, the first of them having larger ring diameter 

compared to lower values of OAM, while the second one does 

not feature singularity (figure 3, row 3). Here, the results are 

also invariant with time and frequency. 

 

3.2 Experimental vortex production 

With the elements described in the Methods section, we 

were able to generate three different modes 0

mR  (disregarding 

the equivalents just with different signs). Using input linear 

polarization, we produced 
0

1R  with SP1. Illuminating with 

circular polarization produces 
1

1R  when using SP2, and 
2

1R  

when using SP1 followed by SP2.  

In this latter case (
2

1R ) we used an achromatic half-wave 

plate  to change the helicity sign of the circular polarization in 

between  (see figure 1), otherwise the OAM introduced by SP2 

would result in cancelling the OAM after SP1, therefore 

producing 
0

1R  instead of 
2

1R .  

Firstly, we experimentally generated those modes in a 

collimated configuration, and then we measured their 

wavefront. If a tilt in the spatial scan of the measured beam 

with STARFISH is deliberately introduced, the result is 

equivalent to the measurement of the interference of the beam 

with a plane wave. Therefore, by this means, we obtained a 

measurement of the OAM present in the different 

configurations. In figure 4 we show the interference fringes 

when producing vortices from radial modes 
2

1R  and 𝑅1
1. 

The spatial measurement was performed in the central 

region of the beam, with a two-dimensional scan in a square 

grid of 1-mm using a step of 40 μm. In the first case, 
2

1R , the 

X and Y components of the decomposed vortices correspond 

to 1 3=  (figure  4a) and 2 1=  (figure  4b), respectively. 

In the case 
1

1R , the X and Y components correspond to 

1 2=  (figure  4c) and 2 0=  (figure  4d). The experimental 

results confirm the generation of the predicted OAMs. The 

small noise in the fringes is due to interferometric instability 

in the detection because of scanning the beam in the 25×25 

points grid.  

For 1 3=  (figure 4a), it is seen that the singularity is split. 

This is attributed to using two SPs to create the mode 
2

1R  (this 

does not happen in 1 2=  from 
1

1R , figure 4c, that is created 

with a single SP). Thus, the global OAM is 3 but, as we will 

show in figure 5a, the singularity is also split in the focus 

intensity, to which it may contribute the instability of higher 

modes as well [36]. 

 

  

Figure 4. Experimental measurement of the OAM of the 

collimated vortex produced from 
2

1R  (a, b) and 
1

1R  (c, d). For 

2

1R , the horizontal and vertical components of the beam have 

OAM=3 (a) and OAM=1 (b), respectively. For 
1

1R , the 

horizontal and vertical components of the beam have OAM=2 

(c) and OAM=0 (d), respectively. Dotted white lines serve as 

a guide for the reader to identify the dislocations in the fringes 

pattern. These features are the footprint of a spatial singularity, 

and their number reflects the topological charge. As can be 

observed, in (a) there are three dislocations, while in (b) there 

is only one, in (c) there are two and in (d) there are not 

dislocations, corresponding to the expected OAMs. 

 

Then, we focused the ultrashort pulsed beam with the three 

different modes 0

mR  described before, and we measured its 

spatiotemporal profile (figure 5). Due to spatial 

inhomogeneity of the laser system (see figure 1, inset), we 

selected the central part of the beam (4.5-mm diameter). As 

predicted, the focused profile will have a ring with increasing 

diameter for higher OAMs (as seen in the numerical 

simulations in figure 3), while 0=  lacks any ring. Since the 

energy of each projection (X and Y) is the same, the peak 

intensity will be smaller for higher OAMs (the energy is 

spatially spread). In figure 5 (row 1), we show the profile at 

the focus for the input mode 
2

1R  decomposed in OAM values 

3 and 1 (X and Y, respectively). The different diameter of the 

ring is observed in the profiles, while in the total intensity 

(sum of X and Y projections), it is checked the prediction of 
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higher peak intensity for the lower OAM (notice that the 

individual plots are normalized). In the second case, figure  5 

(row 2), the radial mode 
1

1R is used to produce 2=  and 

0=  (in X and Y), thus the ring diameter in X is between the 

sizes found for 1=  and 3= , and the Y projection is the 

diffraction limit of the input beam (being more intense in Y 

than X). In the last case, radial polarization 
0

1R  is decomposed 

in two vortices with opposite topological charge, 1=  , 

having similar peak intensity. The transverse scan was done in 

a grid of 25×25 points using a step of 32 μm. 

 

 

 
 

Figure 5. Spatial intensity profile of the focused beams. 

Columns 1, 2 and 3: X, Y and total components of the spatial 

intensity (OAM values inset). Rows 1, 2 and 3 (from the top) 

correspond to input 
2

1R , 
1

1R  and 
0

1R , respectively. All 

intensity plots are individually normalized. In the animation 

of Supplementary Movie 1 the spatial profiles for different 

wavelengths are shown. 

 

We further confirmed the OAM predicted by measuring the 

relative X and Y wavefronts, obtaining 2 =  (due to 1m =

) in the three configurations. As we experimentally worked 

with ultrashort laser pulses, and we measured the temporally- 

and frequency-resolved spatial amplitude and phase of the 

collimated and focused vortices, we were able to check that 

the obtained results did not show significant differences as a 

function of the wavelength within the spectral bandwidth of 

the input beam, being constant in frequency as well as in time 

(see the animation in Supplementary Movie 1, corresponding 

to figure 5, where it is shown that the spatial profiles are 

wavelength independent). The measured experimental 

intensity distributions in figure 5 were systematically 

observed.  The deviations with respect to the simulated modes 

may be attributed to the spatial inhomogeneity of the input 

beam (CPA laser system) and to the misalignment of the S-

plates. At this respect, the inhomogeneity of the input beam 

profile (figure 1, inset) can affect the resulting profile after the 

beam manipulation. The alignment of the S-plates was carried 

out systematically, also checking the effect of the relative 

alignment in the case of using both S-plates simultaneously (to 

create the mode 
2

1R ), always finding the spatial distributions 

shown in figure 5. Therefore, we attribute the deviation 

between simulations and experiments mainly to the non-

uniformity of the input beam. 

 

4. Conclusion 

In conclusion, we demonstrate how spin-orbit 

manipulation, mediated by the polarization azimuthal index 

when using radially polarized beams, can be used to produce 

optical vortices with different topological charges. The 

proposal can be done in-line, without interferometric schemes. 

In contrast to previous works, the process is linear, thus all the 

energy is transferred to the produced vortices. It does not 

require tight focusing to mediate the angular momentum 

interaction (while being preserved under loose focusing), and 

constitutes an easy way to efficiently produce collinear 

vortices with different topological charges and with 

perpendicular linear polarization, so that they can be 

independently manipulated (e.g. balancing their relative 

intensity in pump-probe experiments) or used to 

simultaneously interact in the applications, for example in 

light-matter interaction, telecommunications, 

microprocessing, particle manipulation or attosecond pulse 

generation. The scheme can also be used to quantify the input 

OAM. 

The process is valid for radial, azimuthal or intermediate 

spatially varying polarizations, being the polarization 

azimuthal index the key parameter for the vortices production. 

We have applied this method to ultrashort laser pulses, while 

it also operates for monochromatic plane waves, being either 

collimated or focused. Despite radially (or azimuthally) 

polarized beams not possessing spin angular momentum −due 

to being locally linearly polarized with different orientations−, 

we show that they can mediate to produce different orbital 

angular momenta through their polarization azimuthal index. 

Tuning the polarization azimuthal index can produce, for 

example, higher-order or fractional vortices. 
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