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Generation of flower high-order 
Poincaré sphere laser beams from  
a spatial light modulator
T. H. Lu1, T. D. Huang1, J. G. Wang1, L. W. Wang1 & R. R. Alfano2

We propose and experimentally demonstrate a new complex laser beam with inhomogeneous 
polarization distributions mapping onto high-order Poincaré spheres (HOPSs). The complex laser mode 
is achieved by superposition of Laguerre-Gaussian modes and manifests exotic flower-like localization 
on intensity and phase profiles. A simple optical system is used to generate a polarization-variant 
distribution on the complex laser mode by superposition of orthogonal circular polarizations with 
opposite topological charges. Numerical analyses of the polarization distribution are consistent with 
the experimental results. The novel flower HOPS beams can act as a new light source for photonic 
applications.

Over the past few years, structured light with space-variant polarization and phase distribution has attracted 
considerable interest because of the broad applications of photonic quantum information, quantum entangle-
ment, and quantum cryptography1–5. Several approaches have been proposed for generating structured light, 
such as laser resonators, q-plates, holograms, and spatial light modulators (SLMs)6–15. SLMs have been employed 
for generating structured beams to manifest optical angular momentum and optical vortices, especially for 
Laguerre-Gaussian (LG) modes16–19. A spatially inhomogeneous polarization state of LG modes can be described 
as a point on the surface of a high-order Poincaré sphere (HOPS) that can be used to represent the higher-order 
modes of optical fibers, vector beams, and the Pancharatnam-Berry geometry phase for higher-order states of 
polarization20,21. Generating controllable complex structured beams with inhomogeneous polarization states 
mapping onto HOPSs can pave the way for exploring advanced applications6,22–24.

In this paper, we experimentally produced a new complex laser mode from the superposition of multiple LG 
modes mapped on HOPSs. We observed that the localization of the superposed modes displayed a new type of 
flower-like patterns. Passing through simple optical elements enabled light to assume modes with flower-like 
structures and space-variant distribution of polarization.

Results
Generating structured beams from a SLM. The experimental setup is shown in Fig. 1. Light emitted 
from a diode-pumped solid state laser was collimated and expanded through a beam expander before it was sent 
onto a reflective phase-only liquid crystal on silicon SLM. The experimental detail is given in the method sum-
mary. Grating phase patterns of desired modes were applied to the liquid crystal display of the SLM. The phase of 
the incident plane waves was modulated and leads to complex structured beams according to the grating phase. 
These complex structured beams were divided into two parts by a beam splitter. One part was reflected into a 
charge-coupled device camera to record its intensity. The other part, shown in Fig. 1b, passed through optical 
components for coding on the HOPS. An adjustable aperture was used to select the first order of the reflecting 
patterns diffracted from the grating phase displayed on the SLM. Two orthogonal quarter-wave plates were uti-
lized to generate circularly polarized beams with opposite handedness, and a dove prism in one arm converted the 
LG mode with an azimuthal index + to the opposite azimuthal index − .

Consequently, the right-handed circularly polarized LG mode of index + combined with the left-handed 
circularly polarized LG mode of index − . A polarizer was placed before the CCD camera to analyze the polari-
zation state of the structured beam. Vector-structured beams of single and multiple LG modes can be generated 
and analyzed by this simple experimental setup.
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Intensities and phase distributions of the flower modes. The wave function of LG mode, 


LG p, , with 
a radial index p and azimuthal index  defines the basis of the flower-structured mode. The superposed LG mode 
can be represented as
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 is the weighting coefficient8. Figure 2a–e show the numerical results of flower modes. 

The characteristic number of petals depends on the interval of azimuthal index v of the superposed LG mode. The 
interval of the radial index u of the superposed LG mode determines the complexity of the radial symmetry. 
Figure 2a’–e’ illustrate the phase distributions corresponding to the intensity distributions presented in Fig. 2a–e. 
The phase singularities localized on the points of zero intensity also construct complex patterns related to the 
intensity profiles. Different from a conventional single LG mode which has uniform azimuthal intensity, the 
superposed LG modes cause an exotic flower pattern formation. Furthermore, the corresponding phase singular-
ities also constitute flower phase patterns. Figure 3a–e depict the experimental intensity distributions generated 
from the arrangement shown in Fig. 1a. To generate the complex flower beams, the grating phase patterns were 
used to display on the SLM for coding the phase information onto the incident plane wave. Figure 3a’–e’ illustrate 
the grating phase patterns corresponding to the intensity distribution presented in Fig. 3a–e. High-resolution 
SLM makes it possible to distinguish the precise difference of the grating phase patterns and generate various 
complex flower beams. The size of the complex flower beam is proportional to the spot size of the laser beam 
incident into the SLM and the order of the superposed LG mode. The divergent angle of the flower beams showed 
in Fig. 3 is less than 0.2 mrad. The physical scale of the structured beams is manipulable under the different opti-
cal parameters of the setup.

Flower HOPS laser beams. For arbitrary points on the HOPS shown in Fig. 4a, the state of polarization 
ψ θ ϕ


( , ) can be represented as
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where θ is the polar angle, and ϕ is the azimuthal angle in spherical coordinates. 


R  and 


L  are the right-handed 
and left-handed circular polarization basis such that = − φ



R x iy e( ) / 2i  and = + φ−


L x iy e( ) / 2i . The fac-
tor φei  is the vortex phase associated with the LG mode of azimuthal index  possessing orbital angular momen-
tum. Any desired vector beam on the HOPS can be experimentally achieved, as was shown in a previous study19. 
The state of polarization 



H  and 


V  can be represented as

φ φ= + = + 

  

ˆ ˆH R L x y( )/ 2 cos( ) sin( ) (3)

and

Figure 1. Experimental setup: (a) Generating pure LG modes and flower modes from a phase-only spatial light 
modulator. (b) Generating flower modes with inhomogeneous polarization distributions.
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φ φ= − = − + . 

  

ˆ ˆV i R L x y( )/ 2 sin( ) cos( ) (4)

Figure 4a shows the numerical results of the intensity distribution and the corresponding polarization states 


H  and 


V  of LG2,1. For the first-order ( = 1) LG mode, the state 


H  indicates radial polarization, and 


V  indi-
cates azimuthal polarization. The distribution of the polarization state depends only on the azimuthal index  of 
the LG mode regardless the radial index p. Figure 4b illustrates the numerical results of the intensity distribution 
and the corresponding polarization states 



H  and 


V  of LG2,7. The variation of polarization states along azimuthal 
direction becomes more frequent according to the azimuthal index. The polarization states 



H  and 


V  bring about 
 nodal lines on the transmitted intensity from a linear polarizer oriented in the vertical direction. However, for a 
flower mode arising from the superposition of multiple LG modes, the polarization state embedded in the inter-
ference of multiple LG modes is rearranged. Figure 4c shows the numerical intensity and the superposed polari-
zation state of the flower mode. The polarization state of the flower mode is more complex than the polarization 
state of a single LG mode.

The experimental setup shown in Fig. 1 was designed to generate inhomogeneous polarization flower modes 
arising from the superposition of multiple LG modes mapping to the polarization state ψ π



( /2, 0), which is the 
point 



H . The combination of left-handed and right-handed circularly polarized flower modes with opposite 
topological charges can be demonstrated. The intensity of the mode combination is unchanged because of the 
orthogonal polarized states of the two flower modes. Notably, the flower mode combination is transformed to an 

Figure 2. (a)–(e) Numerical results of the superposed LG modes represented by Eq. (1). (a) LG(1, 3, 0, − 4, 1),  
(b) LG(1, 4, 0, − 5, 2), (c) LG(2, 1, 0, 6, 1), (d) LG(0, 10, 9, − 11, 1), (e) LG(3, 16, 0, − 18, 2). (a’)–(e’) Phase 
distribution corresponding to (a)–(e).

Figure 3. (a)–(e) Experimental results corresponding to Fig. 2(a)–(e). The scale bars represent a length of 
1 mm. The results were measured at a distance of 108 cm from the SLM. Numerical grating phases display on the 
SLM to generate flower laser beams shown in (a)–(e).
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inhomogeneous polarization flower mode. Figure 5a–d depict the experimental polarization-resolved patterns 
corresponding to the flower mode shown in Fig. 3c. Obviously, the center circle is radially polarized, which does 
not follow the polarization distribution presented in Fig. 4c. The spatial overlap of the two bases, LG2,1 and LG2,7, 
dominates the polarization distribution of the flower mode. The different radial intensities of the two bases lead 
to different polarization distributions along radial direction of the vector flower mode. Different from the 
radial-independent polarization distribution for conventional HOPS beams, the polarization distribution of the 
flower HOPS laser beam is radially dependent.

The analyses of numerical intensities under the different polarization directions that are shown in Fig. 5a’–d’ 
help to explain the experimental polarization-resolved patterns shown in Fig. 5a–d. Figure 6a–d illustrate the 

Figure 4. (a) Numerical intensity represented on a HOPS for the LG2,1 mode. Horizontal and vertical bases, 
H1 =  ψ1(π/2, 0) and V1 =  ψ1(π/2, π), are the radial polarized state and azimuthal polarized state. The bottom 
figures show the numerical transmitted intensities from a vertical linear polarizer. The poles represent 
orthogonal left-handed and right-handed circularly polarized bases. (b) Numerical intensity and polarization 
distribution represented on a HOPS for the LG2,7 mode. There are seven nodal lines on the transmitted 
intensities from a vertical linear polarizer. (c) First row: Numerical intensity and polarization distribution 
of the superposed LG mode LG(2, 1, 0, 6, 1) in terms of H1 +  H7 and V1 +  V7 states. Second row: Numerical 
transmitted intensities from a vertical linear polarizer.

Figure 5. (a)–(d) Polarization-resolved patterns according to the pattern in Fig. 3(c) for different angles of the 
analyzer shown in Fig. 1(b). (a’)–(d’) Numerical results for (a)–(d).
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experimental polarization-resolved patterns corresponding to the flower mode shown in Fig. 3e. The polarization 
of the center circle has four-fold symmetry because one of the azimuthal indexes  of the bases is 2. The polariza-
tion distribution of the flower mode is more complex than conventional HOPS beams. The numerical results 
shown in Fig. 6a’–d’ also have notable agreement with the experimental results. The flower modes with complex 
inhomogeneous polarization mapping on HOPSs can be generated systematically. Manipulation of the polariza-
tion state mapping on arbitrary points on HOPS can be achieved by adding other optical components in our 
experimental setup for future work.

Discussion
Conventional HOPS beams generated from various optical systems as laser cavities, SLM, hologram, and q-plates 
are all related to the optical modes of topological charge ± and independent of radial distribution of intensity 
and polarization. A great deal of effort has been made on HOPS beams. What seems to be lacking, however, is the 
spatial degree of freedom along radial direction for HOPS beams. We experimentally and theoretically demon-
strate novel flower HOPS laser beams with complex polarization distribution along both azimuthal and radial 
directions. These exotic flower HOPS laser beams can provide applications including vector mode multiplexing, 
optical manipulation, and quantum communication.

In conclusion, we have used an optical system, including a phase-only SLM, to generate a new form of laser 
beam sculpting. These complex structured modes can be decomposed into LG modes mapping to HOPSs. The 
structures of the flower HOPS beams are highly stable and can be manipulated systematically by changing the 
grating phase displayed on the SLM. All the experimental polarization-resolved patterns have been adequately 
analyzed with the superposed LG modes. The results show a notable intensity and polarization distribution and 
provide useful insights for potential photonic applications for information and communications.

Method summary
A diode-pumped solid state laser with wavelength of 532 nm and output power of 20 mW was expanded by a 6×  
beam expander and collimated onto a reflective phase-only SLM of 1920 ×  1080 pixels with pixel pitch of 8 μ m.  
The grating phase pattern of a desired mode was displayed onto the SLM. The laser beam with a beam size of 
8 mm diameter was incident on the SLM and reflected diffraction pattern from the SLM. The intensity profiles 
can be reflected to a CCD camera by the two beam splitters shown in Fig. 1a. To modulate the polarization states 
of the structured beams, two orthogonally oriented quarter-wave plates were used to transform linearly polarized 
beam into two circularly polarized beams with opposite handedness shown in Fig. 1b. The adjustable aperture 
selected the first-order diffraction pattern for further analysis. Dove prism was used to change the handedness 
of LG modes. A Mach-Zehnder interferometer was built for generating sculpted flower HOPS laser beams with 
inhomogeneous polarization.

References
1. Mair, A., Vaziri, A., Weihs, G. & Zeilinger, A. Entanglement of the orbital angular momentum states of photons. Nature 412, 

313–316 (2001).
2. Vaziri, A., Weihs, G. & Zeilinger, A. Experimental two-photon, three-dimensional entanglement for quantum communication. Phys. 

Rev. Lett. 89, 240401 (2002).
3. Mirhosseini, M. et al. High-dimensional quantum cryptography with twisted light. New J. Phys. 17, 033033 (2015).
4. Huang, H. et al. Mode division multiplexing using an orbital angular momentum mode sorter and MIMO-DSP over a graded-index 

few-mode optical fibre. Sci. Rep. 5, 14931 (2015).

Figure 6. (a)–(d) Polarization-resolved patterns according to the pattern in Fig. 3(e) for different angles of the 
analyzer shown in Fig. 1(b). (a’)–(d’) Numerical results for (a)–(d).



www.nature.com/scientificreports/

6Scientific RepoRts | 6:39657 | DOI: 10.1038/srep39657

5. Cvijetic, N., Milione, G., Ip, E. & Wang, T. Detecting lateral motion using light’s orbital angular momentum. Sci. Rep. 5, 15422 
(2015).

6. Naidoo, D. et al. Controlled generation of higher-order Poincaré sphere beams from a laser. Nat. Photon. 10, 327–332 (2016).
7. Alfano, R. R., Milione, G., Galvez, E. J. & Shi, L. A laser for complex spatial modes. Nat. Photon. 10, 286–288 (2016).
8. Lu, T. H. & Wu, Y. C. Observation and analysis of single and multiple high-order Laguerre-Gaussian beams generated from a hemi-

cylindrical cavity with general astigmatism. Opt. Express 21, 28496–28506 (2013).
9. Lu, T. H. & He, C. H. Generating orthogonally circular polarized states embedded in nonplanar geometric beams. Opt. Express 23, 

20876–20883 (2015).
10. Lu, T. H. & Lin, L. H. Observation of a superposition of orthogonally polarized geometric beams with a c-cut Nd:YVO4 crystal. Appl. 

Phys. B 106, 863–866 (2012).
11. Gregg, P. et al. Q-plates as higher order polarization controllers for orbital angular momentum modes of fiber. Opt. Lett. 40, 

1729–1732 (2015).
12. Cardano, F. et al. Polarization pattern of vector vortex beams generated by q-plates with different topological charges. Appl. Opt. 51, 

C1 (2012).
13. Bashkansky, M., Park, D. & Fatemi, F. K. Azimuthally and radially polarized light with a nematic SLM. Opt. Express 18, 212–217 

(2010).
14. Zhu, L. & Wang, J. Arbitrary manipulation of spatial amplitude and phase using phase-only spatial light modulators. Sci. Rep. 4, 7441 

(2014).
15. Forbes, A., Dudly, A. & McLaren, M. Creation and detection of optical modes with spatial light modulators. Adv. Opt. Photon. 8, 

200–227 (2016).
16. Ando, T., Ohtake, Y., Matsumoto, N., Inoue, T. & Fukuchi, N. Mode purities of Laguerre-Gaussian beams generated via complex-

amplitude modulation using phase-only spatial light modulators. Opt. Lett. 34, 34–36 (2009).
17. Ando, T., Matsumoto, N., Ohtake, Y., Takiguchi, Y. & Inoue, T. Structure of optical singularities in coaxial superpositions of 

Laguerre-Gaussian modes. J. Opt. Soc. Am. A 27, 2602–2612 (2010).
18. Ngcobo, S., Litvin, I., Burger, L. & Forbes, A. A digital laser for on-demand laser modes. Nat. Commun. 4, 2289 (2013).
19. Chen, S. Z. et al. Generation of arbitrary cylindrical vector beams on the higher order Poincaré sphere. Opt. Lett. 39, 5274–5276 

(2014).
20. Milione, G., Sztul, H. I., Nolan, D. A. & Alfano, R. R. Higher-order Poincaré Sphere, Stokes Parameters, and the angular momentum 

of light. Phys. Rev. Lett. 107, 053601 (2011).
21. Milione, G., Evans S., Nolan, D. A. & Alfano, R. R. Higher order Panacharatnam-Berry phase and the angular momentum of light. 

Phys. Rev. Lett. 108, 190401 (2012).
22. Milione, G. et al. 4x20 Gbit/s mode division multiplexing over free space using vector modes and a q-plate mode (de)multiplexer. 

Opt. Lett. 40, 1980–1983 (2015).
23. Milione, G., Nguyen, T. A., Leach, J., Nolan, D. A. & Alfano, R. R. Using the nonseparability of vector beams to encode information 

for optical communication. Opt. Lett. 40, 4887–4890 (2015).
24. Zhu, L., Liu, J., Mo, Q., Du, C. & Wang, J. Encoding/decoding using superpositions of spatial modes for image transfer in km-scale 

few-mode fiber. Opt. Express 24, 16934–16944 (2016).

Acknowledgements
We gratefully acknowledge helpful discussions with Giovanni Milione on several points in the paper. This work 
was supported by Ministry of Science and Technology (MOST 104-2112-M-003-001).

Author Contributions
T.H.L. and R.R.A. provided the concept development. T.H.L., T.D.H., J.G.W. and L.W.W. conducted the 
experiment and data collection. T.D.H. and T.H.L. conducted the analysis. T.H.L., R.R.A. and T.D.H. contributed 
to writing of the article.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Lu, T. H. et al. Generation of flower high-order Poincaré sphere laser beams from a 
spatial light modulator. Sci. Rep. 6, 39657; doi: 10.1038/srep39657 (2016).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or 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

http://creativecommons.org/licenses/by/4.0/

	Generation of flower high-order Poincaré sphere laser beams from a spatial light modulator
	Introduction
	Results
	Generating structured beams from a SLM
	Intensities and phase distributions of the flower modes
	Flower HOPS laser beams

	Discussion
	Method summary
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Generation of flower high-order Poincaré sphere laser beams from a spatial light modulator
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39657
            
         
          
             
                T. H. Lu
                T. D. Huang
                J. G. Wang
                L. W. Wang
                R. R. Alfano
            
         
          doi:10.1038/srep39657
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep39657
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep39657
            
         
      
       
          
          
          
             
                doi:10.1038/srep39657
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39657
            
         
          
          
      
       
       
          True
      
   




