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Abstract: Generation and dynamic switching of optical vortices from
charge 1 up to charge 6 a wavelength of 0.6328um by one dynamic
gamma-correction liquid crystal spiral phase plate are reported. The liquid
crystal spiral phase plate comprises 46 dlices, which are driven by a 16-
channel voltage output card. The spiral phase plate was designed based on
the relationship between the topological charge purity of an optical vortex
generated by the spira phase plate and the total number of slices. The
calculation results show that a minimum slice number of 44 is required for
generating optical vortices up to charge 6 with charge purity above 94%.

©2005 Optical Society of American
OCI Scodes: (230.3720) Liquid-crystal devices; (230.6120) Spatial light modulators

Reference and links

1. N.B.Smpson, K. Dholakia, L. Allen, and M. J. Padgett, “Mechanical equivalence of spin and orbital
angular momentum of light: an optical spanner,” Opt. Lett. 22, 52 (1997).

2. E. Santamato, A. Sasso, B. Piccirilloand A. Vella, “Optical angular momentum transfer to transparent
isotropic particles using laser beam carrying zero average angular momentum,” Opt. Express 10, 871
(2002).
http://www.opticsexpress.org/abstract.cfm?URI=OPEX-10-17-871.

3. K.T.Gahaganand G. A. Swartzlander, Jr, “Optical vortex trapping of particles,” Opt. Lett. 21, 827 (1996).

4. L. Paterson, M. P. MacDonald, J. Arlt, W. Sibbett, P. E. Bryant, and K. Dholakia, “ Controlled rotation of
optically trapped microscopic particles,” Science 292, 912 (2001).

5. M. P.MacDonald, “Revolving interference pattern for the rotation of optically trapped particles,” Opt.
Commun. 201, 21 (2002).

6. Y.Song, D. Milam, and W. T. Hill, “Long, narrow all-light atom guide,” Opt. Lett. 24, 1805 (1999).

7. Xinye Xu, K. Kim, W. Jhe, and N. Kwon, “Efficient optical guiding of trapped cold atoms by a hollow
laser beam,” Phy. Rev. A 63, 3401 (2001).

8. T.Kuga Y. T., Noritsugu Shiokawa, T. Hirano, Y. Shimizu and H. Sasada, “Novel optical trap of atoms
with a doughnut beam,” Phys. Rev. Lett. 78, 4713 (1997).

9. J. Courtial, D. A. Robertson, K. Dholakia, L. Allen, and M. J. Padgett, “ Rotational frequency shift of a
light beam,” Phys. Rev. Lett. 81, 4828 (1998).

10. J. Courtial, K. Dholakia, D. A. Robertson, L. Allen, and M. J. Padgett, “ Measurement of the rotational
frequency shift imparted to arotating light beam possessing orbital angular momentum,” Phys. Rev. Lett.
80, 013601 (1998).

11. A. Mair, A. Vaziri, G. Weihsand A. Zeilinger, “ Entanglement of the orbital angular momentum states of
photons,” Nature 412, 313 (2001).

12. N.R. Heckenberg, R. G. Mcduff, C. P. Smith, and A. G. White, “ Generation of optical phase singularities
by computer-generated holograms,” Opt. Lett. 17, 221 (1992).

#8455 - $15.00 USD Received 26 August 2005; revised 16 October 2005; accepted 22 November 2005
(C) 2005 OsA 12 December 2005/ Vol. 13, No. 25/ OPTICS EXPRESS 10285


mailto:exwsun@ntu.edu.sg
http://www.opticsexpress.org/abstract.cfm?URI=OPEX-10-17-871

13. V.Y.Bazhenov, N. M. Burykin, M. S. Soskin, V. B. Taranenko and M. V. Vasnetsov, “Holographic
spectral selectors and filters based on phase gratings and planar waveguides,” in Optical Engineering,
Proc. SPIE 1574, 148-153 (1991).

14. J. Courtial, and M. J. Padgett, “ Performance of a cylindrical lens mode converter for producing Laguerre-
Gaussian laser modes,” Opt. Commun. 159, 13 (1999).

15. M. Harris, C. A. Hill, P. R.Tapster, and J. M. Vaughan, “Laser modes with helical wave fronts,” Phys.
Rev. A 49, 3119 (1994).

16. S.C. Tidwell, D. H. Ford, and W. D. Kimura, “ Generating radially polarized beams interferometricaly,”
Appl. Opt. 29, 2234 (1990).

17. S. Furhapter, A. Jesacher, S. Bernet, and M. Ritsch-Marte, “ Spiral phase contrast imaging in microscopy,”
Opt. Express 13, 689 (2005), http://www.opticsexpress.org/abstract.cfm?URI=OPEX -13-3-689.

18. M. W. Beijersbergen, R. P. C. Coerwinkel, M. Kristensen and J. P. Woerdman, “ Helical-wavefront laser
beams produced with a spiral phaseplate,” Opt. Commun. 112, 321 (1994).

19. R.Oron, N. Davidson, A. A. Friesem, and E. Hasman, “Efficient formation of pure helical laser beams,”
Opt. Commun. 182, 205 (2000).

20. A.G. Pedle, P. J. McMahon, D. Paterson, C. Q. Tran, A. P. Mancuso, and K. A. Nugent, J. P. Hayes and E.
Harvey, B. L. McNulty and I. McNulty, “Observation of an x-ray vortex,” Opt. Lett. 27, 1752 (2002).

21. S S R.Oemrawsinghl, E. R. Elie, J. P. Woerdman, E. J. K. Verstegen, J. G. Kloosterboer and G. W't
Hooft, “Half-integral spiral phase plates for optical wavelengths,” J. Opt. A: Pure Appl. Opt. 6, S288—
S290 (2004).

22. C. Rotschild, S. Zommer, S. Moed, O. Hershcovitz, and S. G. Lipson, “ Adjustable spiral phase plate,”
Appl. Opt. 43, 2397 (2004).

23. X.C. Cheong, W. M. Lee, X.-C. Yuan, and L.-S. Zhang, “Direct electron-beam writing of continuous
spiral phase plates sin negative resist with high power efficiency for optical manipulation,” Appl. Phys.
Lett. 85, 5784 (2004).

24. K. Sueda, G. Miyaji, N. Miyanaga, and M. Nakatsuka, “ Laguerre-Gaussian beam generated with a
multilevel spiral phase plate for high intensity laser pulses,” Opt. Express 12, 3548 (2004),
http://www.opticsexpress.org/abstract.cfm?URI=OPEX-12-15-3548.

25. K. Ganic, X. Gan, M. Gu, M. Hain, S. Somalingam, S. Stankovic, and T. Tschudi, “ Generation of
doughnut laser beams by use of aliquid-crystal cell with a conversion efficiency near 100%,” Opt. Lett.
27,1351 (2002).

26. Q.Wang, X. W. Sun, and P. Shum, “ Generating doughnut-shaped beams with large charge numbers by
use of liquid-crystal spiral phase plates,” Appl. Opt. 43, 2292 (2004).

27. M. V. Vasnetsov, J. P. Torres, D. V. Petrov, and L. Torner, “ Observation of the orbital angular momentum
spectrum of alight beam,” Opt. Lett. 28, 2285 (2003).

28. X.Xue H.Wei and A. G. Kirk, “Beam analysis by fractional Fourier transform,” Opt. Lett. 26, 1746
(2001).

29. J. Leach, M. J. Padgett, S. M. Barnett, S. Franke-Arnold, and J. Courtial1, “Measuring the orbital angular
momentum of a single photon,” Phys. Rev. Lett. 88, 257901 (2002).

30. A.G.White, C. P. Smith, N. R. Heckenberg, H. Rubinsztein-Dunlop, R. McDuff, C. O. Weiss, and Chr.
Tamm, “ Interferometric measurements of phase singularitiesin the output of a visible laser,” J. Mod. Opt.
38, 2531 (1991).

31. M. W.Beijersbergen, R. P. C. Coerwinkel , M. Kristensen and J. P. Woerdman, “ Helical-wavefront laser
beams produced with a spiral phaseplate,” Opt. Commun. 112, 321 (1994).

1. Introduction

Optical vortices have been widely used in the study of optical tweezers [1-5], trapping and
guiding of cold atoms [6-8], rotational frequency shift [9, 10] and entanglement states of
photons[11] etc.

There are several approaches to generate an optical vortex. The most common approach is
the computer generated hologram [12, 13], in which an optical vortex can be obtained as a
diffraction beam. The second approach is that, through an asymmetric structure inside a laser
cavity, a high order Hermit Gaussian beam is generated, which is then converted into an
optical vortex by two astigmatic lenses [14]. There are also papers on changing the structure
inside laser cavity to obtain optical vortices without using cylindrical lens mode converter
[15]. The third one is using a spiral phase plate (SPP) to convert a Gaussian beam into an
optical vortex.

The spira phase plate approach has the merit of high conversion efficiency comparing
with the hologram approach, and it can be easily handled comparing with the cylindrical lens
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mode converter. SPPs are not only used for generating optical vortices, it has also found
applications in generating radialy polarized beams [16] and edge contrast enhancement in
microscopy [17]. Various kinds of SPPs published hitherto are listed as follows, (1) a large
pitch spiral phase plate dip into a refractive index matched solution [18]; (2) fabricating multi-
steps on the silica material though multi-etching process [19]; (3) by use of excimer laser
ablation to make multi-steps on polyimide substrate [20]; (4) employing a diamond tool on a
high-precision computer driven lathe to make a mold at first, into the mold a polymer is cast,
which isthen UV cured [21]; (5) using a deformed cracked plexiglass plate [22]; (6) electron-
beam writing in photo resist [23]; (7) multi-stage vapor deposition [24]; (8) using liquid
crystal (LC) cell as a phase modulator [25, 26]. In this paper, we shell present a specially
designed LC SPP. Using only one of such SPP, optical vortices (at 0.6328 wm wavelength) of
topological charge from 1 up to 6 with high quality are successfully generated and can also be
dynamically switched by a multi-channel voltage output card. Comparing with other kinds of
SPPs, the LC SPP presented here has advantages of high quality, low cost and easy to
fabricate, being able to generate optical vortices with various charges (even if it is not an
integer but a fraction) by only one SPP, adaptable to any visible wavelength, program
controllable.

2. Relationship between beam purity and dice number

Multi-level SPP, comprising limited number of phase slices, is using discrete phase steps to
imitate a continuous phase ramp. Apparently, it is an approximation. Using Fourier method,
we shell show below the relationship between beam purity and the total slice number.

Denoting s as the total slice number of SPP, ¢ as the azimuthal angle, then the effect of
SPP with charge m can be represented by:

2mz

i-mod(%) ;

f(g)=e o

sp

where mOd(Z%) refersto the maximum integer less than E ,and 0<p<2r.
A

According to the Fourier transformation theory, (@) can be written as

f(p)= i c, exp(jng) , where nisan integer, —oo < N < +oo, and

N=—co

i-mod( 3 ).2m%
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Assuming a laser beam with an electric field of F(p, Z) incidents on the SPP, the electric
field of the emerged beam immediately after the SPP can be written as

u(p.6.2)=F(p.2) Y ¢, exp(ind) @

N=—oc0
This is a combination of infinite Fourier components, each component represents an
optical vortex with certain charge, C, is the amplitude of the charge n component. For a SPP

with charge m, only the component C,_, exp( jmp) is desired, the others are unwanted. The
percentage of al those unwanted components, R, can be written as
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Assuming R < 6% (Such a ratio should be good enough for most application, such as
optical tweezers and cold atom guiding), from Egs. 1 and 4, we can calculate the minimum
requirement of the total slice number for a certain charge. The calculation results are tabulated
in Table 1.

R=1-c,

|2

Table 1. Minimum slice number of a SPP and the corresponding topol ogical charge of a vortex beam generated with

over 94% purity.
SPP Charge number 1 2 3 4 5 6 7 8
Minimum Slice number 8 15 22 30 37 44 52 59

It is worth measuring the beam purity experimentally. By measuring the beam purity, the
orbital angular momentum spectrum of a light beam can be obtained [27~29]. However, the
spectrometer must have high resolution to verify the high beam purity (94%) in our case. This
work isin progress.

3. Liquid crystal spiral phase plate module

Using a cell gap of 18 um, and LC with a birefringence of 0.23, we fabricated a LC SPP that
can generate topological charge up to 6 for a0.6328 um He-Ne laser light beam. A total slice
number of 46 was used, which satisfied the requirement of minimum slice number for
generating a 94% pure beam with charge 6 in Table 1.

Figure 1 shows the relationship between phase retardation of the liquid crystal cell and the
applied voltage. The measurement was done using a Michelson interferometer. By using
polynomial curve fitting, the voltages applied to al slices for generating a vortex beam of a
certain charge can be determined from Fig. 1.

The driving was realized by using a multi-channel analog voltage output card. To drive 46
slices, normally a 46-channel voltage output card is needed. However, it is possible to use a
voltage output card with less channel number to achieve the same performance. Actualy, we
used only one 16-channel voltage card to drive it. If the whole dynamic region in Fig. 1 is
evenly divided into 15 regions, then in each region, the retardation can be regarded as linearly
dependent on driving voltage, and linearly distributed voltage across slices can be realized by
connecting each pair of adjacent slices with a resistor, a series of resistors with the same
resistance acts as a linear resistors voltage divider. These resistors can be fabricated by
patterning ITO layer. By doing so, the 15 retardation regions with 46 slices can be driven by
only one multi-channel output card with 16 channels.

N w e (&2
n L 1 s

Phase Retardation (um)
=

o

1 2 3 4 5 6 7 8
Voltage (V)
Fig. 1. Phase retardation versus driving voltage of the LC cell.

o
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Fig. 2. (a). Photograph of a LC SPP cell; (b). Photograph of an assembled LC SPP module.

It is worth mentioning that, in our experiment, especially thick cell gap up to 18 um, and
high birefringence (An=0.23) liquid crystal material were used. Besides, anti-parallel
alignment of liquid crystal molecules was employed.

The fabrication process of LC SPP cell is similar to the assembly process of a liquid
crystal display cell. The fabricated LC SPP cell was assembled into a module for easy
connection to multi-channel output card. The LC SPP cell and LC SPP module fabricated are
shown in Figs. 2(a) and 2(b) respectively. The LC SPP proved to be robust, reliable and
convenient in use. It is worth mentioning that we have developed a fabrication process in our
lab to produce LC SPPs in batches with consistent quality.

4. Results and discussion

The direct method to verify an optical vortex is to interfere it with a plane wave [30]. The
experiment setup is actually a Mach-Zehnder interferometer, which is shown in Fig. 3.

By applying different voltage, optical vortex with various charges from 1 up to 6 can be
obtained. Figure 4 shows the fork like interference patterns corresponding to optical vortices
with different topological charges. A fork like interference pattern is formed when the two
interference beams are at a small angle with each other. If the two beams are coaxial, the
interference pattern will turn into aradial spokes pattern, which is shown in Fig. 5. We also
observed the Fraunhofer diffraction pattern of Gaussian beam passing through LC SPP, the
experiment setup is depicted in Fig. 6; the diffraction patterns are shown in Fig. 7. All these
pictures were taken at the same focus length.

LENS1 LENS2 M1

SCREEN
Fig. 3. The setup for verification of optical vortex.
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Fig. 4. Fork like interference patterns corresponding to charges from 1 up to 6.

=1 | =2 =3 =4 | =5 =6

Fig. 5. (2.06MB) Movie of dynamic switching of radial spokes interference patterns from
charges1to 6.

LENS1  LENS2

SCREEN

Fig. 6. Setup for observing Fraunhofer diffraction pattern of Gaussian beam passing through
the LC SPP.

Fig. 7. (1.58MB) Movie of Fraunhofer diffraction patterns of Gaussian beams passing through
LC SPP with charges from 1 to 6.
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By properly coding the driving program, the charge of LC SPP can be dynamically
switched. However, due to the thick cell gap and high viscosity LC used, change from one
charge to another takes about one second. The dynamic switching of Laguerre-Gaussian beam
of different charge is shown in the movies linked to Figs. 5 and 7, which show that the optical
vortices are generated by the dynamic gamma-correction LC SPP with high quality.

Actually, in the center of the LC SPP, there is a small circle about 100 um diameter in
size, whose retardation cannot be controlled by applied voltage. However, this part of light
beam is only a very small percentage of the total beam energy.

Generally, when a Gaussian beam passes though a spiral phase plate, the emerged beam is
not a pure mode of Laguerre-Gaussian (LG) beam even though the topological charge of the

SPPis an integer [31]. Actually, if the topological charge of SPPis | , then the beam emerged
is composed of LG modes with the same topological charge | but different radial index, and
the largest weight mode is LG, . For the modes with non-zero index, the diffraction pattern

presents more than one ring, which can be seen in Fig. 7, however, the figure shows that most
of the energy is within the first ring. So the impurity will not be a problem in most
applications, such as optical tweezers, frequency shifter and cold atom guiding.

The dynamic gamma-correction LC SPP described here may find applications in optical
tweezers. There are several kinds of beams, such as Gaussian beam and various order LG
beam, have been employed in optical tweezers. With the LC SPP, it would not be difficult to
combine all these beams together in one apparatus, and each beam may be dynamically
switched in seconds. Moreover, the energy of the laser beam can be used in high efficiency
compared to the commonly used hologram approach. All these merits would bring
considerable convenience to optical tweezersrelated research.

The LC SPP can also be used to generate non-integer topological charge optical vortex,

i.e, the | in the expression of exp(il@) is no longer an integer but a fraction, the term of

exp(il @) represents the azimuth angle dependent wave front of an optical vortex. The photon

of non-integer topological charge optical vortex possesses high dimensional entanglement,
which may find applications in future optic communication [11]. The LC SPP described here
are especialy suitable for generation of optical vortices with non-integer topological charge
of any value and dynamically switching between them.

As the fabrication process is based on lithography and LCD cell assembly, it is possible to
fabricate large slice number and large size SPP at low cost. According to aforementioned
analysis, a SPP with large slice number can improve the beam purity of a certain topological
charge. By expanding light beam, large size LC SPP is possible to work in the condition of
high intensity laser pulses.

It is worth mentioning that the LC SPP only works for linearly polarized light.

5. Conclusion

We designed and fabricated a dynamic gamma-correction LC SPP. Using this kind of SPP,
high quality optical vortices with topological charge from 1 to 6 can be generated by only one
SPP. the charge of the optical vortex can be dynamically switched in about 1 second. The LC
SPP is able to adapt to any visible wavelength. The fabrication process is quite similar to that
of anormal LCD cell, soitislow cost and reliable. These advantages are distinct compared to
other types of SPP.
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