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Abstract

This study aims to analyze the transverse spatial profile of the intensity of optical vortex patterns which have been
produced by using fork hologram and spatial light modulator. The properties of intensity distribution has been
investigated by using image processing technique. The results will be very useful to understand the change of the
intensity profile and the value of orbital angular momentum of optical vortex patterns which are obtained
experimentally.
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Optik Vorteks i¢in Gériintii isleme ve OAM Tayini

Oz

Bu calisma, optik girdap desenlerinin yogunlugunun enine uzaysal profilini analiz etmeyi amaclamaktadir. Catal
hologram ve uzaysal 151k modiilatorii kullanilarak tiretilmistir. Yogunluk dagiliminin 6zellikleri goriintii isleme
teknigi kullanilarak incelenmistir. Sonuglar deneysel olarak elde edilen optik girdap desenlerinin momentumunu,
yogunluk profilinin degisimini ve yoriinge agisalinin degerini anlamak i¢in ¢ok faydali olacaktir.

Anahtar kelimeler: Goriintii isleme, Y6riingesel agisal momentum, Biikiimlii 11k

1. Introduction

Orbital angular momentum (OAM) carrying light which has been named as twisted light or optical
vortex beam receive an increasing attention in the field of singular optics due to the potential applications
such those optical tweezers [1,2], quantum cryptography [3], free space communication [4], optical
trapping and cooling [5, 6]. Orbital angular momentum of light is a result of topological charge value in
azimuthal term, e*® which is providing the helical characteristics of the light. Similarly, as in the case
of angular momentum value +# of spin polarized light, twisted light can take the values of +##.

For the generation of optical vortex beams, some different experimental techniques have been
used. Spiral phase plates [7] and dove prisms [8] are methods to produce the constant topological charge
carrying light. Allowing dynamical modulation of amplitude and phase, spatial light modulators [9] can
be used to generate the optical vortex patterns with the aid of computer-generated holograms.

The inhomogeneous characteristics of transverse profile of an optical vortex beam leads to the
optical force gradient which can be used as a strong tool for manipulating some dielectric microparticles,
atoms and molecules [10]. In theoretical point of view, Laguerre-Gaussian beams are well defined
optical vortices which are the solutions of paraxial wave equation in cylindrical coordinates [11, 12].
Laguerre-Gaussian (LG) beams can be created by using fork-hologram techniques [13], but of course
there can be some differences between the theoretically and experimentally obtained radial profiles.

The transverse profile of an LG beam reads where Eo is the amplitude of electromagnetic field.
¢ is known as the topological charge or orbital angular momentum (OAM) of light which is
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characterizing the helical phase change of the electromagnetic field. w(z) is the z-dependent beam waist
and p is the radial node.
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As seenin Eg. 1, OAM is well defined and described in the phase term of the expression. But it
is well known that the OAM value of experimentally produced LG beam cannot be determined easily.
In this study, our main aim is to produce the optical vortices, to get the images of the spots and to perform
an image processing of the spots to get the information of OAM value. In our work, we obtain OAM
value by using an optical technique and image processing technique.

We claim that any simple information (here total intensity) obtained by image processing can
give a valuable and a discrete data which indicates the value of OAM.

2. Material and Method

It is well known that any experimentally produced optical vortex beam can be theoretically described
by the Eq. 1. As a simple technique, computer-generated holograms are quite effective to produce the
optical vortex patterns. Although general trend is to use liquid crystal displays to modulate and tune the
intensity profile of transmitted light [14], there is a possibility to use DMD displays due to their
advantages of rapid refresh rates and amplitude modulation properties [15, 16]. In this experiment shown
schematically in Fig. 1, we used both different techniques (DMD and LCD displays) to obtain computer-
generated holographic masks and introduce an experimental setup.

In fig. 1, SLM refers to the liquid crystal display (LCD) based spatial light modulator (SLM)
device. The pixels on LCD-SLM can be tuned by computer and it is possible to design the wavefront of
laser beam by using holographic phase or amplitude masks [14].

The analytical expression for computer-generated holographic masks can be described as an
interference of two exponential functions such that

X =X + X )? (2

where X;= e¥** and X, = e¥®. Here, € is the topological charge. This mask should be illuminated with
a gaussian beam to get far-field Fraunhofer diffraction patterns [17].
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Figure 1. Experimental setup for production and image of the optical vortex patterns. We used 1 mW He-Ne
laser with 632.8 nm. PH and CAM indicate the pinhole and CCD camera. Beam splitter and lenses are other
elements in the experimental setup

Keeping the wavelength of the laser light constant (here 632.8 nm), we change the topological
charge (¢) value of the masks. The obtained radial profiles of the optical vortex patterns are shown in
Fig. 2. The analytical expressions and corresponding mask paintings are obtained by using the
Mathematica software. The line width between dark fringes should be carefully adjusted to achieve a
diffraction.

Figure 2. Optical vortex patterns for £ = 1 which is obtained by using fork holograms projected on SLM. It is
possible to see all patterns with topological charge values from £ = -12to £ =12

Not only to produce holographic masks, but also to perform image processing, Mathematica is
very useful tool to process and analyze any image obtained by optics experiment. Some studies have
given effort to analyze the profile of the beam in transverse plane and in propagation directions [18-20].
Here, we concentrate on the relationship between the intensity distribution in radial direction. And we
claim that the information about the radial profile of the light can indicate the characteristics of OAM
of light.

3. Results and Discussion

In this study, we performed to generate the holographic masks by taking the values of topological charge
between —10 < £ < 10. Because of the fork hologram technique, even in the case of £ = 1, many optical
vortex patterns with different £ values can be observed in the screen. Fig. 3 shows holographic masks
and corresponding first order optical vortex patterns. For every value of £, the radial profile of the spot
in the middle is same with that of original laser spot produced by laser source. The doughnut or ring
shape profile can be easily seen on both sides of original spot. The radius of ring is increasing with the
value of topological charge. However, it is not possible to observe an obvious difference between left-
and right-hand-side spots. One technique to understand the characteristics of the vortex beams can be
an interference of two beams. But here our aim is to analyze the beams by using image processing
techniques.
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Figure 3. Optical vortex patterns for £ = 1 which is obtained by using fork holograms projected on SLM. It is
possible to see all patterns with topological charge values from £ =—10 to £ =10
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Figure 4. 3D profiles of spots with topological charge values from £=7to £ = 10
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2D images of spots to the 3D radial profile of optical vortices by using the image processing
technique. One can see the oscillation through radial direction. This oscillation shows that radial node

p (see Eq. 1) is different from zero. The term,(vf(’; ;

region of the doughnut shape with the increase in OAM value. The Fig. 4 shows this expansion and the
whole properties of the Eq. 1.

14l
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Figure 5. Total intensity of the spots with topological charge values from £ =1to £ =10

Furthermore, it is also possible to get the total intensity for understanding any change between
the spots with different OAM values. In Fig. 5, the bright spots mid of the ring-shaped spots are always
indicating £ = 0. In Fig. 5, the yellow marks named as ““ R .,.er~ Show the total intensity values of these
bright spots. As seen in the figure, the values of the total intensity of central spots are making an
oscillation around a constant value. But the total intensity values of the spots on left (R, ) and right
(Rrignt) hand-side of central spots are decreasing with increasing OAM. As we mentioned before, the
interference patterns are not limited with these spots. It seems that for lower values of OAM, first two
spots are brighter than central spot. For higher values of OAM, central spot is brighter than other ones.

The Fig. 5 which is a result of image processing can be analyzed in another way. By the mean
of optical or electronic devices, it is very important to detect OAM or spin angular momentum value of
light. In the case of any method using optical techniques. As an example of optical technique to define
the OAM value of light, we got the image of the spot which is produced by using two counter-
propagating light beams. In Fig. 6, the number of the lobes will give two times OAM value. From this
figure, we can directly guess that the OAM is £ = 5. However, this technique is not useful in the case of
single beam applications.

The result in the Fig. 5 can be used as an example of obtaining the OAM value of light by the
mean of electronic tool. Because we got this result by using a digital camera and converted the signals
to the numerical values. As seen in the figure, the total intensity value is decreasing with the increasing
of OAM. Which means that there is a way to determine the OAM of light with an electronic device.
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Figure 6. The intensity patterns of two counter-propagating twisted light

4. Conclusion

We showed that the value of orbital angular momentum of twisted light obtained by using image
processing technique. The total radial intensity of the light is decreasing with the increasing of OAM.
Even in the case of lack of a perfect distinction between total intensity values of —¢ and +¢, it is clearly
seen that as a reference value, the total intensity of central spot (£ = 0) has a constant value for all values
of OAM. The total intensity of right- and left-hand-side spots are varying with respect to the that of
central spot. This result indicates that image processing is a useful tool to determine OAM of the light.
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