Optica Applicata, Vol. XLIX, No. 2, 2019
DOI: 10.5277/0a190203

Experimental study of an anomalous hollow beam
with orbital angular momentum

XINGYUAN LUI, CHENGLIANG ZHAOI*, BERNHARD J. HOENDERSZ, YUANJIE YANG3, YANGIIAN Carl-4

'School of Physical Science and Technology, Soochow University,
Suzhou 215006, China

2Zernike Institute for Advanced Materials, University of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands

3School of Physics, University of Electronic Science and Technology of China,
Chengdu 611731, China

“4Center of Light Manipulation and Application, School of Physics and Electronics,
Shandong Normal University, Jinan 250014, China

*Corresponding author: zhaochengliang@suda.edu.cn

Anomalous hollow beam has potential applications in the optical trapping and free space optical
communications, efc. It is noted that, thus far, although a large number of studies have been carried
out in this field, most of them are theoretical studies and only quite a few cases have experimental
results. Here, we experimentally study the generating of anomalous hollow beam carrying orbital
angular momentum, and measure its topological charge. We show that the number of dark rings
in the Fourier transform of intensity patterns is equal to the topological charge. The experimental
results agree well with the simulations.
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1. Introduction

Over the past decades, vortex beams with spiral phase have attracted much attention
and have found many applications in varied fields, such as free-space optical commu-
nications [ 1—4], optical trapping [5], quantum information processing [6, 7], optical
micromanipulation [8], super-resolution microscope [9]. Until now, the research of
vortex beams is still a hot topic [10-14]. A vortex beam with an azimuthal phase
exp(iMg) can carry an orbital angular momentum (OAM) of M# per photon (where
M denotes the topological charge (TC), ¢ is the azimuthal angle about the optical axial,
and % denotes reduced Plank’s constant). In theory, many models can be used to describe
the vortex beams, such as Laguerre—Gaussian beams, high-order Bessel-Gaussian
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beams, efc. [15]. In many applications of vortex beams, we need to know their TC exactly.
Therefore, recently, lots of methods have been reported to determine the TC, such as
analyzing interferometric pattern of the vortex beam [16, 17], or direct Fourier trans-
form (FT) of the diffracted intensity of the vortex beam [18—20].

In 2005, Wu et al. reported an anomalous hollow electron beam with an elliptical
solid core to study the transverse instability for the first time, which provided a useful
tool for studying the linear and nonlinear particle dynamics in the storage ring [21].
In 2007 and 2008, Cal et al. introduced two theoretical models to describe such beams,
named an anomalous hollow beam (AHB) [22, 23]. Since then, due to its special prop-
erties, extensively theoretical studies in AHB have been carried out, such as propaga-
tion properties passing through turbulent atmosphere [24, 25], nonparaxial propagation
[26, 27], uniaxial crystals [28], fractional Fourier transforming optical system [29],
misaligned optical system [30], highly focused lenses [31] and isotropic nonlocal me-
dia[32]. More recently, ZHAO et al. introduced a theoretical model to describe an anom-
alous hollow vortex beam and studied its statistical properties [33]. However, to the
best of our knowledge, the experimental generation of the AHB with OAM has not
been reported yet.

In this paper, we report on an experimental study of generating AHB with OAM and
measuring its TC through operating FT of the focused intensity. The results show that
the number of dark rings in the FT is equal to the TC.

2. Theory

The electric field of an AHB with elliptical symmetry at z = 0 can be expressed as
a superposition of astigmatic Gaussian modes and astigmatic doughnut modes as fol-
lows [22]:

2 2 2 2
E(x,y,0) = [z+8L2+8L2j exp[x—2y—2j (1)
Wox WOy Wox WOy

The electric field of an AHB with OAM at the input plane can be defined as follows:

2 2 2 2
E(x,»,0) = (—2 + 8); + 8_);_} exp(—%— - %—J (x+ iy)M 2)
Wox WOy Wox WOy

where w, and w,, are the beam waist widths of an astigmatic Gaussian mode in the
x and y directions, respectively, and M is the TC.

Within the framework of paraxial approximation, the propagation of the AHB with
OAM through a paraxial ABCD optical system can be described with the help of the
Collins integral formula [34]. The analytical expressions for an AHB carrying OAM
in the output plane can be written as [33]:
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P, = ngy AL (40)
g, = % (4d)
nyy=ny =M-1 (4e)
Ny =ny =1 (49)
ny =2+M-1 (4g)
Ny =2+1 (4h)

The transfer matrix for free space propagation along a distance z is

N

Based on these analytical results, we can calculate the contour graph and the crossline
of an AHB with OAM at different propagation distances in free space with wy, = w,
=2mm,M=3,1=632.8 nmand z, = kw} /2. Figure 1 shows that an AHB carrying
OAM has a doughnut profile and maintains its shape during propagation, which is very
different from the propagation properties of the AHB having no OAM. For AHB with-
out OAM, the central intensity increases gradually and in the far field, the dark region
disappears completely [22].
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Fig. 1. Contour graph and the crossline distribution of an AHB with OAM at different propagation dis-
tances in free space with wy, = wy, =2 mm, M =3, and 1 = 632.8 nm.
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3. Experimental results

Now we carry out the experiment to generate an AHB with OAM and measure its topo-
logical charge. Figure 2 shows the experimental setup for generating AHB with OAM.
The laser beam generated by a He-Ne laser (1= 632.8 nm) firstly passes through a beam
expander, then goes toward a spatial light modulator (SLM), which acts as a grating
pattern designed by the method of computer-generated holograms and controlled by
a personal computer (PC1). The first-order diffraction pattern of the beam from the
SLM can be regarded as an AHB with OAM. After passing through the SLM, the gen-
erated AHB with OAM arrives at the beam profile analyzer, which is used to measure
the beam intensity in the source plane (z = 500 mm) and focal plane. Figure 3 shows
the experimental results of intensity patterns and the corresponding simulations for dif-

)

He-Ne laser

Fig. 2. Experimental setup for generating an AHB with OAM; BE — beam expander, RM — reflecting
mirror, PC1, PC2 — personal computers, SLM — spatial light modulator, BS — beam splitter, L — lens, and
BPA1, BPA2 — beam profile analyzers.

y [mm]

3 6 -3 0 3 6
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Fig. 3. Experimental results and the corresponding theoretical results of the intensity distribution of
the generated AHB with OAM for different TC at the source plane (z = 500 mm) with widths w,, = w,
=2 mm, and A = 632.8 nm.
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ferent topological charges. From Fig. 3 we can see that the dark center of the AHB
with OAM increases with increasing topological charge M. The experimental results
agree with the simulations very well.

In order to study the focusing properties of the generated AHB with OAM, a thin
lens L with focal length =400 mm is located behind the SLM in Fig. 2. After passing
through the thin lens L, the generated AHB with OAM arrives at the beam profile
analyzer (BPA), which is located at the focal plane and is used to measure the focal
intensity. At the focal plane, the transfer matrix reads as [35]:
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Experimental results

Theoretical results

Fig. 4. Experimental results and the corresponding theoretical results of the intensity distribution of the
generated AHB with OAM for different TCs at the focal plane /=400 mm with w, = wy, =2 mm and
2 =632.8 nm.
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Experimental results

Theoretical results

Fig. 5. Experimental results of the focused intensity and the corresponding FT pattern for three different
TCs with wy, = wgy, =2 mm and 4 = 632.8 nm.

Figure 4 shows our experimental results of the intensity distribution and the cor-
responding normalized intensity distribution at the crossline (circle dot) of the gener-
ated AHB with different values of the OAM at the focal plane f = 400 mm with
Wox = Wo, = 2 mm, and A = 632.8 nm. From Fig. 4, one can see that the shape of AHB
with OAM still has a doughnut profile at the focal plane. Moreover, the size of the beam
spot increases with the increasing topological charge M. Figure 4 shows that the ex-
perimental results and the simulations coincide with each other very well.

Reference [20] revealed that the number of dark rings in the FT pattern of the intensity
of a vortex beam is equal to its TC, thus we can measure the TC of the vortex beam
through this convenient method. An experiment is carried out as well to verify if this
method is still available to AHB with OAM. Figure 5 shows the experimental and the-
oretical FT pattern of the focal intensity for three different TCs. We can see that the
number of dark rings in the FT is equal to the TC we set. Based on these properties,
we can measure the TC of AHB with OAM easily.

4. Conclusion

In summary, we have studied an AHB with OAM both theoretically and experimen-
tally. We found that the dark size of the beam spot increases with the increasing top-
ological charge M from the near field to the far field. Our experimental results are
consistent with the theoretical predictions very well. Furthermore, we have demon-
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strated that the number of dark rings in the FT of intensity patterns is equal to the TC,
namely, this method for measuring OAM is still available for AHB.
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