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ABSTRACT

Vortex beams are structured light fields with a helical phase of the form exp (il¢) that carries an optical angular momentum (OAM) of Ik
per photon. Such beams typically have a ring-shaped intensity with a radius that varies with . Perfect vortex (PV) beams are designed to
have a radius that is approximately uniform over a certain OAM range. Here, we report how spatial coherence can be used to maintain a
fixed ring shape over a larger propagation distance and for a greater OAM range than is possible for fully coherent vortex beams. Our work

is relevant for the application of PV beams in areas such as trapping, tweezing, and optical communications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0071705

Over the last few decades, optical vortex (OV) beams " have shown
their usefulness in many fields,” such as super-resolution imaging,” opti-
cal trapping,”” optical communications,” '~ and nanotechnology."* The
phase term exp (il¢), with I being the topological charge (TC), causes
the wavefront to be helical. Furthermore, each photon carries an amount
of OAM of [h. OV beams typically have an on-axis zero of intensity sur-
rounded by a ring of light whose radius scales with charge L' In many
applications, such as optical trapping, fiber-based communications, and
radio frequency and microwave communication systems,"” " it is desir-
able to have an OAM beam whose radius is independent of the TC.
Perfect vortex (PV) beams are designed to overcome this problem'” and
have been widely applied.”” *® They can be generated by the Fourier
transformation of a Bessel-Gauss beam.”” Alternative methods are
detailed in Refs. 28-34. A discussion of the actual “perfection” of PVBs
is presented in Ref. 35 in which it was shown that the ring radius can
only be made constant for a finite range of OAM values. Typically, the
ring structure is only maintained over a limited distance from the focal
plane in which the beam is produced. Increasing this distance while
simultaneously making the ring radius less dependent on the TC is desir-
able for the applications described in Refs. 24-26. For all such applica-
tions, it is necessary to develop a simple and effective method to
generate PV beams that not only approach the ideal independence of
their intensity radius of the topological charge, but also maintain it over
a longer propagation distance than thus far reported.

The spatial coherence of a light beam™ determines how it propa-
gates and scatters.”” Manipulating the state of coherence, therefore,
adds an additional degree of freedom in designing optical beams.”
Here, we report how a partially coherent perfect vortex (PCPV) beam
can be generated. We show that such beams maintain their ring struc-
ture over a larger distance than their fully coherent counterparts.

We began by considering how to create a desired structured light
field. Such a field can be generated through a Fourier transform by
introducing a desired modulation phase /(p) into the input field. As
described in Ref. 39, an axicon phase —kp,p/f is imprinted onto a
Gaussian vortex beam and then a PV beam can be generated in the
focal plane after passing through a lens. Here, p, controls the ring
radius, f denotes the focal length, and k = 27/ is the wavenumber
associated with the wavelength 4.

Let us consider a partially coherent scalar beam propagating
along the z axis. In the space-frequency domain, its statistical proper-
ties in the cross section z may be characterized by the cross-spectral
density (CSD) function, defined as

Wiﬂ(phpZ:w) = <U*(p1,w)U(p2,w)) (1)

Here, U(p, o) is the scalar field at a transverse position p at frequency
®, and the angular brackets indicate an ensemble average. From now
on, we will omit the frequency dependence in our notation.
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From the Collins formula for propagation through an astigmatic
ABCD system, "’

|
Uns(p1) = = 55 | €0,U(p)
ik
X exp {ﬁ (Ap} —2p, - p) + Dp’f)} 7 )

it follows that the propagated CSD function for a field with an axicon
phase /(p) = —kpop/f equals

W) = (o55) oo {2 b - 20}
x T Twin(PlvPZ)e"P [ (p1)]exp [—ih (p2)]

ik
X exp {—;—B [A(pf —p3) —2(p P — 2 -pé)] }
X d2p1d2p25 (3)

where p = (p, ¢), p' = (p’, ¢") denotes the position vector in cylin-
drical coordinates. To characterize PCPV beams, we explore two cases.
The first case we consider is propagation from the front focal plane of
a lens to its back focal plane for generating such a beam [see Fig. 1(a)].
The ABCD transfer matrix is then

A B\ (1S 1 0\/1 f
<C1 D1>_<0 1)(—1/f1 1)(0 1)
0 fi
_<—wao> “

where f; denotes the focal length. The second case is the previous pro-
cess followed by a lens (with focal length f,) and propagation over a
distance z [see Fig. 1(b)]. We then have

A, B, B 1 z 1 0 A, B
<c2 D2>_<O 1)(1/}3 1><c1 D1>
_(wM ﬁ—%&)

\-f Ah

Here, the Gaussian-Schell model vortex (GSMV) beam is the input
beam, and its CSD function reads™’

()

(@) (b)

A - N DU S—
VAP VAN A
VVin Wout VVin Wout

FIG. 1. Schematic representation of the generation of a partially coherent perfect
vortex beam (a) and its propagation (b).
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= <U*(P1)U(P2)>
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where w and ¢, are the beam waist radius and the coherence radius,
respectively. Furthermore, [ represents the TC.

Applying Egs. (3), (4), and (6), the intensity I(p, ¢b) in the back
focal plane can be calculated. In Fig. 2, we display the intensity profile
of a PCPV beam with w = 0.68 mm, p, = 5w, and o, = 1,0.45,
and 0.15 mm for different TCs. It is seen that the ring radius is inde-
pendent of the topological charge I, and the ring thickness slightly
increases when the coherence radius o, decreases. By comparing dif-
ferent rows, it can be seen that the beam with different TCs has the
same ring radius. By comparing the first three columns that represent
different coherence radii, it is shown that the coherence radius has a
special effect on the ring. The width of the ring is somewhat larger
when o, has a lower value. In contrast to the random beam, which
does not have a definite phase, its CSD function does have a well-
defined phase. This phase can be used to determine the beam’s TC.
We use the reference point p, = 0, in which case the CSD function
Wou(p, py) simplifies to Wou(p},0). This is shown in the
right-most column of Fig. 2 for the case . = 0.15 mm. From top to
bottom, there are 0, 2, and 5 phase singularities. These numbers corre-
spond exactly to the TC. Moreover, the sign of the TC can be deter-
mined from the direction of these screw dislocations with a clockwise
(counterclockwise) corresponding to a positive (negative) TC.

Further simulations are presented in Fig. 3. In panel (a), it is seen
that the position of the peak intensity does not change with /, but that
of the ring gradually broadens for larger values of the topological
charge. In panel (b), one sees that when the coherence radius is
decreased, the ring width gets somewhat larger [see Fig. 3(b)].

To further explore the properties of PCPV beams, by applying
Egs. (3), (5), and (6), we examine the propagation evolution of beams
with different coherence radii when /=5. This is shown in Fig. 4.
When the beam is relatively spatially coherent, with ¢. = 1 mm, the

0.15mm  Phase

g O O O

O O Ol
O O O gl

FIG. 2. Simulation of the intensity profile and the CSD phase of PCPV beams with
different topological charges and coherence radii.
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FIG. 3. (a) Cross section of the intensity of beams with different topological charges with o, = 0.15mm. (b) Cross section of the intensity for different coherence radii when

1=5.

intensity profile develops unwanted secondary rings on propagation.
When the spatial coherence radius decreases, this effect is seen to dis-
appear. This indicates that the spatial coherence is a tool to create
PCPV beams that are more robust on propagation. For a coherence
radius of . = 0.25 mm, the beam remains “perfect” up z = 0.7f and
the unwanted secondary rings gradually appear at z = 0.8f.
Moreover, the ring structure can be maintained even over a distance
z = 0.8f, when o is lowered to 0.15 mm. This means that degradation
of the ring structure can be alleviated by modulating the degree of
coherence. The intensity ring can stay intact almost to z= f when the
coherence radius is small enough.

The physical mechanism behind our results lies in the role that
the spatial coherence plays in interference. The spatial coherence of
narrowband fields determines their capability to form sharp intensity
patterns. As the coherence radius o, decreases, the intensity profile in
any cross sections of the beam becomes slightly more diffuse. This is
seen in the third column of Fig. 2, where the ring-shaped intensity is

z=06f 0.7f  08f

1mm

0.15mm 0.25mm

O,=

FIG. 4. Simulation of the normalized intensity evolution of the PCPV beam (/=5)
with different coherence radii for different propagation distances.

somewhat broader than in the first two columns that correspond to
more coherent fields. A similar effect is observed in Fig. 4. The propa-
gated beam corresponding to o, = 0.15mm has an intensity profile
that is just as broad as its more coherent counterparts, but it does not
exhibit the unwanted secondary rings.

To prove the feasibility of our approach, we carried out the exper-
iment sketched in Fig. 5. The output of a continuous-wave-diode-
pumped laser operating at 2=532nm is passed through a neutral
density filter and focused by L, (f=150 mm) onto a rotating ground
glass disk. The coherence radius o, can be modulated by changing the
distance between the lens L, and the rotating ground glass disk."
After the collimating lens L, (f= 150 mm) and the Gaussian amplitude
filter, the field is reflected off a spatial light modulator (SLM). This
imprints both a phase hologram and the axicon phase onto the beam.
The SLM is located in the front focal plane of the Fourier transform
lens Ly (f=400mm). After this lens, the beam is divided into two
parts by a beam splitter. Part 1 and part 2 are for studying the gener-
ated ring structure and its propagation, respectively.

Figure 6 shows the intensity that is recorded by CCD;, which is
located in the back focal plane of L, for beams with different topologi-
cal charge ] and selected values of the coherence radius o.. It is verified

Laser NDF L1 RGGD L2 GAF SLM

FIG. 5. Setup for the generation, propagation, and focusing of a PCPV beam. NDF:
neutral density filter; L: thin lens; RGGD: rotating ground glass disk; GAF:
Gaussian amplitude filter; SLM: spatial light modulator; BS: beam splitter; and
CCD: charge coupled device.
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FIG. 6. Experimental results of the intensity profile of PCPV beams with different
topological charges and coherence radii.

that the intensity radius of the beam does not vary with the topological
charge. Also, the width of the intensity ring can be tuned by varying
0. The measurements are in good agreement with the simulation
results shown in Fig. 2.

In Fig. 7, the lens L, with focal length (f= 150 mm) is located in
the back focal plane of L;. The intensity profile of the PCPV beams, as
measured with CCD,, is plotted for various propagation distances.
Again the agreement with simulation in Fig. 4 is quite good. It is seen
that decreasing the spatial coherence radius results in a beam, which
maintains the structure of its intensity ring over a longer distance than
its fully coherent counterpart.

In summary, we proposed a method for the generation of PCPV
beams and investigated their properties experimentally. Our results
clearly show that such beams can be generated by imprinting a GSMV
beam with an axicon phase. The beam radius is shown to be constant

z=06f 07  0.8f

1mm

0.15mm 0.25mm
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FIG. 7. Experimental results of the normalized intensity evolution of a PCPV beam
(I=5) with different coherence radii for different propagation distances as mea-
sured from lens Ly.
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when the topological charge is varied over a wide interval. The thick-
ness of the intensity ring can be varied by changing the coherence
radius. Moreover, partially coherent PV beams remain intact over a
longer propagation distance than their spatially fully coherent counter-
parts. Our work extends the category of PV beams and may find appli-
cations in optical trapping and fiber-based technologies.
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