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Off-axis vortex beams are generated by superposing a Gaussian beam onto a symmetric optical vortex
beam of unit topological charge in a single-path interferometer with a control of their relative intensi-
ties and phases. The radial displacement of the point vortex from the center of the beam is controlled by
varying the relative intensity of the superposed beams, while the azimuthal displacement of the vortex
is controlled by the phase difference between the superposed beams. This phase difference is employed
through the Pancharatnam-Berry geometric phase by different cyclic evolutions of the polarization states
of the superposed beams on the Poincaré sphere. Interferometric field reconstruction of the resultant
beams from experiment, simulation, and numerical calculations are used to obtain the transverse linear
momentum density. The net transverse linear momentum vector and the resulting extrinsic orbital angular
momentum in an off-axis vortex beam is demonstrated to be related to the radial and azimuthal position
of the vortex across the beam. Controlling the Pancharatnam-Berry geometric phase and intensity ratio of
the component beams is thus proposed as an effective and robust technique to tune the extrinsic orbital
angular momentum of off-axis vortex beams. The presented results can be useful in applications ranging
from optical manipulation of trapped microparticles, controlling micromachines using light with orbital
angular momentum to enabling more flexibility in superresolution microscopy and controlled asymmetric

interaction of light with atom, molecule, and Bose-Einstein condensate.
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I. INTRODUCTION

Optical vortex (OV) beams carrying orbital angular
momentum (OAM), characterized by azimuthal phase
dependence and phase singularities have developed signif-
icantly during the last three decades after their first study
by Les Allen et al. in 1992 [1]. The vast applications
of OV beams include their use in optical trapping and
micromanipulation [2], optical communication [3], super
resolution [4], and phase-contrast imaging [5], to name a
few. OV beams generated from fractional helicoid phase
step are of special interest in recent times due to con-
tinuous tunability of the average OAM and controllable
OAM spectrum. The control of radial and azimuthal posi-
tion of the vortex point across the beam is demonstrated
using fractional OV beams with tuning of the fractional
order of the dislocation and Gouy phase [6] and also using
an off-axis spiral-phase element [7]. However, the use of
different computer-generated holograms and the moving
optical system or holographic element limits its usage as
a robust system to control the vortex position and the
resulting OAM.
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The nature of the OAM carried by optical beams is
now being termed as quasi-intrinsic [8], as they are not
independent of the axis about which OAM is calculated
unlike their spin counterpart, which is confirmed to be
purely intrinsic. The underlying reason behind the emer-
gence of extrinsic OAM is the presence of a net linear
momentum in the transverse plane, which clearly results in
the axis-dependent value of OAM. So, the natural choice of
beam axis as the axis for calculation of OAM does not suf-
fice in these cases [8—10]. However, the intrinsic part of the
OAM can still be extracted if an axis could be found with
respect to which the beam has zero net transverse linear
momentum (TLM). Any choice of calculated axis parallel
to this new axis, will result in the intrinsic OAM compo-
nent [10,11]. The extrinsic nature of the OAM has been the
object of investigation in some recent reports, especially in
the context of off-axis asymmetric vortex beams [6,7,12].
Irrespective of their generation method, be it superposi-
tion of OAM beams, off-axis illumination, or use of a
fractional-order spiral-phase element, the extrinsic OAM
is an integral part of off-axis vortex beams.

The superposition of different OAM beams, both using a
two-path interferometer and off-axis illumination of a grat-
ing hologram has been carried out previously and their
usefulness has been proposed in quantum cryptography
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[13]. Another recent study showing the generation of off-
axis vortices using off-axial placement of the spiral-phase
plate provides a relation for the normalized OAM of the
beam as a function of the displacement of the vortex from
the beam axis [7]. However, as already noted, any two-path
interferometer setup or a moving component setup is prone
to undesired instability because of inherent limitations
such as misalignment and air currents.

In this study, we report the convenient and robust gen-
eration of an optical beam with a tunable off-axis vortex
both in radial and azimuthal degrees of freedom. This is
achieved in a single-path superposition of a symmetric
OV beam with a beam in the fundamental Gaussian mode
exploiting the polarization-sensitive response of a nematic
liquid-crystal spatial light modulator (SLM). The resultant
beam has a point vortex whose radial displacement from
the beam axis depends on the relative intensities of the
interfering vortex and Gaussian beams.

The azimuthal phase dependence of OV beams indi-
cates the possibility of tuning the azimuthal position of
the vortex by tuning the phase difference of the super-
posed beams. To the best of our knowledge, only a few
studies have been reported where the required phase dif-
ference between OAM beams is brought about by utilizing
the geometric phase (GP) due to the cyclic evolution of
the beams on the parametric space of the beam parame-
ter (beam width) [6] and spatial modes’ parametric space
[14]. However, surprisingly, no such studies have reported
the use of the GP due to their evolution on the parametric
space of polarization, namely, the Poincaré sphere, which
is popularly known as the Pancharatnam-Berry geometric
phase (PB GP) [15,16]. In this study, we control the PB GP
of the two component beams in a common path by using a
sequential quarter-wave plate (QWP)-polarizer-half-wave
plate (HWP) (QPH) combination. The setup can, in fact,
also be employed to utilize as well as measure the PB GP
[17]. Use of GP has the advantages of being more compact,
wavelength independent, and less sensitive to misalign-
ment errors than any other previously reported methods.
Thus, robustness of GP potentially enables the use of such
a technique in quantum photonic components, which will
be less prone to errors [18].

GP plays an important role in the spin-orbit-coupling
effects in light such as the spin Hall effect, spin-controlled
shaping of light at anisotropic structures, metasurfaces,
and the spatial and angular (Goos-Hanchen and Imbert-
Fedorov) shifts during reflection at the dielectric inter-
faces. All these are a manifestation of the coupling
or conversion of spin angular momentum (SAM) to
intrinsic or extrinsic OAM [19]. These effects are non-
negligible especially in the nonparaxial regime because
of strong spin-orbit coupling. Most of these phenomena
are explained by different symmetry-breaking events hap-
pening at the optical interfaces or inside inhomogeneous
media. In this paper, we demonstrate how an apparently

simple superposition of two completely symmetric fields
give rise to an asymmetry and thus results in an extrinsic
OAM in free-space propagation without any interface or
inhomogeneous media. The magnitude and direction of the
asymmetry is controlled by relative amplitudes of super-
position and GP. We also explain this symmetry breaking
from the interference of the component plane waves with
different propagation vectors of the two beams.

Experimental reconstruction of the field using the inter-
ferometric method is adopted to estimate the transverse
Poynting vector distribution and OAM content of the gen-
erated beams. Computer simulations and numerical cal-
culations are also performed to support the experimental
results. When integrated across the beam, the resulting net
TLM (NTLM) dictates the extrinsic OAM carried by the
beam. The variation of the NTLM possessed by an off-
axis OV beam as a function of the radial displacement of
the vortex from the beam axis is studied. It is also demon-
strated that the orientation of the NTLM vector of the beam
superposition can be tuned by the introduction of suitable
PB geometric phase in each of the two orthogonal polar-
ization components. Thus, robust tuning of the total OAM
and extrinsic OAM is achieved.

In superresolution [stimulated emission depletion
(STED)] microscopy [4], where the region of inter-
est is changing, for example, in live-cell superresolved
microscopy [20], it is desirable to move the dark core of
the STED beam along small distances. The precise tun-
ing of the vortex position in both radial and azimuthal
degrees of freedom, as achieved here, enables following
the region of interest with great flexibility without moving
any optical component. Also, measurement of the acquired
GP difference by two different polarization components in
a physical system can be achieved simply by measuring
the rotation of the vortex position in the proposed configu-
ration. The demonstrated way to easily control the amount
of the extrinsic OAM and relative proportion of intrinsic
and extrinsic OAM can find direct application in driv-
ing micromachines by light and in optical manipulation
of trapped microparticles. This method can also enable
controlled asymmetry of the OAM beam in the interac-
tion of light with atoms or molecules and in Bose-Einstein
condensates (BECs) [21,22].

II. THEORETICAL DETAILS

A. PB geometric phase

In 1984, Berry described, in his landmark paper, that
the slow (adiabatic) cyclic variation of a quantum sys-
tem in an eigenstate makes it acquire a geometric phase
depending on the path of intermediate states [23], along
with the familiar dynamical phase. Berry’s phase was
soon generalized for nonadiabatic, noncyclic, and nonuni-
tary transformations [24,25]. For the case of change in
the polarization states of light, which is represented by
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a curve on the surface of the Poincaré sphere, the geo-
metric phase acquired is equivalent to half the value of
the solid angle subtended by the closed path of states tra-
versed, at the center of the sphere, and is referred to as the
Pancharatnam-Berry geometric phase [15,16,26].

This is usually demonstrated with the help of Jones cal-
culus, where two-component column vectors, called Jones
vectors represent the polarization state of light and the
matrices represent optical components that alter the phase
or polarization state of light incident on them. The amount
of PB GP due to the effect of a sequential QPH combi-
nation on two different polarized lights is obtained below,
where the QWP is at 7 /4, the polarizer at 6, and the HWP
at 6/2 with respect to the horizontal linear polarization
state.

Taking horizontal (H) and vertical (V) linear polar-
ization states as the basis states, we have for an input
H-polarized beam |E)in) = Ex [(1)], the output after a
sequential QPH combination as

|E)out,1 = Jawp (0/2) Jp (0) Jowp (7/4) |E)in,1

:%EHexp{—i(Q—%)}[ (1) } (1)

Similarly, for a input V-polarized beam |E)iy» = EV[?],
the QPH action gives a H-polarized output beam repre-
sented as

|E)out2 = %EVCXP {+i (9 — %)} |: (1) i| )

The difference of PB GP between the H-polarized |E) oy,
and |E) oy is thus GP, — GPy = 26 — 7 /2|.

B. Transverse linear momentum

To derive the expression of TLM density and the magni-
tude of NTLM of the resultant beam, the field expressions
of the OAM beams can be taken to be simply [27]

},.2
WI,' = exp (_E> (x + iy)lia (3)

li

where i = 0,1 gives /o = 0 implying Gaussian beam and
/1 =1 implying OV beam of topological charge 1. wy
and w,; are the half width of the Gaussian and OV beam,
respectively, and 72 = x? 4 y? is the radial variable. The
superposition of the two beams with relative amplitudes
sin(«) and cos(a) with a relative phase of § between them
is given as

Y = asin(a) g + b cos(a) Yy exp(id),

, "
= asin(a) exp <——2>
@g

+ b cos(a) exp <_§> (x + iy) exp(). (4)
1

Here a and b represent the maximum amplitudes in the
beam cross section of a Gaussian and OV beam, respec-
tively. As the half width of the OV beam of topological
charge / scales as 4// + 1 with respect to the half width of
the Gaussian beam [28], then w; = +/2wy.
The expression of TLM density is given by [29]
_ Corm (y*ay) = ié—OIm{a sin? () Yoy
pL= 2w 2w 00
+ bcos? (a) Yoy, + absin (a) cos ()

x [P ygavn + e Pyiav]), Q)

pr o Im (W*&XW) = exp (_§> [—b2 cosz(a)y]

0

3 .
+ exp (——2) ab sin(a) cos(a)
g

2
x { sin(8) + =5 [xsin(8) + cos()] } (62)
)

py o< Im (Y *0,9) = exp <—§> [6* cos?(a)x]

0

+ exp <—$) ab sin(a) cos(a)
@y

2
X { cos(8) + y_2 [x sin(8) + y cos(8)] }, (6b)
@y

where “Im” implies the imaginary part of the term in
parenthesis. p, and p, represent the x and y component
of p.. From the distribution of p, and p,, the transverse
distribution of Poynting vector and the NTLM can be
calculated. When integrated over the beam cross section,
the first term and the terms containing odd powers of x
or y inside the parenthesis in both p, and p, becomes
zero (by virtue of being a odd function, as the integra-
tion runs from —oo to oo in both x and y) and thus make
no contribution to the NTLM. However, the term contain-
ing no x or y, i.e., ab sin (&) cos («) sin (§) in Eq. (6a) and
ab sin («) cos (o) cos (8) in Eq. (6b) gives a finite NTLM,
unless o = 0 (therefore ¢ = ¥|) or o« = /2 (therefore
¥ = Yyp), which imply only OV beam or only Gaussian
beam, respectively. Both of these, of course, have a zero
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NTLM because of the perfect cylindrical symmetry. In
general, the magnitude of the NTLM for the superposed
beams is thus ab sin («) cos («) and its direction is set by
the value of §. For § = 0 or & it is directed along the y
direction and for § = 7 /2 or 3w /2, the NTLM vector is
directed along the x direction. In this study, the value of §
is set by PB GP using the sequential QPH combination as
is experimentally demonstrated below.

A more realistic model for the field generated by diffrac-
tion of a Gaussian beam from a spiral-phase plate is
available in the literature that uses the modified Bessel
function and is given as [29,30]

2
U (r,¢) = (—i)" exp (ing) <%) 2mx

X exp (—x) [1@ @ = Lusn (x)] G

Here I, is the modified Bessel function of order v and x =
% (kwr/2f )%, where f is the focal length of the Fourier lens
used to get the far-field profile.

Although Eq. (7) is a more realistic model of the experi-
mental field profile, it is found to be much harder to obtain
an analytic formula for the TLM density using this model
than using Eq. (4). As a result, the analytic formula of
NTLM using this model also becomes more complex. We
stick to the simple model of Eq. (4) in favor of the result-
ing simple expression of TLM density and NTLM for the
purpose of this Paper. And it is shown later in Sec. IV that
the used simple model of Eq. (4) gives a similar match with
the experimental plots when compared to the more realistic
model of Eq. (7).

BS,
SLM !

FIG. 1.

QWP P,
(m/4) )

HWP,
©12)

BS; CCD

III. EXPERIMENTAL DETAILS

The schematic setup for the single-path generation of
optical beams with a nested off-axis vortex, as shown
in Fig. 1, comprises of a He-Ne continuous-wave laser
source, a HWP to tune the plane of polarization, a phase-
only modulation liquid-crystal SLM, and a QPH set to tune
the PB GP. The resultant off-axis OV beam is again inter-
fered with a separate expanded Gaussian reference beam
derived from the same source in a Mach-Zehnder interfer-
ometer and a CCD camera captures images of the interfer-
ence fringe pattern. From the interferogram analysis, the
field information of the envisaged beam is obtained.

The SLM employed is a computer-controlled silicon-
based nematic liquid-crystal microdisplay (Pluto from
Holoeye), which acts as a phase-only SLM. When the SLM
displays a typical phase function through the calibrated
gray-level colormap, only the polarization component of
the incoming light along a particular direction (in this
case, along the longer dimension of the rectangular dis-
play, which is kept horizontal) is affected by the phase
function. So, a spiral-phase pattern displayed on the SLM,
symmetrically illuminated by a Gaussian beam generates
a symmetric OV beam when the input polarization is
horizontal (H). The other polarization [i.e., vertical (V)]
component of the incoming light does not see the phase
function on the SLM and thus does not acquire the phase.

For an arbitrarily polarized incident beam of light, the
output from the SLM results in a superposition of the
phase-modulated H-polarized component and an unmod-
ulated V-polarized component. The intensity ratio of the
V- to H-polarized components, (Iy/Iy), can be very eas-
ily controlled by just changing the angle of the input linear

(b)

-

Q,=7-20
GP,=7/2-0

(a) Schematic experimental setup for the generation of the off-axis optical vortex beam with a controlled relative intensity (RI)

and GP variation between two orthogonal polarized component beams. The angle (o) of HWP; controls the RI of the H-V polarization
components and the angle (0) of P, and HWP, (6/2) controls the GP. (b) Representing the evolution of the states of polarization at
different places of the optical path on the Poincaré sphere. The enclosed solid angles (£2) by the trajectories and the acquired PB GP of
the two component beams are mentioned, which results in the PB GP difference of |26 — 7 /2| between the component beams.
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polarization by rotating a HWP without changing the total
intensity.

A horizontally polarized beam of spatially filtered light
from the laser is split into two equal intensity beams by
the 50:50 beam splitter (BS;). The polarization direction
of the transmitted beam is then rotated by an angle («) by
a HWP; with fast axis placed at angle («/2) with respect
to the horizontal polarization state. So, if the intensity
of the transmitted beam after BS; is /j, then the inten-
sity of the H-polarized component is /o cos®(er) and that
of the V-polarized component is Iy sin®(cr). The intensity
ratio of V- to H-polarized components is I/l = tan®(a).
When this beam of light falls on the SLM displaying
a phase function ®(x,y), the amplitudes of the H- and
V-polarized components become /I cos(a) exp [i®P (x, )]
and /Iy sin(a), respectively, neglecting any overall prop-
agation phase common to both the components. Although
the intensity ratio still remains at tan?(«) there is now a
phase difference of ®(x,y) between the two polarization
components.

Now a shift in PB GP between the two orthogonal linear
polarization components is introduced using the sequential
set of a QWP, a polarizer (P;), and a HWP (HWP,) com-
bination. The state of polarization of each component is
transformed to two orthogonal states of circular polariza-
tion before projecting to a linear polarized state. The QWP
with fast axis at /4 with respect to horizontal polariza-
tion, transforms the two linearly polarized beam into two
circularly polarized beams of opposite handedness (state
3). The polarizer (P,), whose pass axis makes an angle 6
with the horizontal polarization, projects both the circu-
lar polarization states back to a linear polarization (state
4). Then a HWP, whose fast axis is at an angle 6/2 to
the horizontal polarization, takes the state of polarization
back to horizontal linear polarization. The path traversed
by each component on the Poincaré sphere is shown in
Fig. 1(b). The two polarization components acquire differ-
ent amounts of PB GP, with the difference corresponding to
the relative phase shift §. From Egs. (1), (2), and Fig. 1(b)
we get § = |20 — /2|. So, the magnitude of the PB phase
shift is, apart from a constant factor of /2, equal to twice
the angle made by the polarizer () with respect to the hori-
zontal polarization. This principle can also be employed to
measure an unknown amount of acquired geometric phase
difference just by measuring the rotation angle of the point
singularity [14].

A sample-recorded interferogram and the steps involved
in reconstructing the field profile of the object beam by
Fourier fringe analysis [31] are schematically shown in
Fig. 2. The expanded reference beam covers the entire
active window of the CCD but the off-axis vortex beam
covers less than one-third of the window and coincides
with the central region of uniform intensity of the refer-
ence beam. It is ensured that they are at an angle with each
other so that the fringes formed are diagonally oriented,

FIG. 2. Schematic of the Fourier fringe analysis of the experi-
mentally recorded interferogram for reconstruction of the inten-
sity and phase profile of the object beam. (I)FT, (inverse) Fourier
transformation.

i.e., there is a carrier frequency both in x and y directions.
First, the fast Fourier transformation of the interferogram
is performed numerically, which gives three Fourier com-
ponents: one zero-order dc component (Fy) and two first-
order Fourier components (F1;). Selecting the positive
first-order component (F ) and taking an inverse Fourier
transform results in the full field profile from which the
intensity and phase profile can be separately obtained.

IV. RESULTS AND DISCUSSION

The intensity distribution of the off-axis OV beams from
experiment, as obtained from the reconstructed field pro-
file after fringe analysis of the interferograms, are shown
in Fig. 3. With change in the relative intensity of the com-
ponent beams, due to the change in the angle of input linear
polarization («) on the SLM, the symmetric OV beam

10 20 40 60 90
E

FIG. 3. Experimentally reconstructed intensity profiles from
interferogram analysis for varying relative intensity of V and H
polarization components by the input polarization angle «, giv-
ing radial displacement of vortex and for varying PB GP by the
sequential QPH action on the component beams giving azimuthal
displacement of vortex. o and 0 are in degrees.

Radial

Displacement

s
=
=
5
£
S
<
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transforms to an off-axis OV beam and becomes a Gaus-
sian beam when « becomes /2. Whereas the azimuthal
phase dependence of vortex beams results in a shift in the
azimuthal coordinate of the off-axis vortex in the interfer-
ence pattern by an amount equivalent to the introduced PB
phase shift. The exact position of the point singularity can
be obtained from the reconstructed phase profile from the
recorded interferograms. To locate the position of point
singularity to the accuracy of a pixel, numerically the pixel
about which the phase changes by 27 is found by scan-
ning over the beam cross section. The locus of the point
singularity across the OV beam is shown in Fig. 4(a) for
different values of the input plane polarization angle («)
with respect to the horizontal polarization and the pass-
axis angle of the polarizer () along which the circular
polarization states are projected.

On studying the dependence of the vortex position on
the relative intensities of the two component beams, the
obtained radial displacement of the vortex with the angle of
plane polarization of the input beam on the SLM is shown
in Fig. 4(b). To verify the experimental nature, simulations
are performed using the simple model given by Eq. (4)
as well as using the realistic model of Eq. (7). The plot
corresponding to the simulation using Eq. (4) qualitatively
follows the experimental behavior. The model given by Eq.
(7) gives a slightly closer match with the experimental plot.

For a fixed intensity ratio, the change of PB GP is
observed to have the effect of changing only the azimuthal
position of the singularity with a fixed radial position as
shown in Fig. 4(c). This variation is linear with a slope of
2 as expected (because § o 260) from the difference in PB
GP acquired by the two polarization components. There
emerges thus a correspondence between the polarizer’s
orientation (f) and the azimuthal angle corresponding to
the location of the off-axis vortex. This simple linear cor-
respondence can be exploited to measure the geometric

phase acquired by a beam of light when passing through
some number of polarizing components such as wave
plates.

Next we focus on the amount of OAM carried by these
off-axis vortex beams. An analytic expression for the aver-
age OAM per photon for a beam with an off-axis optical
vortex of unit topological charge is provided by Kotlyar

etal. [7],
2 -1
=1+ (ﬁrd) . ®)

w

Here, r; represents the radial displacement of the vortex
from the beam center and w represents the beam radius.

Alperin et al. [32] have demonstrated a method to exper-
imentally measure the OAM using a cylindrical lens and a
CCD camera placed at the focal plane of the lens by cap-
turing the intensity at the focal plane for two orthogonal
orientation of the lens. Experiment and computer simula-
tions are performed to model the measurement of OAM of
the generated off-axis vortex beams, using the procedure
mentioned in Ref. [32]. If the cylindrical lens (focal length
f) transforms from (x,y) to (x’,y) or to (x,y’) depending
on the orientation of the lens axis along horizontal (x) or
vertical (y) direction, then the OAM along the z direction
can be calculated using

low = 7 105} = ], ©)

where the x'y variance is given by

(x’y) _ fffooo |E(x/,y)|2x/ydx/dy
[[Z I EG ) ? dx'dy

and similarly xy’ variance can be defined.

(a) (b) (c)
o 0 d 300
S =i 1 ¢ Experimental data $ Experimental data
Gl — A -Simulation [Eq. (4)] ——Linear fit
2713| € —k—Sj i c ’
& o €08 Simulation [Eq. (7)] 1 & 200}
o 43| S 2
57/3| =06 o
o © 100+F
. £
<04 13
8 E
+ 0 3 N
o 10 £02 1< 9
* 20
# 30 ; 100
o 40 0 10 30 40 0 30 60 90 120 150

FIG. 4.

Angle of polarization («)

Angle of polarizer (6)

(a) Trace of the position of phase singularity on varying relative intensity for different PB GP. Different colors correspond to

different PB GP (in radian) and each different marker symbol represents a different relative intensity (values of « are in degrees). (b)
Plot of radial displacement of vortex (r,) versus angle of input polarization («) from experiment and simulation using a realistic model
and a simple model. (c) Plot of azimuthal vortex displacement for varying PB GP change due to change in the angle of pass axis for

polarizer P(9) and HWP, (6/2).
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FIG. 5. Schematic for measurement of average OAM per pho-
ton of off-axis optical vortex beams from the intensity distribu-
tions at the focal plane of a cylindrical lens, for two orthogonal
orientations of the lens axis: (a) axis vertical and (b) axis horizon-
tal. (c) Intensity distributions before cylindrical lens |E(x, y)|%;
corresponding intensity distributions at focal plane of cylindrical

lens: (d) |E(x/,y)]2 and (e) ‘E(x,y/)|2.

(e)

IE(x, ) |EK', ) |E(x, y)|?

Intensity profiles before the cylindrical lens (|E(x,y)|?)
and at the focal plane of the cylindrical lens (|E o, y) |2 and

|E (x,»") |2) are shown in Fig. 5, for two orientations of the
lens. The estimated OAM values by using Eq. (9) on the
experimentally obtained intensity profiles, from the numer-
ical simulation using Eq. (4) and that calculated using the
analytic expression [Eq. (8)] depicts a close match as is
shown in Fig. 6.

& Experiment
1.0 9"'--9,. """ Simulation [Eq. (4)]| 1
"~§' ® Off-axis OV formula
0.8}
S o6l
= 06
o
04 [ ;o“
0.2+ .,
é..'~..
0.0 £ ‘ . LabLL™
0 716 713 72

Angle of polarization («)

FIG. 6. Variation of the OAM with the varying intensity ratio
of the component beams due to different input polarization angle
(v): comparison of experimental, simulation and from analytic
formula.

The distribution of TLM, which is proportional to
the transverse component of the Poynting vector (S),
is obtained from the reconstructed field profile, ¥, =
f exp (ix) of the beams, as per the formula [29], S| =
f2Vy. The distribution of TLM can thus be related to
an intensity (f 2) weighted gradient of phase (). Calcu-
lating the gradient of phase along x and y directions, the
x and y components of S, are obtained, a vector plot of
which reveals the transverse Poynting vector distribution.
The magnitude of NTLM obtained from the integral of the
TLM distribution across the beam, is calculated for vari-
ous positions of the optical vortex. The variation of NTLM
magnitude with change of the input polarization angle («)
on the SLM and also with resulting intensity ratio (/;/Ioy)
is shown in Figs. 7(a) and 7(b), respectively. The values
obtained from simulated profiles and from the NTLM for-
mula [Eq. (6a)] is plotted for comparison and shows close
resemblance.

@ r
18F & Experiment
16+ == = Simulation [Eq. (4)]
’ = = » » Simulation [Eq. (7)]
14} = NTLM formula
1.2
3
=
208
0.6
04 [
0.2
ok A 1 .
0 7l8 14 3718 7l2
Polarization angle («)
(b) 2~ .
§ Experiment
== = Simulation [Eq. (4)]
""" Simulation [Eq. (7)]
1.5 [ |[==——=NTLM formula

Net TLM

0 5 10 15 20
_ 2
Ig/lov_tan (a)

FIG. 7. (a) Variation of the NTLM with the angle of polariza-
tion (&) of the input beam on SLM. (b) Variation of the NTLM
with the ratio of intensity of the Gaussian and OV beam.
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The error bars for the experimental data plot of mag-
nitude of NTLM with varying relative intensities of the
component beams are obtained from the different sets of
measurements due to different geometric phases that are
introduced. The mean of the obtained NTLM value and
deviation of the values from the mean are plotted as the
data points and error bars, respectively. The reason for the
error bar being large can be attributed to (i) the uncer-
tainty in determining the locus of the point singularity from
Fourier fringe analysis as the analysis space (in the Fourier
domain) is also quantized by pixel and the possibility of
larger error in finding the position of the singularity near
low intensity region. (ii) The dependence of the precision
in finding the radial displacement of the singularity with
respect to the fringe orientation or the carrier-frequency
component magnitude. (iii) Experimental asymmetry of
the generated intensity profile.

While a symmetric OV beam has no NTLM, as is evi-
dent from the value of NTLM at o = 0, beams with an
off-axis vortex possess net TLM. The magnitude of NTLM
increases to a peak and later falls off as we keep increasing
the radial distance of the vortex from the beam axis. The
peak corresponds to the situation where the displaced vor-
tex lies along the maximum intensity circle of the original
symmetric OV beam before superposition with a Gaussian
beam, which corresponds to the case of two beams having
equal intensity (i.e., at @« = m/4). The experimental plot
matches well with the plot from the NTLM formula and
from simulation. In Fig. 7(b), part of the plot is magnified
in the inset for visual clarity.

The transverse Poynting vector distributions and the
NTLM vector for different values of PB GP is shown in
Fig. 8 for both experiment and simulation where the value
of PB GP in degrees is mentioned at the top-right corner of
each profile. The NTLM vector (shown by the red arrow) is
always directed perpendicular to the vortex displacement
[6], and the orientation of which depends on the sign of

=]
2
=1
=

=
=
)

FIG. 8.

the vortex topological charge. A PB GP shift between the
superposed beams results in an azimuthal movement of
the vortex, leading to rotation of the NTLM vector by an
angle equivalent to the angular shift in the vortex position.
It is noted that, for a fixed intensity ratio of the compo-
nent beams the NTLM magnitude remains the same but
its direction is rotated by rotating the off-axis vortex using
controlled PB GP change.

The shift of the vortex can be explained from the inter-
ference of the plane-wave component of the two superpos-
ing beams as follows. The angular spectrum of a Gaussian
beam of light reveals that it has a distribution of propaga-
tion vectors or k vectors in three dimensions, where each &k
vector implies a plane wave propagating in that particular
vector direction. Thus it has only a longitudinal (k,) and
radial (k) component. A symmetric optical vortex beam,
on the other hand, has a skewed distribution of k vectors
and thus in addition to k. and &, has an azimuthal (k4) com-
ponent [33]. The presence of k is responsible for OAM
arising along z (L.). Individually both the beams have a
perfect cylindrical symmetry, and the sum of all the & vec-
tors for the individual beam give resultant only along the z
direction. So they do not have any net TLM and the OAM
of the symmetric vortex beam is intrinsic.

For the vortex beam, it can also be considered that the
plane waves corresponding to the k vectors going along
different azimuth have different phases, which for an OV
of unit topological charge vary from 0 to 27 [33]. When
superposed, the plane-wave components of the Gaussian
beam and the vortex beam interfere. At the direction where
the k vectors of the two beams have the same magnitude
but corresponding plane waves have opposite phase, they
will completely destructively interfere and the vortex posi-
tion will shift to this new position across the beam. At
some other point where they are in phase, interference is
constructive and the intensity will be the highest. In other
positions, it will be a partial constructive or destructive

Distributions of transverse Poynting vector (green arrows) along with the NTLM vector (red arrow) for off-axis vortex beams

corresponding to different PB GP shifts (top-right corner, values in degrees) at a fixed intensity ratio.
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interference. The superposition thus will have an asym-
metric distribution and net k. and k4 (i.e., net TLM)
components, which will result in an extrinsic OAM.

Changing the relative magnitude of & vectors, by vary-
ing the relative intensity of the component beams, moves
the point vortex radially, whereas changing the relative
phase of the component beams shifts move the point vor-
tex azimuthally. In principle, the phase difference between
the component beams can be introduced through a change
in the dynamical phase as well, by varying the path length
by a fraction of the wavelength in one of the branches in
a two-path interferometer. However, this will be very sen-
sitive to alignment and requires a very precise path delay.
Use of the geometric phase, being far more robust com-
pared to dynamic phase and wavelength independent, is
naturally a favorable choice of implementing this phase
difference. This tuning of magnitude and direction of
extrinsic OAM due to the control of net TLM across the
beam by off-axis vortex movement is the easiest and most
robust way to achieve a fractional OAM with controllable
extrinsic OAM. The same can be extended to any higher
fractional OAM just by changing the spiral-phase order of
the computer-generated holograms displayed on the SLM
to higher integer topological charges.

The presented results can contribute in improving sev-
eral applications of OAM beams where the control of
vortex positions and vortex field asymmetry plays a crucial
role. STED superresolution microscopy is one such appli-
cation where the resolution is increased at the dark core of
the vortex by suppressing fluorescence from the surround-
ing bright regions. To follow the region of interest in live-
cell imaging [20], controlling the position of the vortex is
of utmost importance. As demonstrated here, the method
of tuning the vortex position in both radial and azimuthal
directions across the beam with great flexibility and sta-
bility can improve the STED application significantly.
Another potential application of the presented method can
be in realizing OAM transfer to the BEC in atoms, which
has recently been theorized for asymmetric OAM beam
microscopic interaction [22]. It is theoretically predicted
that due to the asymmetric nature of the OAM beam,
multiple quantized circulations arise in the beam, which
when transferred to the BEC, result in superposition of
matter-vortex state and an increase in the Rabi frequency
of quadrupole transition. Easily controlling the asymme-
try as presented here can be helpful in the experimental
realization of the theory.

V. CONCLUSIONS

The superposition of a Gaussian beam onto an OV
beam with a vortex at the center of the beam results
in an asymmetric OV beam with an off-axis vortex. In
this Paper, it is shown that the average orbital angular
momentum and net transverse linear momentum of the

beam depend on the displacement of the vortex from the
center. While the radial displacement of the vortex is con-
trolled by altering the relative intensities of the superposed
beams, the azimuthal co-ordinate is manipulated by intro-
ducing a relative phase in terms of Pancharatnam-Berry
geometric phase. The polarization states of both the polar-
ization components in the superposed beams are altered
along two different closed paths on the Poincaré sphere to
introduce a suitable Pancharatnam-Berry geometric phase
in a controlled manner. The magnitude of the net trans-
verse linear momentum, giving rise to extrinsic OAM, is
controlled by moving the off-axis vortex radially and the
direction of net TLM is rotated by a controlled geomet-
ric phase change. Exercising precise and robust control
of the perfect dark region of the point vortex can enable
flexibility in choosing the region of interest in superresolu-
tion microscopy while controlling the OAM can be useful
in manipulating trapped microparticles. This easy method
of measuring geometric phase in the proposed single-
path configuration can be employed to other sensitive
applications.
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