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In this letter, the Young’s double-slit experiment with
vector vortex beams is investigated. We present the
results for various Poincaré-Hopf index beams of this
class considering all four major types. Polarization as-
sociated morphological changes in the far-field interfer-
ence pattern are studied both theoretically and experi-
mentally. The Fraunhofer pattern consists of lattices of
polarization singularities of the generic type, located on
a line, in a direction perpendicular to the slit. The num-
ber of linear lattices varies as a function of Poincaré-
Hopf index η of the beam that is diffracted and the num-
ber of intensity nulls occurring along the vertical line is
equal to |η|. © 2023 Optical Society of America

http://dx.doi.org/10.1364/ao.XX.XXXXXX

Young’s double-slit experiment has been the pioneering experi-
ment that demonstrated the wave nature of photons, neutrons,
electrons, atoms, molecules and so on [1, 2]. The redistribution of
energy in the double-slit fringe pattern is governed by the beam
and the slit parameters. The interference pattern due to two slits
is modulated by the diffraction envelope of the individual slits.
Diffraction patterns of orbital angular momentum (OAM) carry-
ing beams through double-slit [3, 4] are useful in ascertaining
the nature of the helical wavefronts of these beams. Not only
double-slit interference experiment, diffraction patterns through
various shapes of apertures such as single-slit [5], triangular [6],
diamond [7], circular [8], annular [9], and sectorial [10] could
also precisely determine the OAM content of the vortex beams.
Recently, there had been a great deal of interest in the generation
and detection of polarization singular beams [11–15] owing to
their potential application in optical communication [13, 16], par-
ticle manipulation [17], micromachining [18], imaging [19, 20]
etc.

Polarization singular beam possesses phase singularity coded
in its polarization distribution. Ellipse (C-point) and vector
(V-point) field singularities are two well known point polar-
ization singularities discussed in the literature [11, 12]. The V-
point beams [21] are often referred by various other names such
as cylindrical vector beams [13] , vector vortex beams (VVBs)
[13, 22] and polarization singular vector beams [14]. This beam
is also referred as Majorana photons by some authors [23, 24],
owing to Majorana like features [23–27] these beam possess. But

this nomenclature is debatable. It has been pointed out by the
anonymous referee that “The unpublished work of Majorana
from 1974 erroneously concludes [28] that spin angular momen-
tum of photon has eigenvalues 0,±1, whereas it is now very
well known that the only eigenvalues are ±1. This is true for
any spin-1 particle of zero mass [29, 30]. The photon is intrin-
sically its own antiparticle; this is a fact of elementary particle
Physics. Hence there is no special kind of photon that can be
treated as its own antiparticle. All photons deserve the same
treatment.” These VVBs can be generated in free space by the
superposition of the right circularly polarized vortex beam and
its conjugate namely, the left circularly polarized vortex beam
possessing opposite topological charge. The resulting beam pos-
sesses a plane wavefront and the information of helical phase
structures of the component beams are embedded in the polar-
ization structure [13]. Here we have used q-plates for generating
VVBs [31]. At its core, there is a V-point singularity that is char-
acterized by a topological index namely, Poincaré-Hopf (PH)
index, η = 1

2π

∮
∇γ · dl. Here γ is the azimuth of the state of

polarization (SOP). This integral is evaluated on a closed path
enclosing the singularity [11]. Radial and azimuthal polarization
structures are well known examples of generic VVBs. In this
letter, we investigate the polarization morphology of Young’s
double-slit interference pattern obtained for various PH-index
VVBs. Although there are few preliminary reports on the

Fig. 1. Schematic of the experimental setup. MO: microscope
objective; PH: pinhole; M1: Mirror; L1, and L2: Lens; P: polar-
izer; HWP: half wave plate; DS: double-slit; and SC: Stokes
Camera. Inset shows the geometry of double-slit aperture.
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Fig. 2. Experimentally obtained SOP distributions, Stokes phases and intensity profiles of the input VVBs of index |η| = 1, 2 and 3
respectively. The intensity profile of a particular index VVB is degenerate.

Fig. 3. Simulation results for Young’s double-slit interference of VVBs having |η| = 1, 2 and 3. Column I shows the far-field inter-
ference patterns. Intensity profiles are rotated by 3π/2 for clear visualization. Column II to V represent the Stokes phases of the
diffracted VVBs of four major types. Stokes phase contour crossings are marked with coloured dots representing positive (red/blue)
and negative (magenta/cyan) index V-point singularities. Inset on the right shows the polarization distribution in the neighbour-
hood of the singularity marked by solid dots.

double-slit interference of radially and azimuthally polarized
vector beams, none of them focuses on the polarization distri-
bution in the far-field pattern. [22, 32, 33]. One of the striking
features observed in the interference pattern is the clear forma-
tion of a linear lattice of such singularities - not observed (or
studied) in any other double-slit patterns. Higher as well as
negative PH-index beams were also never studied before in a
two-slit experiment.

VVBs can be mathematically described as [23]∣∣∣ψVVB
η

〉
=

exp(iφ)√
2

[
|−l〉 |RCP〉 ± |+l〉 |LCP〉

]
, (1)

where basis states |RCP〉 = [1 i]T and |LCP〉 = [1 − i]T cor-
respond to the right and left circular polarization states respec-
tively. |l〉 represents the vortex beam with topological charge
′l′ and φ is constant phase having value 0 and π/2 for type I
(+) and type III (-) respectively. The PH-index of the resulting
VVB is such that |η| = |l|. Note in the superposition the first
term and the second term are complex conjugate of each other.
The resulting field is inhomogeneously linearly polarized and to

maintain constant ellipticity (of zero here) across the beam, the
conditions on amplitude, phase and polarization distributions
of the component beams are stringent. Amplitudes maintain a
constant ratio, conjugation on phase and polarization should be
there between the components. By interchanging the component
OAM states amongst the orthogonally polarized states one can
generate type II/type IV VVBs [14, 21]. The far-field statistical
properties of the partially coherent VVB’s for all four major types
is already discussed in detail [14].

The transmission function [34] of a double-slit arrangement
can be expressed as

T(x, y) =

{
1 −(a + b) ≤ x ≤ −a and a ≤ x ≤ (a + b)
0 otherwise.

(2)

Here, a double-slit is in a xy plane being parallel to the y direc-
tion with slit-width b and slit-separation 2a + b. The V-point
singularity in the VVB is positioned midway between the two
slits. The far-field pattern at the back focal plane of a lens with
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focal length f can be given as [34]

|F(u, v)〉 = A′

iλ f

∫ ∞

−∞

∫ ∞

−∞
T(x, y)

∣∣∣ψVVB
η

〉
e−i 2π

λ f (ux+vy)dxdy, (3)

where (u, v) are the coordinates at the Fourier plane, A′ is a
constant and λ being the wavelength of light. The interfer-
ence patterns of orthogonal polarization components are ob-
tained separately. To analyze polarization distribution, S12 com-
plex Stokes field distribution, S12(x, y) = S1(x, y) + iS2(x, y)
constructed from the Stokes parameters [13, 14, 35] can be
used. Under circular decomposition, Stokes phase distribution
(φ12 = Arg(S1 + iS2)) represents polarization azimuth (γ) dis-
tribution and the singularities present in it are the polarization
singularities. The charge of S12 Stokes vortex is termed as Stokes
index, σ12 = 2η. The schematic of the experimental set up is
presented in Fig. 1. Various input beams are synthesized from
a collimated coherent laser beam (diameter = 4 mm) using the
arithmetic of q-plates [36] with elements such as polarizers, half-
wave plates and q-plates. The polarization characteristics of the
fields are obtained using a Stokes camera.

Experimentally obtained polarization distributions and
Stokes phases of the input beams (having η = ±1, ±2, ±3 i.e.,
σ12 = ±2, ±4, ±6) are shown in Fig. 2. The VVBs with a
generic V-point singularity have SOP distributions in the form
of radial, antiradial, azimuthal, antiazimuthal patterns and for
the VVBs with higher- index +η (−η) appear in the form of
a ’flower’ (‘web’) containing 2(η-1) petals (2(η+1) hyperbolic
sectors) [11, 14]. Figure 3 shows simulated Stokes phase distri-
butions and the resultant intensity profiles of double-slit interfer-
ence of VVBs with |η| = 1, 2 and 3. The number of intensity nulls
encountered along the y-axis of interference pattern depicted
the PH-index (|η|) of the input VVB. It can be seen that generic
(unit-index) V-point VVBs on passing through double-slit form a
one dimensional rectilinear lattices of polarization vortices. The
Stokes phase contours converge at various locations indicate the
presence of V-point singularities in the rectilinear lattice. The
polarization pattern in the neighbourhood of this lattice of po-
larization singularities is identical to that of the input beam. On

Fig. 4. Theoretical (top row) and experimental (bottom row)
double-slit interference patterns of VVB’s having |η| = 1, 2,
and 3. The interference pattern corresponding to the orthogo-
nal Cartesian components are presented as inset.

Fig. 5. Polarization morphology of the double-slit interference
patterns of the VVB’s having |η| = 1, 2, and 3. The top and
bottom rows are theoretical and experimental polarization
distributions respectively. The insets contain the respective
Stokes phase distribution.

the other hand, for higher-index input VVBs, the far-field polar-
ization pattern contains the unit index V-point singularities of
both the polarities (represented by magenta/cyan (negative) and
red/blue (positive) dots). It can be concluded from Fig. 3 that by
noting the polarization distribution of the nodal points one can
predict the PH-index (and polarization distribution) of the input
VVB. The polarization distribution in the neighbourhood of the
nodes (solid-dots) are shown in the inset for easy identification.
Note that the stringent conditions to form V-point singularities
are locally met at every neighbourhood of lattice points in the
focal plane, where the interference pattern is observed. The
resultant polarization lattices follow the sign rule such that the
adjacent V-point singularities falling on the closed contour hold
opposite polarity and the total index in a unit cell of the lattice
is zero [13]. Lattices formed by multiple beam interference are
found to obey the sign rule [37].
In the experiment, the VVBs generated at q-plate plane are
passed through a double-slit having slit-width b = 0.15 mm and
slit-separation 2a + b = 1 mm. A lens ( f = 30 cm) placed after
the aperture produces the far-field pattern at the focal plane. The-
oretically, the pattern is computed using the angular spectrum
method [34] in a 2 f system. Next, in Fig. 4, the component-wise
and total intensity distributions of the double-slit interference of
various index VVB’s have been presented. A good agreement
between the theory and experiment can be appreciated from
here. The chessboard pattern formed in the central region at the
far-field plane is due to the fast gradient of the Stokes phase at
the double-slit plane. It is again pointed out that the number of
intensity nulls along the y-axis in the interference distribution
is equal to the magnitude of the PH-index (|η|) of the incident
beam. The component-wise intensity distributions may vary
based on the polarization distribution around the singularity.
Therefore, the orthogonal component’s intensity distributions
(inset of Fig. 4) can be used to determine the polarization distri-
bution and the index of the input VVB. In Fig. 5, the theoretical
and experimental far-field polarization distribution of type II-
VVB of index -1, -2 and -3 after passing through the double-slit
have been plotted. The solid dots depict the location and type
(colour) of the generic V-point singularity. Notably, the forma-
tion of polarization lattices reported here is strictly governed by
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Fig. 6. Stokes phase Gradient (∆φ12|A − ∆φ12|B) between two
slits taken as a function of y. Subplots in left and right are the
SOP distributions plotted over Stokes phase across the double-
slit for VVBs having η = +1 and η = −3 respectively.

the plane of observation and the slit parameters. The periodic in-
tensity variation (or polarization lattices) obtained in the far-field
is governed by the Stokes phase gradient along y direction of
the two-slits at the double-slit plane. The azimuth variations (or
the Stokes phase distributions) across the two slits are depicted
in Fig. 6. The Stokes phase gradient are running anti-parallel
along the length of the slit (i.e., ∇φ12|A < 0 and ∇φ12|B > 0).
So, the gradient of the difference between the Stokes phases
(∆φ12|A − ∆φ12|B) of two-slits changes rapidly near the center
(see graph in Fig. 6). Further, the extent of rapid variation in-
creases with increasing PH-index of the input VVB. This results
in more overlap of the component interference pattern around
the central region. Hence, the number of intensity nulls in the
far-field pattern along the y-direction increases for higher-index
VVBs. The distribution along the horizontal direction (x-axis) is
majorly governed by the slit-separation and mildly affected by
the ∇φ12.
In conclusion, we have investigated theoretically and experi-
mentally morphological changes encountered during double-slit
interference of VVBs. It is interesting to find the formation of
polarization lattice when a VVB is passed through a double-slit
aperture. Unit-index VVBs yield rectilinear lattice containing
alike polarization vortices. On the contrary, when a higher-index
VVB is passed through a double-slit, the output polarization lat-
tice entails unit-index V-point singularity of both the polarities.
The polarization characteristics of the nodes are governed by
the polarization distribution of the input VVB that is diffracted
through the double-slit aperture. This feature of the resultant
polarization lattice can be readily used to detect the magnitude
and polarity of the Poincaré-Hopf index of the input beam.
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