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The fast and convenient demultiplex of optical vortex (OV) mode is crucial for its further application. We propose a
novel approach that combines classic Young’s doublet with an OV source to effectively identify the OV mode through the
analysis of interference patterns. The interference patterns of the OV source incident on the double slits can be perfectly
illustrated by using both the classical double-slit interference method and the Huygens—Fresnel principle. The interference
fringes will twist along the negative or positive direction of x axis when topological charge (TC) / > 0 or / < 0, and the degree
of the movement varies with the TC, allowing for a quantitative display of the OV characteristics through the interference
patterns. Additionally, we deduce analytically that the zeroth-order interference fringe has a linear relationship with the TC
and the vertical position. These findings highlight the ability to identify the OV mode by analyzing the interference patterns

produced by Young’s doublet.

Keywords: Young’s double slit, vortex source, inteference patterns
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1. Introduction

Young’s double-slit experiment is one of the most clas-
sic and elegant experiments in physics.!!l This experiment
serves as compelling evidence for the wave nature of light,
electlrons,l2J and molecules,?! etc.  The chiral versions
of Young’s double slit/*! and Young’s double slit in time
domainl! have been proposed with the development of re-
search. These adaptations have expanded our understanding of
the phenomenon. Vortices widely exist in nature, such as the
tropical cyclone and tornado. In the field of optics, optical vor-
tices (OVs) with helical wavefronts can carry optical angular
momentums (OAMs), which can be characterized by the phase
expression exp(i/@), where ¢ is the azimuthal angle and [/ is
the topological charge (TC).[®! Owing to the nonorthogonality
and infinite number of eigenstates in the Hilbert space,!”l OVs
exhibit vast potential for applications in communication!®!
and information encoding.!'”! The identification of the OV
mode holds great importance in these applications. To ad-
dress this, various interferometric devices!!'=13! and diffrac-

14,151 have been

tive devices with different apertures shapes!
proposed. Notably, it is well known that Young’s interference
pattern in the far field emerges as a result of two contributing
factors: the source coherence and the optical path difference
between the observation point in screen and the double slit,
thus the double-slit interference patterns can provide a quan-
titative means of visualizing and determining the OV source

mode.
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It has been reported that the double-slit interference pat-
terns with traditional OAM-carrying waves exhibits distinc-
tive twist to a certain direction that corresponds to the varia-
tion of the TC.!'%!7] This phenomenon deviates from the con-
ventional flat fringes. Besides the interaction of Laguerre—
Gaussian beam with Young’s double slit, the phenomenon
of radially polarized vortex beams, '8! partially coherent vor-
tex beam,[!”! and a relativistic vortex laser(??! incident on the
Young’s double slit have been studied, and the interference
patterns will exhibit a tilted nature. However, an OV source
incident on the doublet still remains to be thoroughly investi-
gated. The OV source can be regarded as possessing intrinsic
OAM which is related to the spiral phase.>!??! The generation
of OVs has been reported, furthermore, OVs may avoid cer-
tain challenges commonly encountered by traditional OAM-
carrying waves, such as the beam divergence with the increase
of the transmission distance.>>*! When an OV source inci-
dent on the doublet, it induces a phase difference at the two
slits, which will lead to the twist of the interference fringes.

In this paper, we explain this phenomenon using both the
classical double-slit interference method and the Huygens—

e.[>! By considering these perspectives, we

Fresnel principl
aim to shed light on the underlying mechanisms behind the
observed twist in the interference patterns. For the classical
double-slit interference method, the interference fringes can
be derived by considering the optical path difference and the

initial phase difference at the two slits. On the other hand,
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in Huygens—Fresnel principle, the interference process can be
interpreted as the superposition of two point sources located
at the two slits with different phases. Remarkably, these two
methods are consistent with each other. Moreover, by employ-
ing analytical deductions, we can establish a relationship be-
tween the position x corresponding to the maximum intensity
and the TC. Particularly, through a rigorous equation derived
from the classical double-slit interference method, we discover
a linear correlation between the TC and position of the zeroth-
order interference fringes. These phenomena are helpful for
the demultiplex of the vortex mode via an extremely simple

Young’s doublet structure.

2. Theory

To begin with, the interference patterns on the screen
when the OV source interacts with the double slit can be ef-
fectively demonstrated using the classical double-slit interfer-
ence method. As shown in Fig. 1(a), the double slit located at
S1 and S, can be regarded as two new point sources when the
OV source with TC = [ incident on the double slit. The OV

source has the basic forms as follows:
Higs = H" (ko - r)exp(ilg), ()

where Hl(l) is the first kind Hankel function, kg is the vacuum
wavevector, ¢ is the azimuthal angle, and / is the TC. The OV
source with helical wavefront will introduce a phase difference
in the double slits, thus the interference patterns on the screen
are composed of both the optical path length and the influence
of the OV source. The intensity of the interference fringes will

be given by considering the two parts: [>]
. mxa 5 Ao
sine” (= cos™ (> +—); 2)

where a is the slit width chosen to be 0.018 m. The first term
accounts for the diffraction of the two slits, each slit generates
diffracted waves. The second term describes the interference
process that arises when the diffracted waves from the two slits
overlap and interact with each other. The optical path length
difference 6 between ry and r is

2xd
\/D2 +(x—9)2 4 \/D2+ (x+4)?

and the OV source phase difference A between S; and S is

& = kon ; 3)

Ap =1 [2 arctan (21)} . (4)

Here, n is the refractive index of the background (n = 1 for
air), d is the length of the two slits, D is the distance between
the screen and the double slits, and b is the length between the
source and the double slits. The distance between the double

slits and the screen is sufficiently large to allow for the obser-
vation of the far-field interference fringes on the screen. More-
over, the interference patterns can be analytically obtained by
employing the Huygens—Fresnel principle. This approach con-
siders two sources placed at the slits with different phases as
represented in Eq. (4). By utilizing this theoretical framework,
we can effectively capture and understand the formation of the
interference patterns in a quantitative manner. Figures 1(b)—
1(d) show the two methods to obtain the interference patterns
for [ = —6, 0, 6, respectively. The two methods employed
to derive the intensity interference fringes are consistent with
each other. As shown in Fig. 1(c), the interference patterns are
symmetric with respect to the line x = 0 when [ = 0, which is
due to the identical phase distribution at the two slits. How-
ever, this symmetric distribution will be broken when / = —6,
6 as depicted in Figs. 1(b) and 1(d). This is attributed to the
presence of the OV source, which introduces a distinct phase
distribution at the doublet and breaks the inherent symmetry of
the system. Consequently, the resulting interference patterns

exhibit an asymmetrical distribution.

= Huygens—Fresnel principle
o Inteference l =0

()

Screen

(b)

D

Intensity
(arb. units)
(=]
wt

Double I
slit b{

o p 2\
—32X —16A 0 16X 32X

z
lz:O

—
(¢]
-~
—
[N
Ry

Intensity
(arb. units)
Intensity
(arb. units)

A 2\ 0 Y. 3
—032)\ —16A 0 16X 32X —32X —16A 0 16X 32X
x T

Fig. 1. The interaction of double slit with optical vortex (OV) source.
(a) Schematic diagram of the double-slit interference with OV source,
here A =0.25m, d =4A, b =64, and D = 15A. (b)—(d) The normal-
ized interference intensity at the screen with the OV source for [ = —6,
0, 6 respectively. The red solid lines are acquired through the Huygens—
Fresnel principle, and the black dotted lines correspond to the classical
double-slit interference method.

The interference fringes derived from the classical
double-slit interference method is a classical and intuitive
way. To better study the variation of the interference pat-
terns with different TCs, we show the full interference pat-
terns analytically according to the Huygens—Fresnel principle
in Figs. 2(a)-2(c) for [ = —6, 0, 6 respectively. Here the pa-
rameters are the same as those in Fig. 1. As shown in Fig. 2(b),
the interference pattern is symmetrical with x position for
[ = 0, while the interference patterns will twist to different
directions for [ = —6, 6 as shown in Figs. 2(a) and 2(c). To
quantitively observe the deviation of the interference fringes,
the normalized analytical and numerical intensity patterns at
the screen are also shown in Figs. 2(d)-2(f). Here the blue
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lines in Figs. 2(d)-2(f) are the numerical results acquired from
the simulation. We perform the simulations through com-
mercial software COMSOL MULTIPHYSICS and the trans-
verse magnetic (TM) mode (E,, Ey, H,) is considered. Mean-
while, we use the Huygens—Fresnel principle to get the ana-
lytical results represented by the dotted red lines. Note that
the polarization mode will not influence the far-field interfer-
ence patterns and the slit thickness will only affect the inten-
sity of the fringes rather than the positions of the interference
fringes.[?! For simplicity, we consider the double slits com-
posed of perfect electric conductor (PEC). Here the analyti-
cal and numerical interference fringes are consistent with each
other, in which the x position of the maximum intensity is ob-
viously unchanged.

The corresponding fast Fourier transforms (FFTs) shown
in Figs. 2(g)-2(i) also exhibit the characteristics of the inter-
ference patterns for different TCs vividly. The isotropic and
continuous FFT dispersions in air will become discrete due to
the interference of the two sources at the double slits as shown
in Fig. 2(g) for [ = 0, while the FFT dispersions for / = —6 and
I = 6 will separately twist to the right and left side as shown
in Figs. 2(g) and 2(i). Thus, the interference fringes of the
OV source passing through the double slit have the potential
to distinguish different modes of vortex source. Moreover, the
simplicity of the structure required to achieve this distinction
is noteworthy. The double slit configuration is straightforward
and can be easily fabricated, making it an attractive and acces-
sible option for studying and analyzing OV.
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Fig. 2. Double-slit interference patterns with OV. (a)—(c) Analytical field patterns obtained through the Huygens—Fresnel principle
for the OV source with [ = —6, 0, 6 respectively. (d)—(f) the numerical/analytical normalized interference intensity at the screen for
[ = —6, 0, 6 respectively. (g)—(i) The FFT patterns for (a)—(c), respectively.

3. Results and discussion

To quantitively study the interference patterns with the
variation of / and x, the absolute value of the field at the screen
is extracted as shown in Fig. 3. For Young’s double slit con-
figurations, the length d between the slits S and S, will have

greater impact on the interference patterns among the geomet-

d=2\ d=
(a) (b)
12 ‘
~ 0
—12
—30A 0 30X —30X 0
xT X

A

rical parameters in Fig. 1(a). As shown in Figs. 3(a) and 3(b),
the number of bright fringes will increase when d becomes
larger, which is due to the spacing of interference fringes that
becomes smaller. In Fig. 3, it can be observed that all the
bright fringes will move towards the negative direction with
the increase of TC, which shows the potential to identify the
OV mode through interference patterns.

d=6\ ‘
\ Mi"
§ 30

|H]
301 —30X 0
x

(c)

0

Fig. 3. Shifting of the analytical interference fringes obtained through the Huygens—Fresnel principle on the screen with the different

lengths of the slit: (a) d =24, (b) d =4A, and (c) d = 6A.
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To further characterize the OV mode, here we aim to de-
rive the relationship between TC and x for the bright fringes.
Surprisingly, this relationship can be derived by the aid of
classical double-slit interference method. The bright fringes
correspond to the constructive interference, which requires
g + ATQ) = 2A; 7, thus the relationship between the TC and x
can be written as

X = —}L(Cgl—ZHAl)

VHer— a2+ 42D (e3lmA AT }+
X .

VR (-3 HAGAAUE 16322 mA, + 1627247
(5)

Here Ay =0.5N (N € Z'),c; =27rd,cy =D?, ¢c3 = arctan(f—h).
As shown in Fig. 4(a), the black and red circles represent the
expression given by Eq. (5), which is consistent with the max-
imum intensity of the bright fringes. Particularly, the red cir-
cles correspond to the A; = 0, which can be regarded as the
zeroth-order interference fringes. When A; =0, Eq. (5) can be
simplified, by leveraging the Taylor expansion arctan( zd—b) ~ %
since b is larger than d, to

AL~ B 4 a2 m2(d? +4D?)
4b7r\/d4 (—% +47r2)

Note that the superoscillations radius of OV source is r = [ /kg

(6)

X =

according to Berry’s theory,!*’! thus b should be set to be
larger than the wavelength to effectively test the value of TC.
Since D is also larger than d, and b should be set to be larger
than the wavelength, a simple linear relationship can be de-
rived as follows:

x=—I B @)

2br

Next, we aim to prove the accuracy of the simplified Eq. (7).
In Figs. 4(b)—4(d), the relationship between x and other param-
eters are plotted using Eq. (5) (black dotted lines) and Eq. (7)
(red dotted lines). Firstly, as shown in Fig. 4(b), clearly the two
results are consistent with each other, which proves the accu-
racy of Eq. (7). The coefficient of linear relation in Eq. (7)
is related to D and b when the wavelength and TC are fixed.
It can be predicted from Eq. (7) that x has an inverse propor-
tional relationship with b while varies proportionally with D.
As shown in Fig. 4(c), the deviation x has an inverse propor-
tional relationship with b when [ = —6. The linear relationship
between the x and D is shown in Fig. 4(d). Figures 4(c) and
4(d) both show the consistency between the simplified Eq. (7)
and the original solutions manifested by Eq. (5). Above all, the
zeroth-order bright interference fringes has a strict linear rela-
tionship with TC, which can be applied to distinguish different
OV modes through simple Young’s double slits.

-@-Eq. (5)
-0-Eq. (7)

-15-10 =5 0 5 10 15
l

(d)
—1.6A
—1.2X —2X
8 —1.6A 8] —2.4X\
—2X —2.8\
—2.4X —3.2)

6X  8X 10X 12X 14X 16X 10X 12X 14X 16X 18X 20X
b D

Fig. 4. The linear relationship of the zeroth-order interference field be-
tween the TC and the position x. (a) The field patterns for different x and
1, the black and red circle is the analytical solution of Eq. (5). (b) The
analytical results of the linear relationship with topological charge / and
the position x manifested by Egs. (5) and (7). (c) The analytical results
of the inverse proportional relationship with b and the position x for
| = —6. (d) The analytical results of the relationship with D and the
position x for / = —6.

4. Conclusion and perspectives

In summary, we have investigated the interference pat-
terns of OV source passing through the double slit. We employ
the classical double-slit interference method that uses phase
difference of optical paths to investigate the interference pat-
terns. Additionally, we also utilize the analytical method based
on the Huygens—Fresnel principle to obtain the interference
patterns. This analytical method provides a complementary
perspective to the classical double-slit interference method.
To further verify the accuracy of the two methods, numeri-
cal simulation is also performed. Indeed, all three approaches
yield consistent results for the interference patterns, provid-
ing a coherent and unified understanding of the interference
phenomenon. The bright interference fringes will be antisym-
metric since the different TC will introduce initial phase dif-
ference at the two slits. A simple linear relationship at the
far-field screen between x and TC can be derived from the
classical double-slit interference method, which can be used
to quantitively measure the TC of the OV source. Meanwhile,
the findings in this study will expand the understanding about
the OV and Young’s doublet. Above all, our results provide a
simple configuration to measure the mode of the OV source,
which will have potential applications in the future on-chip op-
tical communications and optical detection. In addition, it may
also be possible to extend the concept to acoustic waves />8]
and surface water waves!?”! in future.
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