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Abstract: Twisted light carrying orbital angular momentum inherently possesses a handedness,
which would produce chiroptical responses by chiral matter. In this work, a scheme of vortical
differential scattering (VDS) was utilized to investigate the chiroptical responses of dielectric chiral
particles to the twisted light. The simulation results showed that the dielectric chiral particles have
obvious VDS signals under the illumination of twisted light with opposite topological charges. The
larger the relative chiral parameter of the particles, the more obvious the VDS signals. The extreme
value of the VDS signals can be enhanced by reducing the waist radius of the twisted light or by
adopting the circularly polarized twisted light. In addition, non-spherical dielectric chiral particles
exhibit more obvious VDS signals compared with spherical ones. These findings are expected to find
potential applications in the detection and identification of chiral substances.
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1. Introduction

Chirality, which refers to structures with broken mirror symmetry, arises universally
across many different fields [1]. In optics, light with circular polarization has chirality
originating from the helical front structure that the electromagnetic field vectors trace
out in space when propagating [2]. Each photon of the circularly polarized light carries
+h spin angular momentum (SAM), with “+” denoting the left-circular polarization (L-
CP) and right-circular polarization (R-CP), respectively, and # being the reduced Planck
constant. Light carrying orbital angular momentum (OAM), often referred to as twisted
light, also has chirality originating from the helical phase structure [3-9]. Each photon of
the twisted light carries & |¢|h. OAM, where / is the topological charge and “+"” designates
the handedness of the twisted wave front, twisting either to the right or to the left. It has
been well recognized that the responses of chiral materials to the light with L-CP and R-CP
are different. Such differential responses are well known as the circular dichroism (CD),
which has been widely adopted in biology, chemistry, and material science [10]. Recent
studies also have shown that chiral materials might respond differently to the handedness
of the twisted light carrying OAM [2-8,10-15]. The vortex dichroism (VD) [13], also known
as helical dichroism (HD) [14], as well as the circular-vortex dichroism (CVD) [5], vortical
differential scattering (VDS) [10], and circular-VDS (CVDS) [2,6] have been introduced to
characterize the differential responses of chiral materials to the twisted light with opposite
topological charges. Traditionally, chiral materials can be divided into two categories:
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structural chiral materials and dielectric chiral materials. The chirality of the former is
introduced by chiral units whose size is comparable to or larger than the wavelength of
interest, while the size of units for the latter is much smaller than the wavelength [16]. Ni
etal. theoretically proposed a VDS scheme and experimentally demonstrated that a gigantic
VDS of ~120% can be achieved on multiscale particles with chiral structures illuminated by
OAM beams [10]. A question naturally arises: do the dielectric chiral particles also have
obvious VDS signals to the twisted light carrying OAM? In this paper, we addressed this
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question by simulating the VDS of various dielectric chiral particles under the illumination
of twisted light with Laguerre-Gaussian (LG) mode [17].

The remainder of the paper is organized as follows. In Section 2, we briefly give a
description of the theoretical formulae for the problem considered. Section 3 demonstrates
the numerical results of this work. Finally, Section 4 concludes the paper.

2. Theoretical Formulae

The LG beams, a typical twisted light, are characterized by two mode numbers,
denoted as p and ¢, respectively, called the radial and azimuthal indices. Here, ¢ is the
topological charge as mentioned above. For the simplest form of the LG twisted light with
p = 0, its angular spectrum amplitude takes the form [18]

wj (12 +K3)

- wa \ ! w2
E(ky, ky) = (\/%) [—iky + sign({)k, | W4—0 exp [(4 (1)

where sign (/) is the sign function, wy is the waist radius of the LG twisted light at z = 0, ky
and k; are the transverse components of the wave vector k.

Under the paraxial approximation, the vector angular spectrum of the LG twisted
light can be written as [19]

E(kx ky) = ax+ﬁy—f<wk +/%k)] (kx, ky) v

1k x E(ky, ky)
z k
where k =2 /Agand Z = \/m are the wave number and impedance in free space, re-
spectively, with Ay being the wavelength of the LG twisted light, « and f are the polarization
parameters that satisfy the relation |a|* + |B|*

By employing the two-dimensional Fourier transform, the electric and magnetic field

vectors of the incident LG twisted light under the paraxial approximation can be expressed
as [19]

H(ky, ky) = ®)
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According to Equations (2) and (3), we can rewrite Equation (4) in the form
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Substituting Equation (1) into Equation (7), and performing the integrations, we obtain
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It is assumed that an LG twisted light is incident on a homogeneous dielectric chi-
ral particle characterized by the relative permittivity, permeability, and chiral parameter
(&r, pr, ), as illustrated in Figure la. Such a problem can be solved by employing the
method of moments (MoM), based on surface integral equations (SIEs) proposed in [20,21].
Specifically, by introducing equivalent electric and magnetic currents (J, M) on the surface
S of the particle, as shown in Figure 1b, and applying the equivalence principle to the fields
outside and inside the particle, we can obtain a set of SIEs, as follows.

‘ZOLO(J) —Ko(M) +3Z4L; (J - %M> — 3K (M +iZJ)

. . 11
+lz L (J + %M) — 1K (M —iZJ) = —E" (h

tan

Ko(1) + Lo(M) + 3K+ (§ = M) + 3 7L+ (M +i2))

‘ . 12
+3K-(J+ 5M) + 3L (M —iZ)) = —H" 12)

tan

where the definitions of the integral operators Ly, Ky, L+, and K+ can be found in [20],

Z = \/Urpo/€r€0, Zx = \/p+ /€ withex = g,e0(1 £ 1) and p+ = prpo(1 £ xr).

(a) (b)

Figure 1. (a) [llustration of a homogeneous dielectric chiral particle illuminated by a twisted light. (b)
Schematic of equivalent electric and magnetic currents.

Then, by following the procedure of the well-known MoM [22] based on the Rao,
Wilton, and Glisson (RWG) vector basis functions [23], a complete matrix equation system
is obtained. After solving this matrix equation, the equivalent sources (J, M) on the surface
of the particle can be known. Next, we can calculate the scattered field Ef,‘;”r in the far-zone

according to the following formula:

—lkor

B = —zko jj Z0(60 + bd) -J(r) — (8

-e->

— $0) -M(¥)]efkTas’  (13)

in which k = sin 8 cos ¢x + sin 8 sin ¢y + cos 02, with 8 and ¢ being the scattering angle
and the azimuth angle, respectively.

3. Numerical Results and Discussion

Several numerical simulation results are presented and discussed below. The results
are categorized in terms of differential scattering cross section (DSCS) and VDS. The DSCS
was defined as )
sca

'far

inc
’EZ:O

o = lim47r?
r—o0

(14)
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and the VDS was defined by a dissymmetry factor as [10]

Lojg—1
VDS = — 4 =l 5 100% (15)
(I_’_w + I_m) /2
2 2
where [ = ‘Ejf;’r ny and I_, = Ejfu”r By are the scattering intensities under the

illumination of twisted light with topological charges +|¢| and —|¢|, respectively. In the
simulations, the coordinate system of the LG twisted light was coincident with that of
the particle. If not otherwise specified, the relative permittivity and permeability of the
dielectric chiral particles were chosen as (¢;,;) = (4.0,1.0) and the parameters of the LG
twisted light were set as: A = 632.8 nm and («,5) = (1,0), i.e., x-linear polarization (x-LP).
For the sake of simplicity, we only calculated the VDS spectra when the topological charge
was even. In addition, for the results of the DSCS, we chose the plane with ¢ = 0° as the
observation plane, and we calculated the backscattered fields for the results of the VDS.
Since the validity of the proposed method for analyzing the scattering of LG vortex beams
by arbitrarily shaped dielectric chiral particles was demonstrated in our previous work [21],
we directly present the numerical results of this work here.

To start, we numerically calculated the DSCSs of a dielectric chiral sphere under the
illumination of linearly polarized twisted light with opposite topological charges. The
radius and relative chiral parameter of the sphere were 2 = 1.0A¢ and x, = 0.5, respectively,
and the waist radius of the incident LG twisted light was wy = 1.0A¢. Figure 2a shows the
angular distributions of the DSCSs for a dielectric chiral sphere illuminated by LG twisted
light with opposite topological charges £ = 2. As can be seen, the DSCS for the case of
{= +2 was obviously different from the situation of £ = —2, especially in backscattering. It
raises the question of whether such a difference is related to the value of topological charge.
To answer this question, we calculated the DSCSs of the aforementioned chiral sphere at
scattering angle 6 = 180° illuminated by LG twisted light with topological charge |¢| from
0 to 20, as shown in Figure 2b, where the results were smoothed. Again, we observed
an obvious difference between the DSCSs for the cases of +¢ and —/. It was observed
that the difference varied with the topological charge. These results demonstrate that the
responses of dielectric chiral particles to the twisted light with opposite topological charges
are different. As mentioned earlier, such differential responses can be characterized by

using the VDS.
10
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(a) (b)

Figure 2. (a) Angular distributions of the DSCSs for a dielectric chiral sphere illuminated by LG
twisted light with opposite topological charges ¢ = £2. (b) DSCSs at scattering angle 6 = 180° for a
dielectric chiral sphere illuminated by LG twisted light with topological charge || from 0 to 20.
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Regarding the VDS spectra of dielectric chiral particles under the illumination of LG
twisted light, we focused on the effects of the relative chiral parameter, size, and shape of
the particle, as well as the beam waist and polarization state of the incident twisted light on
the VDS spectra. Figure 3 shows the VDS spectra of dielectric chiral spheres with different
relative chiral parameters. The radius of the spheres was a = 1.0A¢ and the waist radius of
the incident LG twisted light was wg = 2.0A¢. The intrinsic chiral asymmetry of the particle
was found to have a significant influence on the VDS spectra. For all three cases considered,
the VDS spectra exhibited an obvious valley at |¢| = 2. Moreover, with the increase in the
relative chiral parameter, the valley value decreased, i.e., its absolute value increased. Note
that the greater the absolute value, the more obvious the VDS signal.

x,=0.3
x,=0.6
x,=0.9
750 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
Topological charge |£]

Figure 3. VDS spectra of dielectric chiral spheres with different relative chiral parameters.

Figure 4 shows the VDS spectra of dielectric chiral spheres with different radii for a
given incident LG twisted light. The relative chiral parameter of the spheres was assumed
to be x, = 0.9 and the waist radius of the incident LG twisted light was set as wp = 1.0A¢. It
can be observed that when the radius of the sphere was just equal to the waist radius of the
LG twisted light, i.e., a = wy = 1.0A¢, the VDS signal was much less than that of other cases
and the VDS spectrum did not exhibit an obvious peak or valley. When a = 0.5A¢(< wy),
the VDS spectrum exhibited an obvious valley at |¢| = 2. Whereas when a = 1.5A¢(> wy),
the VDS spectrum exhibited an obvious peak at |¢| = 18 and the maximum VDS value of
~ 140% was obtained. The above results indicate that the relationship between the size
of the particle and the waist radius of the twisted light has a significant influence on the
VDS. To verify this conclusion, we further examined the VDS of a dielectric chiral sphere
induced by an LG twisted light with different waist radii, as exhibited in Figure 5. The
radius and the relative chiral parameter of the sphere were set as a = 1.0Ag and x, = 0.9,
respectively. We found that the VDS spectrum exhibited an obvious peak at |¢| = 12 when
wo = 0.5A¢(< a), whereas it exhibited an obvious valley at |¢| = 2 when wy = 1.5A¢(> a).
The above results indicate that the VDS signal can be enhanced by reducing the waist
radius of the incident LG twisted light.

As mentioned earlier, circularly polarized light has chirality, and linearly polarized
twisted light carrying OAM also has chirality. Another interesting question in this paper
arose: how was the VDS affected by the polarization state of the twisted light? Figure 6
shows the VDS of a dielectric chiral sphere illuminated by an LG twisted light with different
polarization states, where x-LP, L-CP, and R-CP corresponded to the LG twisted light with
x-linear polarization, left-circular polarization, and right-circular polarization, respectively.
The radius and the relative chiral parameter of the sphere were 4 = 1.0Ag and x, = 0.9,
respectively, and the waist radius of the incident LG twisted light was wg = 2.0A¢. From
Figure 6, it was found that the state of polarization had a significant effect on the VDS. The
VDS value for the case of linearly polarized twisted light was less than that for the cases
of circularly polarized twisted light, indicating that circularly polarized twisted light can
enhance the VDS signal. A further observation we made was that the VDS spectra for the
cases of twisted light with x-LP and R-CP exhibited a valley, whereas the VDS spectrum
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exhibited a peak for the case of twisted light with L-CP. In addition, the absolute value
of the peak signal for twisted light with L-CP was less than that of the valley signal for
twisted light with R-CP.

150

a=0.54,
a=1.04,
a=1.54,

0 2 4 6 8 10 12 14 16 18 20
Topological charge |£]

Figure 4. VDS spectra of dielectric chiral spheres with different radii for a given incident LG twisted
light with waist radius wy = 1.0Ay.

130

750 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Topological charge |£]

Figure 5. VDS spectra of a dielectric chiral sphere induced by an LG twisted light with different waist

radii.

—100

~120 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Topological charge |£]

Figure 6. VDS spectra of a dielectric chiral sphere induced by LG twisted light with different

polarization states.

Finally, Figure 7 depicts the comparison of the VDS spectra from dielectric chiral
sphere, spheroid, and cylinder under the illumination of a twisted light with wy = 2.0A,.



Photonics 2023, 10, 237

7 of 8

The radii of the sphere and cylinder as well as the semi-minor axis of the spheroid were
assumed to be the same and were set as 1.0Ag. The semi-major axis of the spheroid was
2.0Ap and the height of cylinder was 4.0A¢. The relative chiral parameter of all these three
particles was chosen as x, = 0.9. It can be seen from Figure 7 that the VDS spectra of
these three types of particles with the same projection area perpendicular to the beam
propagation direction exhibited an obvious valley at |[¢| = 2. Notably, non-spherical
dielectric chiral particles had a more obvious VDS signal. Moreover, the extreme value of
the VDS signal for the spheroid was larger than that for the cylinder.

~70 | sphere
spheroid
90 - cylinder

7"0 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Topological charge ||

Figure 7. Comparison of the VDS spectra from dielectric chiral sphere, spheroid, and cylinder.

4. Conclusions

In conclusion, we investigated numerically the chiroptical responses of dielectric
chiral particles to the LG twisted light with opposite handedness. A scheme of VDS was
introduced to characterize such chiroptical responses. The electric and magnetic field
vectors of the LG twisted light under the paraxial approximation were derived based
on vector angular spectrum representation. The MoM based on SIEs was utilized to
solve the scattering problems involving dielectric chiral particles with arbitrary shapes.
Some numerical simulations were performed and discussed. The results showed that the
responses of dielectric chiral particles to the LG twisted light with opposite topological
charges were different. The VDS spectrum of a dielectric chiral particle induced by twisted
light strongly depends on the relative chiral parameter, size, and shape of the particle,
as well as the beam waist and polarization state of the incident twisted light. Increasing
the relative chiral parameter of the particle caused the VDS signal to become increasingly
clear. The relationship between the size of the chiral particle and the waist radius of the
twisted light had a significant influence on the VDS spectrum, whose extreme value could
be enhanced by reducing the waist radius of the incident LG twisted light. Circularly
polarized twisted light also could enhance the VDS signal. In addition, compared with
spherical chiral particles, non-spherical chiral particles had more obvious VDS signals.
These results are expected to advance our understanding of the interactions between
LG twisted light with chiral matter and benefit the applications of chiral detection and
identification.
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