Influence of polarization on the optical chirality of vortex beams
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ABSTRACT

It is well understood that circularly polarized light possesses optical chirality. This optical chirality can engage with
material chirality, leading to optical activity, the underlying physics of chiroptical spectroscopy. Optical vortex beams with
azimuthal phase possess helical wavefronts that are chiral. Under spatial confinement (e.g. tight focusing), the polarization
state of the input beam and the geometrical wavefront chirality are not independent of one another, and their interplay
significantly influences the optical chirality density of the beam. Here we highlight how the state of input beam
polarization, e.g. linear, elliptical, and circular, influences the optical chirality of vortex beams. We show that the spatial
distributions of the optical chirality density are acutely dependent on the polarization of the input beam, alongside other
characteristics like the topological charge and radial index. Most striking is that even an unpolarized optical vortex beam
possesses non-zero optical chirality density.

Keywords: Optical chirality, optical helicity, chirality, structured light, optical activity, optical vortex, non-paraxial, nano
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1. INTRODUCTION

Chirality is pervasive in life: essentially all biomolecules and drugs are chiral, their biological functions acutely linked to
their handedness. Beyond material chirality, light may also be chiral. The most famous example of chiral light is that which
is circularly polarized: the electromagnetic field vectors trace out a helical structure on propagation. One of the most
prominent methods to study material chirality is using chiral light, in a range of techniques known collectively as
chiroptical spectroscopy 3. Beyond the chirality associated with circularly polarization, light can also possess a chiral

structure if it possesses an azimuthal phase exp(iﬁgzﬁ), where ¢ e 7 is known as the topological charge. This azimuthal

phase leads to helical wavefronts (surfaces of constant phase), the sign of ¢ determines whether the wavefront twists to the
left or the right. Of course, it is this azimuthal phase structured which is responsible for the optical orbital angular
momentum (OAM) of optical vortex beams, such as Laguerre-Gaussian and Bessel modes. Applications of optical vortex
beams have been widespread but utilizing its wavefront chirality has only recently seen research activity, in particular since
2018. The reader is referred to reference # for a recent topical review.

The most recent and exciting developments include experiments exploiting this vortex chirality include x-ray vortex
dichroism in chiral organometallic complexes ®, vortex Raman optical activity of chiral molecular fluids &7; and nonlinear
vortex dichroism in chiral molecules as small as limonene and fenchone 8. Another remarkable result recently discovered
is that an optical vortex possesses a non-zero optical chirality even if the input beam is unpolarized *°, that is, chiral light-
matter interactions can be achieved with unpolarized light. Building on this result, in this work we study how the optical
chirality density of tightly-focused Laguerre-Gauss an and Bessel vortex beams are influenced by the input state of
polarization.
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2. LAGUERRE-GAUSSIAN MODE

The cycle-averaged optical chirality density C for monochromatic fields is given by the formulalt*2
C=-—Im[E"-B], (1)

where o is the angular frequency of the optical field and * denotes the complex conjugate. By inserting the appropriate

electric E and magnetic fields B, the optical chirality density (1) gives some idea of how chiral the electromagnetic field
is. For a plane wave, the optical chirality is zero for linearly polarized or unpolarized light; it is non-zero for elliptically
polarized light, and maximum for circularly polarized light C = olwc?, o =+1is the helicity (upper sign denotes left-
handed light; lower sign right-handed light). The chirality of optical vortex beams, such as Laguerre-Gaussian and Bessel,
have seen a recent surge in interest due to the fact they possess non-zero optical chirality (1) even when they possess no
degree of ellipticity, i.e. they are linearly polarized or unpolarized. For more details the reader is referred to references
91314 It is crucial to point out that when we speak of polarization in this work, we explicitly mean the two-dimensional
(2D) polarization state, i.e., that of the paraxial transverse electromagnetic fields in the far field, and not that of the
polarization of the field around the focal plane, which is described by the three-dimensional (3D) state of polarization due
to the generation of significant longitudinal electromagnetic fields.>-7

The optical chirality density for a Laguerre-Gaussian beam, including the longitudinal fields generated by tight-focusing,
is given by
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I (r,z) is the intensity of the Laguerre-Gaussian mode;  is the angular frequency; o is the x-component and g the

y-component of the corresponding Jones vector for a given polarisation state; k is the wave number; ¢ is the topological
charge; ris the radial coordinate; and
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where R is the wavefront curvature; w is the beam waist; and I_‘;‘ is the Laguerre polynomial with p the radial index. By
varying the values of o and B we can study the influence the input (2D) polarization state of the beam has upon the
optical chirality density of the field in the focal plane.

For the most general Jones vector « =coszcos@—isinnsing and S =—cosznsing—isinncosé, where 6 is the azimuth
of the polarization ellipse, and 7 is the ellipticity. Inserting these into (2) gives
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A positive (negative) ellipticity in (4) corresponds to right-handed (left-handed) polarization; 7 =+z /4 corresponds to
circularly polarised light; 7 = 0 corresponds to linear polarization; averaging (4) over two orthogonal polarizations gives
the unpolarized result, e.g. 7=7/4 and 7n=-x/4 . Furthermore, (4) does not depend on & which is the azimuth. The

first term in square brackets of (4) is the generally dominant contribution to the optical chirality density, proportional to
the degree of ellipticity. It is this dominant term, which is the contribution present in paraxial, well-collimated laser beams,
directly analogous to the optical chirality density of a plane wave. The second term in square brackets stems purely from
the longitudinal fields, generated by tight focusing, and has no plane wave equivalent due to the strict absence of
longitudinal fields in plane waves. To see how the optical chirality density in the focal plane z =0 varies with changing
the input beam 2D polarization we have plotted (4) for varying degrees of ellipticity » in Figures 1-8.
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Figure 1: Evolution of the optical chirality density of an ¢ =1, p =0 Laguerre-Gaussian beam in the focal plane with varying 2D-
polarization ellipticity 7 . The input polarization progresses from linearly polarized 77 = 0 through varying degrees of ellipticity
—rx/4 <n < /4 until it reaches pure circularly polarisation 7 =+ /4. The top row cycles through right-handed polarization; the

bottom row left-handed polarization. In all plotsw, = 4 .
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Figure 2: Evolution of the optical chirality density of an ¢ =—1, p=0 Laguerre-Gaussian beam in the focal plane with varying 2D-

polarization ellipticity 77 . The input polarization progresses from linearly polarized 77 = 0 through varying degrees of ellipticity

—7/4<n<m/4 until it reaches pure circularly polarisation 77 =+ /4. The top row cycles through right-handed polarization; the

bottom row left-handed polarization. In all plotsw, = 4 .

The figures highlight several interest effects of the optical chirality density of vortex beams and how it depends on the
2D polarization of the input beam. For example:

1)

2)

3)

4)

5)

There is a 2D polarization-independent optical chirality density generated by linearly polarized and unpolarized
optical vortices, even though they possess 77 =0 in the far field.

The sign of this optical chirality density (when 7 =0) is determined solely by sgn ¢ . This allows for chiral

light-matter interactions that are not dependent on the 2D polarization handedness .
When the vortex handedness sgn ¢ is opposite to the polarization handedness sgnz we produce on-axis

chirality densities for |€| =1and a tighter focal spot in general. This is well known behaviour for the energy
density of non-paraxial beams. When the vortex handedness sgn ¢ is the same as the polarization handedness
sgn 77 there is always a null of chirality density at some point.

When 7 = 0 the handedness of the polarization has a much more significant influence on the sign of optical

chirality than the vortex handedness.
For small degrees of ellipticity the optical chirality density produces the spatial distribution of a Gaussian spot
(increasing the ellipticity leads to the rapid formation of a doughnut shape). #

The effects of increasing ¢and p are given in Figures 3-8.
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Figure 3: Evolution of the optical chirality density of an £ =2, p =0 Laguerre-Gaussian beam in the focal plane with varying 2D-

polarization ellipticity 77 . The input polarization progresses from linearly polarized 77 = 0 through varying degrees of ellipticity

—7/4<n<m/4 until it reaches pure circularly polarisation 77 =+ /4. The top row cycles through right-handed polarization; the
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Figure 4: Evolution of the optical chirality density of an ¢ =—2, p =0 Laguerre-Gaussian beam in the focal plane with varying 2D-

polarization ellipticity 77 . The input polarization progresses from linearly polarized 77 = 0 through varying degrees of ellipticity

—r/4 <n < /4 until it reaches pure circularly polarisation 7 =+ /4. The top row cycles through right-handed polarization; the

bottom row left-handed polarization. In all plotsw, = 4 .
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Figure 5: Evolution of the optical chirality density of an ¢ =1, p =1 Laguerre-Gaussian beam in the focal plane with varying 2D-
polarization ellipticity 77 . The input polarization progresses from linearly polarized 77 = 0 through varying degrees of ellipticity
—rx/4 <n < /4 until it reaches pure circularly polarisation 7 =+ /4. The top row cycles through right-handed polarization; the

bottom row left-handed polarization. In all plotsw, = 4 .
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Figure 6: Evolution of the optical chirality density of an ¢ =—1, p =1 Laguerre-Gaussian beam in the focal plane with varying 2D-

polarization ellipticity 77 . The input polarization progresses from linearly polarized 77 = 0 through varying degrees of ellipticity

—7x/4 <n < /4 until it reaches pure circularly polarisation 7 =+ /4. The top row cycles through right-handed polarization; the

bottom row left-handed polarization. In all plotsw, = 4 .
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Figure 7: Evolution of the optical chirality density of an ¢ =2, p =1 Laguerre-Gaussian beam in the focal plane with varying 2D-
polarization ellipticity 77 . The input polarization progresses from linearly polarized 77 = 0 through varying degrees of ellipticity
—7/4<n<m/4 until it reaches pure circularly polarisation 77 =+ /4. The top row cycles through right-handed polarization; the

bottom row left-handed polarization. In all plotsw, = 4 .
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Figure 8: Evolution of the optical chirality density of an ¢ =—2, p =1 Laguerre-Gaussian beam in the focal plane with varying 2D-
polarization ellipticity 77 . The input polarization progresses from linearly polarized 77 = 0 through varying degrees of ellipticity
—r/4 <n < /4 until it reaches pure circularly polarisation 7 =+ /4. The top row cycles through right-handed polarization; the

bottom row left-handed polarization. In all plotsw, = 4 .



3. BESSEL MODE

The optical chirality density for a Bessel beam is given by**

2

= o, |k, . v, (K vt 12 e v i a) a2
Caz—glm{f(aﬂ ~a'B)J] +(4kkzj({—|ﬁ +a Hia-pYI}, +{ia+ BH{-if -« }JM)}. (5)

Once again, by utilizing the most general Jones vector components we produce the following form of the optical chirality
density of a Bessel beam

2
C, = _L_?{k—kz J2sin2p +(4kk‘k ]({sin 2n+1} 32, +{sin2y -1} Jfﬂ)}. (6)

z

The optical chirality densities (6) are plotted in Figures 9-12 for z = 0. The characteristics of the optical chirality density
in the focal plane for a Bessel mode are like that of the LG mode, apart from the obvious fact that Bessel modes have
many more concentric rings, appearing like a high-p valued LG beam.
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Figure 9: Evolution of the optical chirality density of an £ =1 Bessel beam in the focal plane with varying 2D-polarization ellipticity
n . The input polarization progresses from linearly polarized 77 =0 through varying degrees of ellipticity — /4 <n < zz/4 until it

reaches pure circularly polarisation 77 =+ /4. The top row cycles through right-handed polarization; the bottom row left-handed

polarization In all plots k, /k, = 0.63 which makes the plots comparable

to the LG beams in Section 2 in terms of spatial confinement of the field.
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Figure 10: Evolution of the optical chirality density of an ¢ =—1 Bessel beam in the focal plane with varying 2D-polarization
ellipticity 7 . The input polarization progresses from linearly polarized 77 = 0 through varying degrees of ellipticity

—7/4<n<x/4 until it reaches pure circularly polarisation 77 =+ /4. The top row cycles through right-handed polarization; the

bottom row left-handed polarization. In all plots k, /k, =0.63 which makes the plots comparable

to the LG beams in Section 2 in terms of spatial confinement of the field.
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Figure 11: Evolution of the optical chirality density of an ¢ =2 Bessel beam in the focal plane with varying 2D-polarization
ellipticity 7 . The input polarization progresses from linearly polarized 77 = 0 through varying degrees of ellipticity

—7r/4 <np< 72'/4 until it reaches pure circularly polarisation 7 = i;r/4 . The top row cycles through right-handed polarization; the

bottom row left-handed polarization. In all plots kt/kz =0.63 which makes the plots comparable

to the LG beams in Section 2 in terms of spatial confinement of the field.
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Figure 12: Evolution of the optical chirality density of an ¢ = —2 Bessel beam in the focal plane with varying 2D-polarization
ellipticity 7 . The input polarization progresses from linearly polarized 77 = 0 through varying degrees of ellipticity

—7z/4 <np< 7[/4 until it reaches pure circularly polarisation 7 = J_r7r/4 . The top row cycles through right-handed polarization; the

bottom row left-handed polarization. In all plots k, /k, =0.63 which makes the plots comparable

to the LG beams in Section 2 in terms of spatial confinement of the field.

5. CONCLUSION

In this work we have highlighted how the optical chirality density of vortex beams is influenced by the state of 2D
polarization. Optical vortex beams are unique electromagnetic fields that possess optical chirality even when linearly
polarized, or even unpolarized, in a 2D sense. Going from a linearly polarized beam and increasing the ellipticity of the
input field drastically alters the optical chirality in the focal plane. Furthermore, the polarisation handedness and
wavefront handedness also play a significant role in the spatial distribution of optical chirality in the focal plane.
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