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In this work we undertake a systematic study of the optical chirality density of Laguerre-Gaussian and
Bessel laser beams tightly focused into nanoscale volumes. In particular we highlight the unique contri-
butions to optical chirality from longitudinal electromagnetic fields, i.e. light that is polarised in the direc-
tion of propagation. The influence that polarisation, spin and orbital angular momentum, radial index,
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degree of focusing, and diffraction has on the optical chirality is studied. The results show that the optical
chirality of structured light beams at the nanoscale is significantly richer than that of the well-known cir-
cularly polarised propagating plane wave. The work lays the foundation for chiral nanophotonics, and
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1. Introduction

An object possesses chirality if it cannot be superimposed
onto its mirror image. Such chiral objects come in two distinct
forms, or enantiomers, where one is known as left-handed and
the other right-handed. Material chirality is inherent to life
itself:* essentially all biomolecules and drugs are chiral, their
biological functions acutely linked to their handedness. Light
may also be chiral. Optical chirality is most well understood
for circularly polarised plane waves: electric and magnetic field

School of Chemistry, University of East Anglia, Norwich, Norfolk, NR4 7T], UK.
E-mail: k.forbes@uea.ac.uk

Dr Kayn A Forbes received his
PhD in quantum electrodynamics
under the  supervision of
Professor David L. Andrews at
the University of East Anglia
(UEA), UK, in 2018. He was then
awarded a Leverhulme Early
Career Fellowship 2019-2022
and in September 2022 was
appointed Lecturer in
Theoretical Chemistry at UEA.
He is a theoretician with exper-
tise in nanophotonics and struc-
tured light using methods from
both quantum and semiclassical optics with a particular emphasis
on molecular and chemical systems. His most recent interest has
been in exploiting the chirality of complex light for applications in
chiroptical spectroscopy and optical manipulation.

Kayn A. Forbes

540 | Nanoscale, 2023, 15, 540-552

chiral quantum optics based on structured light illumination.

vectors trace out chiral helical structures on propagation, twist-
ing to the left, or the right, giving light its helicity ¢ = +1 per
photon. Plane waves which are linearly polarised or unpo-
larised possess zero optical chirality. Beyond the obvious
importance of studying natural chiral materials, technologies
are rapidly developing based on chiral photonics and
nanoscience.”™®

Beyond the chirality associated with the local state of polar-
isation in circularly polarised plane waves, light can have geo-
metrical chiral structures associated with global properties,
recently termed Kelvin’s chirality.” One extremely important
type of such structured light'®'" is the optical vortex beam.
Optical vortices possess many novel properties, not least the
fact they convey an optical orbital angular momentum
(OAM)."*> The applications of optical vortices and structured
light are both extremely diverse and numerous.'"**°

A property of optical vortices attracting significant interest
in the last five years has been the chiral structure associated
with their helical wavefront."” Due to their azimuthal phase
exp(i¢¢), where ¢ € Z, optical vortices propagate with a wave-
front which traces out a helix, the sign of ¢ determining the
chirality (handedness). The handedness of the vortex, deter-
mined by the sign of 7, is independent of the handedness of
the polarisation determined by the sign of o. Cutting-edge
experiments exploiting this vortex chirality include X-ray vortex
dichroism in chiral organometallic complexes,'® vortex Raman
optical activity of chiral molecular fluids;'**° vortex differen-
tial scattering in plasmonic-molecular hybrid systems;*' and
nonlinear vortex dichroism in chiral molecules as small as
limonene and fenchone.*

Chirality is a scale-dependent phenomena: for the chirality
associated with the helical wavefront (a global property) of an
optical vortex to interact with small chiral materials, such as
molecules, the electromagnetic fields must be shrunk down to
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the relevant size-scale to match the material dimensions. In
this work we undertake a systematic study of the optical chiral-
ity density of Laguerre-Gaussian and Bessel optical vortices
tightly focused into nanoscale volumes. In section 2 we briefly
discuss the analytical theory used to describe electromagnetic
fields at the nanoscale; this is followed by section 3 which con-
tains the main results of the work: we demonstrate the various
spatial distributions of the optical chirality density for tightly
focused Gaussian, Laguerre-Gaussian, and Bessel beams with
varying input polarisation states; section 4 concludes the
article and discusses the implications of the results and future
avenues of exploration.

2. Light at the nanoscale

It is key to begin by pointing out an important characteristic of
spatially confined electromagnetic fields: namely, longitudinal
fields. The electromagnetic plane wave is a ubiquitous theore-
tical construction implemented throughout optics and light-
matter interactions.”*>* The electric and magnetic fields are
polarised transverse to the direction of propagation z and
oscillate entirely in the x-y plane. However, Heisenberg’s
uncertainty principle readily verifies that unless a photon tra-
velling along z has an infinite transverse spatial extent, then
components to its wave vector k., # 0 and consequently E, and
B, are finite. As such, longitudinal electromagnetic fields are
in fact ubiquitous®*®! However, the magnitudes of these
longitudinal field components are generally only significant
when the light is confined into volumes on the scale of the
wavelength.>” The longitudinal component of the electric E,
and magnetic B, fields are related to the usually dominant
transverse components E |, B, via

V-E| = —ikE,,and V- B, = —ikB,. (11)

It is important to note that this result is based on
[V-E dz~—(i/k)V-E, to first order in a smallness
parameter.”®! For Gaussian-like beams the smallness para-
meter is 1/kw, where w, is the beam waist and k = 2x/A. The
usually dominant transverse fields are zeroth order in this
smallness parameter, the longitudinal fields are first order.
More explicitly, we can calculate the longitudinal components
of an electromagnetic field via Maxwell’s equations:

E—£3+2E B—£3+23
T klox Tyt TP klox oy

In general, cE, # B, and underpins the necessity of dual
electromagnetism.*>** The basic theory above, first discussed
by Lax et al,’® allows for simple analytical descriptions of
electromagnetic phenomena. To first order in the smallness
parameter, the explanation of light at the nanoscale requires
the inclusion of longitudinal fields. Higher-order fields, both
transverse and longitudinal, can be calculated by continued
application of Maxwell’s equations in an iterative manner. As
with all nano-optics and photonics, quantitatively accurate
theories require the use of numerical methods. To elucidate

(1.2)
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the physics behind optical chirality at the nanoscale in a
transparent manner we make full use of analytical theory of
the electromagnetic fields up to first order, that is they
include the (zeroth order) transverse and first-order longi-
tudinal fields; we neglect the second-order transverse fields
and above.

3. Optical chirality density of optical
vortices at the nanoscale

The optical chirality density is a quantitative measure of how
chiral a given electromagnetic field is and plays a crucial role
in light-matter interactions. Chiroptical spectroscopy is widely
used in a plethora of applications such as determining the
absolute configurations of chiral molecules, conformations
and functionalities of biomolecules, and molecular structure
of viruses.***® When combined with plasmonic enhancement,
hypersensitive characterisation of material chirality is poss-
ible.>” All these methods rely on the chirality-dependent signal
generated through the discriminatory interplay between the
optical chirality density of the light source and the geometric
chirality of the material being studied.

It is worth mentioning that the optical chirality density for
monochromatic fields is proportional to the more fundamen-
tal quantity known as the optical helicity density,*® the propor-
tionality constant being wk. For a detailed study on the simi-
larities and differences between optical helicity and chirality
the reader is referred to ref. 39-42. In this work we are concen-
trating on the optical chirality density. The cycle-averaged
optical chirality density C for monochromatic fields is given by
the formula®**®

C= —%Im[E* - B,

(1.3)
where  is the angular frequency of the optical field and *
denotes the complex conjugate.

3.1. Gaussian beams

The transverse electromagnetic fields of the familiar Gaussian
beam propagating along z are given by

E(r,t) = Eolak + fjlf g.and B(r,t) = Bolay — pslfc, (1.4)

2
where  fg =, /W%exp(frz/wl) expi(kz — wt + kr* /2R — &);
0

R =z + z%/2; 2r = Ykwo®; w = wo /(1 + 22/2r%); W, is the beam
waist; k is the wave number; w is the angular frequency; r is the
radial coordinate; ¢ is the Gouy phase; a is the x-component
and g the y-component of the corresponding Jones vector for a
given polarisation state. Inserting (1.4) into (1.2) yields (we
drop most dependencies from here on for notational clarity)

E =E|(ax + py) + Z(ax + py) (_sz—ll—e)}fg, (1.5)
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Fig. 1 (a): (left) Transverse, C&, and (right) longitudinal, CJ., field contri-
butions to the optical chirality density at the focal point for a tightly
focused circularly polarised ¢ = +1 input Gaussian beam, normalised to
the total, Ce. The fundamental Gaussian mode is equivalent to the
Laguerre-Gaussian mode LGoo where # = 0 and the radial index p = 0
(see 3.2 for more information). (b) LG mode where # = 0 and p = 1. (¢)
LG mode where 7 = 0 and p = 2. In all plots wg = 4.
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B=n|(-pi+ )+ it ) g) [l (10

Clearly (1.5) and (1.6) both contain 2-polarised longitudinal
fields, and so to a first approximation in the smallness para-
meter 1/kw, we are able to correctly describe a Gaussian beam
at the nanoscale. Inserting (1.5) and (1.6) into (1.3) produces
the following optical chirality density

_ Ig(r,2)w « "
Co =" (e — a1 ({117 ~ lal’
4 1 (1.7)
+a'px’ — ap’y?) <W + ﬁ)] ;
where the intensity of the beam is given by

IG(r,z):Ci;EOZVG|2. For linearly polarised light Cg = 0

because all quantities af, |a|?, or |$|*> will always be real. For

y/m
/

22 05
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Fig. 2 (a) 3D plot showing the variation of Cg for a beam with 6 = 1
along the propagation axis. (b) 2D plot showing both the diffractive pro-
perties of the transverse contribution C¢ (left) and the longitudinal con-
tribution CLL (right) to Cg for ¢ = 1, normalised to the total Cg. In all
plots wg = 1.
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circularly polarised light g = cia, where ¢ = + 1 for left/right
handed circular polarisation, and therefore:

. Ig(r,2)w . 4 1
CG:T{H‘” ewi TR

The first term in square brackets of (1.8) stems purely from
the transverse electromagnetic fields C5, whilst the other
terms come solely from the longitudinal fields CJ,. As such C%
is what would be measured in a typical experiment carried out
through weak focusing in a classical optics experiment (this
applies to all of the transverse contributions to the various
optical chirality densities studied in this paper). The optical
chirality density (1.8) is plotted in Fig. 1.

It is clear to see that the handedness of the input circular

(1.8)
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Furthermore, the contribution to the optical chirality from
longitudinal fields is relatively much smaller than that of the
transverse fields. However, the spatial distribution of the
optical chirality stemming from longitudinal fields is
distinctly different, being a doughnut shape and not a
typical Gaussian spot. A proposal to directly measure the
optical chirality of tightly-focused Gaussian beams has recently
been put forward.** It is worth noting that this method would
be readily applied to all the structured light chirality in this
work.*?

The behaviour of the optical chirality density Cg as a func-
tion of propagation distance z is given in Fig. 2. The transverse
component diffracts as would be expected, while the longitudi-
nal contribution soon tends to zero. This behaviour of the
longitudinal field is expected as they are essentially near-field

polarization dictates the sign of the optical chirality. electromagnetic phenomena.
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Fig. 3 (left) Transverse, Cj;, (centre) longitudinal, C‘JG, and (right) combined, C ¢, field contributions to the optical chirality densities of circularly
polarised o = +1 LG (¢ = +1, p = 0) beams, normalised to the total, C,c. (a) Parallel SAM and OAM, sgn ¢ = sgn o. (b) Anti-parallel SAM and OAM sgn #
# sgn o. The chirality density of the vortex is not zero along the beam axis for the anti-parallel case. In all plots wg = /.
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3.2. Laguerre-Gaussian beams

The first optical vortex mode we will study is the Laguerre-
Gaussian (LG) beam, a solution to the paraxial wave equation.
The LG modes are characterised by two integers, the topologi-
cal charge ¢ € Z, and the radial index p € Z*. LG beams carry
¢h OAM per photon in the direction of propagation, and p + 1
concentric rings in their intensity profile. The transverse elec-

2r?
) {
w

View Article Online
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5 (z)] is the Laguerre polynomial with the argument in
square brackets. Inserting (1.9) into (1.2) yields the electromag-
netic fields for LG modes at the nanoscale:

E(r,t) =

o|(ax +py) +2 k (a{y cos ¢ — i?esinqs}

tric and magnetic fields for a LG mode are given as: (1.11)
+ﬂ{y sin¢ + —cos gb})]fm,
E(r,t) = Eolax + pylfig,and B(r,t) = Bolay — pX]fic  (1.9)
where fi *° in cylindrical coordinates (r,¢,z) is given by ) "
B(r,t) = [(ay pxX)+2 %< {y squ——cos ¢}
€]
2p! V2r o[ 2r? > 2 (1.12)
o =\ () W | et @)
TWo (p+|€|) () w(z) w(z) _ﬂ 7COS¢——SIH¢ G
x exp i(kz + b — wt + kr* J2R(z) — (2p + €| + 1)é(z)).  (1.10)
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Fig. 4 Same as Fig. 3 exceptp = 1.
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where y is given by,

l6]+1
4r L,
Pl } (1.13)

e 2r ik
A R w2 |’

Inserting (1.11) and (1.12) into (1.3) gives for the optical
chirality density of an LG beam as:
o = =m0 — )+ (U + 1)
" 2 2 S 2 * 2 2 e 2
+ap {|y| sin ¢+ﬁcos ,/,},aﬂ{m cos (/J+7251n z/)}ﬂ
(1.14)

In the case of an input circularly polarised LG mode, § =
ioa, and (1.14) takes the following form

. :M[a+%<g{|7|2+f—z}—§7>]- (1.15)

Cie
2
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The first term in square brackets in (1.15) directly pro-
portional to ¢ is the dominant contribution to the optical chir-
ality density; it stems purely from (zeroth-order) transverse
electromagnetic fields (i.e. those responsible for the optical
chirality of a circularly polarised plane wave). The additional
terms in square brackets all stem from longitudinal fields, are
second-order in the paraxial parameter 1/(kw)’, and are thus
only appreciable under significant spatial confinement at the
nanoscale. They do however involve a linear dependence on Z,
and thus the chirality (handedness) of the optical vortex
wavefront.

Both ¢ and ¢ are pseudoscalars which determine two dis-
tinct types of optical handedness but also the optical SAM and
OAM, respectively. Importantly, they are experimentally con-
trollable parameters. For any input optical vortex mode, we
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Fig. 5 Same as Fig. 3 exceptp = 2.
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have the distinct interplay of either: sgn# = sgno or sgn¢ =
—sgn o. In the former case we may say that the SAM and OAM
are aligned in a parallel fashion; whereas in the latter case we
say they are anti-parallel. This interplay of the sign (and magni-
tude) of SAM and OAM is a critical component in the field of
spin-orbit interactions (SOI) of light.*” It is known that in the
case of anti-parallel SAM and OAM, for || = 1 there exists an
on-axis intensity (both electric and magnetic energy densities)
distribution; whilst for parallel combinations the on-axis inten-
sity is zero.*® Fig. 3 plots (1.15) and highlights how the optical
chirality density mirrors this pattern.

Of the two indices which characterise LG modes, the topo-
logical charge # has seen an extraordinary amount of research
effort. This is mainly due to the fact its value determines the
optical OAM, alongside its unbounded nature and ease of

¢l r=1,0=1

View Article Online
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experimental manipulation. The radial index on the other
hand has seen less interest.*® As far as we are aware it has not
been studied with respect to optical chirality. The optical chir-
ality distributions of circularly polarised vortex beams with p =
1 and p = 2 are given in Fig. 4 and 5, respectively.

There are three distinct changes in the optical chirality
density upon changing the radial index:

(1) The overall optical chirality density displays p + 1 rings

(2) On increasing p, the relative magnitude of the on-axis
optical chirality in the case of |#| = 1 modes increases for the
anti-parallel cases.

(3) Increasing p decreases the central intensity ring width
regardless of AM configuration.

The explanation behind (2) and (3) is that increasing p
increases the relative magnitude of the longitudinal fields
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Fig. 6 Diffractive properties of the (left) transverse, C;, (centre) longitudinal, 'CﬂG, and (right) combined, Cg, field contributions to the optical chir-
ality densities of circularly polarised 6 = +1 LG (# = +1, p = 0) beams, normalised to the total, C . (a) Parallel SAM and OAM, sgn ¢ = sgno. (b) Anti-

parallel SAM and OAM sgn ¢ # sgno. In all plots wg = 4.
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(which are responsible for the on-axis chirality and tighter
focal spots). Longitudinal fields depend on the gradients of
the transverse fields (see (1.2)). Electromagnetic fields consist-
ing of p radial nulls and p + 1 concentric fields clearly have
increasing field gradients as p grows, thus increasing the mag-
nitudes of longitudinal fields.

The diffractive behaviour for the optical chirality density of
circularly polarised LG modes (¢ = +1, p = 0) is given in Fig. 6.
Like the Gaussian case, the transverse field contributions to
the optical chirality density diffract in the usual manner, and
the longitudinal contributions quickly drop off to zero as the
radiation moves in to the far-field.

Much has been said so far about the fact longitudinal fields
are only significant under significant spatial confinement via
tight focusing. The widths of LG (and Gaussian) beams (trans-
verse dimensions) are characterised by the beam waist w,. The
magnitude of the longitudinal fields become important when
the beam waist is within a few wavelengths of the input light.”®
Fig. 7 which takes the ratio of max|Cj;|/max|C! | for p = 1 has
been produced to give an indication of how rapidly longitudi-
nal fields tend to zero relative to transverse fields as both (1)
wy increases and (2) z moves from z = 0 (i.e. around the focal
plane).

Polarisation independent optical chirality of Laguerre
Gaussian beams. So far, we have been concerned with input
beams that possess circular polarisation and thus optical chir-
ality before focusing (i.e. spatial confinement). Our results
however have shown novel characteristics in the spatial distri-
butions of the optical chirality density compared to that of the

| / max|Cly|
= RN
o 19,1 o

1 1 1

w
1

max|C;

-10.0 -7.5 =5.0 =25 0.0 2.5 50 7.5
z/A

— /=1, 0=1 — [=2,0=1
cee- g=1,0=-1 --—- [=2,0=-1

Fig. 7 Ratio of maxI'CﬁGI/maXICHGI for p = 1 versus beam waist w (top)
and propagation distance from focal plane z = 0 (bottom). The increase
in ratio as either the beam waist wq or distance from the focal plane
increases highlights the rapid decrease in relative magnitude of the
longitudinal fields with respect to the transverse fields, i.e. the fields
essentially become completely transverse.
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input plane wave source (i.e. the SOIs and influence of £ and
p)- However, optical vortex beams at the nanoscale are extre-
mely unique because they possess optical chirality densities in
the focal plane even for linear polarised fields’'™* (which
possess zero optical chirality in the plane wave case). In fact, it
was recently highlighted that this optical chirality of vortex
beams is unique and fully independent of polarisation, even
manifesting for unpolarised sources.”® This is readily verified
by choosing a = 1, f = 0, a = 0, § = 1, or any other linearly
polarised beam parameter in (1.14) (the optical chirality of
unpolarised vortices can be verified by simply averaging over
two orthogonal polarisations):

l6+1
- ¢ \2r arL, i |¢

Cig = hig(r,2)— | +— - — 1.16
LG LG( )wr |:'I/l)2 w2 LII,[‘ r ( )

The transverse spatial distribution of (1.16) at the focal
plane is given in Fig. 8. What we see are two concentric rings
of opposite signed optical chirality density in the case of p = 0.
The sign of ¢ takes on the same sign of the outer ring of
optical chirality density. The chirality of linearly polarised LG
beams was comprehensively studied in ref. 53 for the p =
0 modes and was experimentally verified in ref. 52. Fig. 8 also
highlights p > 0 cases and confirms that we get 2p + 2 con-
centric rings of alternating optical chirality in the case of the
polarisation-independent optical chirality density of LG
modes. The inner ring has the largest magnitude of optical
chirality density, then each ring decreases to the outer ring
which has the weakest magnitude.

This polarisation-independent optical chirality density
stems purely from the longitudinal electromagnetic fields in
(1.11) and (1.12). It is therefore unique to light at the nano-
scale. However, we have seen that a Gaussian beam does not
possess it even if tightly focused. For both Gaussian and LG
modes, the components of their transverse electric field and
transverse magnetic fields are +m/2 out of phase with their
respective longitudinal components. This +x/2 phase shift is of
course indicative of circular polarisation and underlies the
transverse spin momentum of light.’® Optical chirality density
however is the inner product of the electric and magnetic field
(1.3). The inner product of the transverse component of either
the electric field or magnetic field with the longitudinal com-
ponents will always be zero. Now, comparing the longitudinal
components of the electric and magnetic fields of a Gaussian
mode (1.5) and (1.6) we see that they oscillate in phase with
one another. Comparing the longitudinal components of the
LG mode on the other hand, (1.11) and (1.12), we see that the
terms «¢ oscillate +n/2 out of phase with those «y, and it is
these terms which produce the novel source polarisation inde-
pendent optical chirality density for optical vortex modes.

The diffractive behaviour of the polarisation independent
optical chirality density of LG modes is shown in Fig. 9. What
we see is that due to the fact Cyg = C‘ﬂG in this case, the optical
chirality soon becomes negligible as the field moves away from
the focal plane z = 0 for the reasons highlighted previously in
the article.
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Fig. 8 Optical chirality densities for both linearly polarised and unpo-
larised LG modes where (a) p = 0, (b) p = 1 and (c) p = 2. In all cases the
optical chirality densities stem purely from the longitudinal fields, that is
Cic = €l and 4 = 0. In all plots wy = A.
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Fig. 9 (a) 3D plot showing the variation of the polarisation independent
C.c for a beam with # = 2, p = 0 along the propagation axis. (b) 2D plot
showing the diffractive properties of the polarisation independent
optical chirality density of LG beams, which stemming purely from
longitudinal fields means C ¢ = CHG. In all plots wg = 4.

3.3 Bessel beams

Laguerre-Gaussian modes are solutions to the paraxial wave
equation; another optical vortex mode, Bessel beams, are exact
solutions to the Helmholtz wave equation. Bessel beams have
been subject to a lot of interest®”*® due to their non-diffractive
behaviour, i.e., their transverse profile is invariant on propa-
gation. In truth the realisation of such beams is limited by the
requirement of a finite aperture, nonetheless they still possess
useful properties.*® The transverse fields for a Bessel beam
are:

E(r,t) = Eolaf + p§)J(ker)e'®= =0, and

- o ke i(kyz+tp—wt) (1.17)
B(r,t) = Bo[ay — px] %]Z(kz’")e ‘ ;

where k> = 0’/c* = k> + k) + k> = k* + k> with k, = kcos 0, k, =

ksin@. Moreover k, = k2 — k2, k = \/k*> + k2, and J (k)

are Bessel functions of the first kind. Inserting (1.17) into (1.2)
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Fig. 10 (left)Transverse, C, (centre) longitudinal, ¢l, and (right) combined, Cg, field contributions to the optical chirality densities of circularly
polarised ¢ = +1 Bessel beams of # = +1, normalised to the total Cg. (a) Parallel SAM and OAM sgn ¢ = sgno. (b) Anti-parallel SAM and OAM sgn ¢ #
sgn o. The chirality density of the vortex is not zero along the beam axis in the anti-parallel case. In all plots k:/k, = 0.63 which makes the plots com-
parable to the LG beams in Fig. 4 in terms of spatial confinement of the field.

givc?s the .Bess-el betam fields at the nanoscale which include Cp = _I_C:Im (af — ap) &hz " <4’g€ )({—i/?-s—a}{ia VAR
their longitudinal fields: ¢ 2

+ {io+ PH{—iB — @}eia?)]- (1.20)

E= In the case of a source Bessel beam that is circularly

i ) ) ) olarised (1.20) becomes:
(ax + py)Je + z‘% ({ip+ate gy + {ip — a}el"’jgﬂ)]Eoe‘(’“““’*“’” (1.18) p ( )

and

. Io| k K\
Co=s {”kff +(q) o= s+ a1

= (1.21)

B
. o ke Lk L i , i i .
{(ay — pE) 2t z% ({ia — pYe ],y + {ia + p}e ]y, 1)} Boe'®=t—en (1.19)

Plots of (1.21) for the differing combinations of ¢ and ¢ are
presented in Fig. 10. The optical chirality density now takes on

Unlike the Gaussian and LG beams which are characterised
by a beam waist w,, in the case of Bessel beams, the smallness
parameter is k/k,. Inserting these into (1.3):

This journal is © The Royal Society of Chemistry 2023

the spatial distribution of concentric rings, where the central
ring has the largest magnitude. It is obvious to see that the dis-
tribution Cy is very similar to Cpg when p is large. Just as in
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the case of Cyg, the transverse contribution C;3 dominates but
whether the SAM and OAM are parallel or anti-parallel has sig-
nificant consequences on the spatial distribution of the
optical chirality density Cg.

Polarisation independent optical chirality of Bessel beams.
Analogous to the LG mode, Bessel modes also possess an
optical chirality density which is independent of the source
polarisation. As such we can state that this unique property is
generic to optical vortices. Using the same method as for LG
case, we can readily verify that a linearly polarised or unpo-
larised Bessel beam possesses the following optical chirality
density at the nanoscale:

I W -
Co :C—f (—Z> e = Jia?)- (1.22)

4kk,

The spatial distributions of (1.22) are plotted in Fig. 11.
These plots are also similar to the cases of a high p linearly
polarised or unpolarised LG beam (Fig. 8).

As previously mentioned, Bessel beams are free from diffr-
action. Therefore, unlike the Gaussian and LG modes studied
above, the optical chirality density is invariant upon propa-
gation. However, we know that such a non-diffractive optical
chirality is not a viable experimental observable. Nonetheless,
Bessel-like modes still possess unique and useful diffractive
properties. In future work we aim to study the experimentally
realisable Bessel-Gauss beam to compare the diffractive behav-
iour of optical chirality versus a standard diffractive mode,
such as LG.
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Fig. 11 Polarisation independent optical chirality densities (i.e. source
linearly polarised and unpolarised) of Bessel modes. In all cases the
optical chirality densities stem purely from the longitudinal fields, that is
Cs = Cl and €, = 0. In all plots ki/k, = 0.63.
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4. Discussion and conclusion

The optical chirality density is a property of an optical
field. It is the coupling of this optical chirality density
(light) to chiral polarisability tensors (matter) which
produce chiral light-matter interactions that are the foun-
dation of individual chiroptical spectroscopy techniques. It
is for this reason that the optical chirality has seen such a
surge in research interest.>®*%**33% Nonetheless, it is extre-
mely important to note that the optical chirality density
couples to the interferences between electric and magnetic
dipoles (E1M1).°®°’ However, chiral light-matter inter-
actions originate from a sum of multipolar interferences of
which E1M1 is only one (though usually dominant it must
be said).®®®' Another extremely important contribution to
the same order in the multipolar expansion comes from
the interferences between electric dipole and electric quad-
rupole coupling (E1E2). As such, the complete description
of many chiral light-matter phenomena requires a full ana-
lysis involving the interaction Hamiltonian, most frequently
the minimal coupling or multipolar coupling form.**®* 1t is
particularly relevant to point out this important but often
neglected issue here because optical vortex beams couple to
electric-quadrupole (E2) transitions in unique and enhanced
ways'64—69

In this work we have studied the optical chirality densities
of Gaussian, Laguerre-Gaussian, and Bessel modes at the
nanoscale. All of the unique features of optical chirality at the
nanoscale compared to that of plane waves comes from longi-
tudinal electromagnetic fields. Unlike the non-vortex Gaussian
mode, optical vortex beams are decidedly unique in that they
possess optical chirality densities even if the source beam is
linearly polarised or even unpolarised. There are similarities
between the optical chirality density of LG modes with high p
and Bessel modes, and this should not be surprising as Bessel
beams may be regarded as a limiting case of LG modes.
Nonetheless, future studies aim to determine what advantages
the quasi-diffraction free nature of Bessel-Gauss beams have
over diffracting Laguerre-Gaussian beams in relation to optical
chirality. Further avenues of exploration should look at more
exotic optical vortex beams or electromagnetic fields, such as
helical Mathieu beams, and vector vortex beams, all which
carry the azimuthal phase dependence required to display
similar properties to those outlined for LG and Bessel modes
in this work.

To date, the use of the optical chirality of light in appli-
cations such as chiroptical spectroscopy has predominantly
been in the domain of weakly-focused light in classical
optics experiments.®”’®”" Here we have highlighted the sig-
nificantly rich behaviour of optical chirality at the nanoscale,
and in particular the unique properties of tightly focused
optical vortices. We therefore anticipate this systematic study
of the nano-optics of optical chirality will lay the foundation
for future work and applications in chiral nanophotonics®®®
and chiral quantum optics® based on structured light
illumination.

This journal is © The Royal Society of Chemistry 2023
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