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Experimental control of optical helicity in nanophotonics

Nora Tischler"?, Ivan Fernandez-Corbaton"?, Xavier Zambrana—Puyaltol’z, Alexander Minovich?, Xavier Vidal?,
Mathieu L Juan"? and Gabriel Molina-Terriza'>

An analysis of light-matter interactions based on symmetries can provide valuable insight, particularly because it reveals which
quantities are conserved and which ones can be transformed within a physical system. In this context, helicity can be a useful
addition to more commonly considered observables such as angular momentum. The question arises how to treat helicity, the
projection of the total angular momentum onto the linear momentum direction, in practical experiments. In this paper, we put
forward a simple but versatile experimental treatment of helicity. We then apply the proposed method to the scattering of light by
isolated cylindrical nanoapertures in a gold film. This allows us to study the helicity transformation taking place during the interaction
of focused light with the nanoapertures. In particular, we observe from the transmitted light that the scaling of the helicity transformed

component with the aperture size is very different to the direct helicity component.
Light: Science & Applications (2014) 3, e183; doi:10.1038/Isa.2014.64; published online 20 June 2014

Keywords: helicity; nanoaperture; nanophotonics; optics; symmetry

INTRODUCTION

Electromagnetic scattering problems may generally possess a high level
of complexity. However, the presence of symmetries offers an excellent
starting point to simplify and understand them better. To this end, it is
important to consider the connection between symmetries and con-
served quantities. Such a framework enables both the explanation and
prediction of certain phenomena, since they can be isolated from each
other and attributed to their respective causes. One may take advan-
tage of these ideas when designing an experiment to probe optical
properties of a scatterer, by preparing the incident field such that it
probes the particular property to be studied. An analysis in terms of
symmetries and conserved quantities is also fruitful for nanophotonics
experiments typically described as exhibiting conversion between spin
and orbital angular momenta. In particular, such analysis can be
achieved in terms of helicity and total angular momentum.” As
opposed to the spin and orbital angular momentum description, this
approach presents a direct link with symmetries. Total angular
momentum is connected with rotational symmetry, so when a scat-
terer possesses rotational invariance, the corresponding components
of the angular momentum of the electromagnetic field are conserved.
Similarly, as we will explain below, helicity is connected with electro-
magnetic duality.

Compared to the total angular momentum, helicity, the projection
of the total angular momentum onto the linear momentum direction,’
is a less studied observable in the context of symmetries and conserved
quantities. Its definition is perhaps most easily understood in the plane
wave decomposition of an electromagnetic field, where it is associated
with the handedness of circular polarization of each plane wave with

respect to its momentum vector. For an electromagnetic field to be in
an eigenstate of helicity, it must fulfill that each of the plane waves
composing the total field has the same handedness of circular polari-
zation. From this intuitive description, it is easy to realize that in real
space, the helicity of a general electromagnetic field does not bear a
simple relationship with the polarization components of the electric
field. As we will show below, the important case of collimated beams is
an exception to this rule: collimated beams that are eigenstates of
helicity can be described to a good approximation as circularly polari-
zed beams with their handedness given by the eigenvalue of helicity.
The transformation connected with helicity is electromagnetic
duality, the action of which is to mix the roles of electric and magnetic
fields.*> Remarkably, unlike the symmetries corresponding to linear
and angular momentum, a system is strictly dual, that is, it has duality
symmetry, depending only on its material properties rather than its
geometry: in piecewise homogeneous and isotropic media, symmetry
under duality is achieved if and only if the ratio of the electric permit-
tivity and magnetic permeability, and hence, the geometry-indepen-
dent intrinsic impedance, is constant for all subdomains.?® Under such
conditions, the helicity of the electromagnetic field must necessarily be
conserved. In general, this does not imply zero scattering, but simply
that no component with changed helicity is present in the scattered
field. Using helicity, the study of the electromagnetic helicity in inter-
actions with matter provides us with a new source of information: the
electric and magnetic properties of the material system. Generally
speaking, the transformation of electromagnetic helicity modes pro-
vides us with information about the helicity multipolar moments of
the structure,” which are constructed as the sum or differences of the
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well-known electric and magnetic multipolar moments. Naturally, to
really add helicity to our toolkit, we need to develop experimental
methods of preparing, manipulating and measuring helicity states of
light.

In this paper, we present an experimental method to control the
helicity of alight beam along with the necessary theoretical framework.
The method is then applied to the experimental study of scattering of
light by a cylindrical nanoaperture in a gold film. The transmission of
light through isolated nanoholes was first studied in the seminal paper
of Bethe® and is now understood to be crucially affected by the effect of
localized plasmons and surface modes at the metal-dielectric inter-
faces.” Applications of this kind of nanostructures include optical
trapping,'® funneling of light'' and reshaping of optical fields.'* The
nanoaperture is also an interesting target in the proposed context of
symmetries because of the geometrical symmetry our system presents.
In contrast, it does not possess duality symmetry, which results in a
transformation of the helicity of light upon scattering. In our experi-
ment, we will concentrate on this aspect of the light-matter inter-
action: helicity transformation induced by the nanoapertures.

MATERIALS AND METHODS

Helicity has its simplest interpretation in momentum space rather
than real space. As a result, the experimental control of helicity is a
daunting task for a general electromagnetic field. However, for the
special case of collimated light beams, the helicity content of the field
can be simply controlled through the polarization of the field, with a
helicity of =1 corresponding to left/right circular (LC/RC) polariza-
tion. This means that with conventional optical elements, we can
prepare a collimated beam which is arbitrarily close to a helicity eigen-
state. It is also possible to perform projective measurements on a
collimated beam in a similar manner by selecting the different circular
polarization modes. Obviously, it is not always sufficient to remain in
the paraxial regime. In order to manipulate light while preserving its
helicity, it is necessary to use dual systems. Yet, at optical frequencies, it
is very difficult to find a material with an intrinsic impedance match-
ing that of air or vacuum. Alternatively, the use of metamaterials
optimized to fulfill this duality symmetry condition would offer the
most direct way to manipulate a light beam and at the same time
guaranteeing that the helicity of the field is maintained. However,
although perfect duality symmetry is impossible to achieve without
such a material, some systems can be designed in such a way that
helicity is preserved to a very good approximation.'”'* In particular,
microscope objectives designed to fulfill the aplanatic lens model do
not change the helicity of light:>'> an effectively dual response is
restored by special antireflection coatings. The following key out-
comes make the experimental handling of helicity simple: (i) helicity
can be manipulated and measured for collimated light beams through
the polarization of the field; and (ii) using microscope objectives,
transformation between paraxial and non-paraxial regimes without
changing the helicity content is possible. The remainder of this section
is structured as follows: first we introduce a type of Bessel beams where
the electromagnetic field is in an eigenstate of helicity; then we con-
sider the impact of experimental errors on helicity; and finally we
present the experiment for the particular study of scattering by single
circular nanoapertures in terms of helicity changes.

As experiments in optics often involve cylindrically symmetric
beams, whether collimated or not, it is convenient to use the cylin-
drically symmetric Bessel beams as a basis set for electromagnetic fields
in a theoretical description. Bessel modes can be written as two types of
vector wave functions (C,,,, and D, ) which are simultaneously
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eigenstates of the energy given by the magnitude of the wavevector
k, the z components of the linear momentum (i.e., P,C,,, =p,Cy ,
P.Dyy =p,Dyyp ) and angular momentum (ie., J,Cpy =mC,yp,
JDyp, =mDy,p ), and also the helicity (AC,, =—C,), and
AD,y = +Dyyp resptszc‘[ively).2 The expressions for these functions
are given below. We use cylindrical coordinates [p,0,z] for the spatial
variables and the helical basis [l"\iﬁ] for the vectorial character of the
fields, where i =(X+i ?) / V2, = ()’2 —1 I)\') / V2. An implicit harmonic
exp(—iwt) dependence is assumed.

Cop, (p,0,2)= A(2) exp (im0) [B.; Jon+1(p, p) exp (i0)f +
B_ L 1(ppp) exp (— iR+ iv/2p,Ju(py p)z}
Dy, (0.0.2)= A2 exp (im0) [B_ 11 (ppp) exp (i0)f +
By T 1(pop) exp (—i0f = iv/2p, u(p, 2]

(1)

where p,zj =k —pl=p>+ p)z,, J..(+) are the Bessel functions of the first

kind, the amplitude A(z)= % \/ o/ 2mi" exp(ip,z) <1/\/§>, and
B.=(k*p,). These modes form a complete orthonormal basis of
transverse Maxwell fields.

In the collimated limit, when P —0 (p,~k so that B, -2 and
B_—0), both C,,,. and D,,,, approach pure RC and LC polarized
modes, respectively:

Cop. (p.0.2)= \/%i’"“ exp (i(p,2) -+ 1(ppp) exp (0(m+D)F  (2)

D, (p,0,2)~ \/%i’"“ exp (i(p,2))Ju—1(pyp) exp (i0(m— 1))f (3)

The other polarization components (the opposite circular and the
longitudinal Z component) are strongly attenuated in the collimated
regime. The error in the intensity that we are making with this
approximation is of the order (p,/ k)*. This asymptotic property allows
us to prepare and analyze light beams with well defined helicity using
simple optical elements. In the remainder of the paper, we will use the
term ‘well defined’ to refer to eigenstates of a linear operator.
Experimentally, when the light can be described as a mode which is
an eigenstate of that linear operator, except for possible negligible
deviations caused by experimental imperfections, we will typically
mention that the value of that operator is ‘well defined’.

Equations (2) and (3) indicate that, as mentioned earlier, in order to
control the helicity content of a collimated light beam we just need to
control the polarization of the field. For example, let us consider our
experimental set-up of Figure 1a. We start with a collimated Gaussian
beam with diameter w=5 mm. We use a linear polarizer and a quarter
waveplate after the laser source in order to obtain a collimated LC
polarized Gaussian beam. If we decompose such beam with the colli-
mated modes of Equations (2) and (3), the D,,, components will
dominate because of the polarization selectivity of the linear polarizer
followed by the quarter waveplate. The RC/LC polarization intensity
ratio of a Gaussian beam with well defined A=+ 1 will be of the order
(wk) ~*,'° which in our case would be of the order of 10~ *°. A com-
parison of this figure with the typical extinction ratios of commercial
polarizers, 1072, indicates that the polarizer is the limiting factor when
preparing a collimated beam with well defined helicity.

After the polarizer and waveplate, we have prepared an electromag-
netic field which is a superposition of only D-type Bessel beams. The
amplitudes of the D,,,_for different mand p, will be given by the shape
of our beam. In particular, if the collimated beam is cylindrically
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Figure 1 (a) Experimental set-up. An incoming collimated beam is circularly polarized with a set of waveplates and focused to address the isolated nanohole, which is
centered with respect to the beam with a nanopositioner. The transmitted light is then collected and analyzed with another set of waveplates and a CCD camera. (b)
Sketch of the concept behind the experiment. Light with a well-defined helicity, represented by a red propeller, impinges on a cylindrically symmetric aperture in a thin
metallic film. The output light is analyzed in terms of its helicity content, represented as red propellers when it is the same as the incident helicity, or blue ones with
opposite handedness when the helicity is the opposite to the incident one. (¢) SEM image of the nanoapertures. CCD, charge-coupled device; SEM, scanning electron

microscope.

symmetric, such as a Gaussian beam or the set of Laguerre-Gaussian
modes, then the superposition of D-type Bessel modes will only con-
tain terms with a single m. The value of  will then control the azi-
muthal phase of the field, as seen in Equation (3). A LC Gaussian beam
does not contain any azimuthally varying phase in its dominant polar-
ization vector. As a result, only terms with m=1 are possible in its
expansion when A=+1. It is then quite clear from these theoretical
considerations that controlling the circular polarization of a colli-
mated beam allows for the preparation of light beams with sharp
values of J, and A. If such light with other J, values is desired, holo-
grams, spatial light modulators or similar can be used in conjunction
with polarization controlling elements. Another option would be the
use of g-plates, which allow for the control of the helicity and angular
momentum with the same device.'” In order to measure the helicity
content of a collimated beam, it is possible to use a quarter waveplate
and a linear polarizer in two orthogonal settings.

While preparation and measurement are performed on collimated
beams, where the approximations of Equations (2) and (3) hold, the
actual interaction of light with the target may happen between two
microscope objectives. For example, the first one focuses the incident
beam onto the target from one side and the second one collects and
collimates the output scattered field from the other side. Assuming
that the two microscope objectives work as aplanatic lenses,'® they will
not affect the helicity state of the light beam.> As a consequence,
by using simple preparation methods shown above, it is possible to
illuminate a target with a strongly focused beam possessing well
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defined helicity A. The experimental error in the preparation of such
highly focused beam with well defined values of ,and A is mainly due
to, in order of importance, the diffractive elements used to prepare the
azimuthal phase, the extinction ratio of the polarizers and the trans-
missivities of the lenses for different polarizations (given by the anti-
reflection coatings). For low values of m, microscope objectives are
corrected to reduce mode mixing. In our experiment, such mixing was
found to be comparable to the extinction ratio of the polarizers.

In this experiment, we are interested in the helicity change induced
by the scattering of light from our target. For this reason, we choose an
incident beam with well defined A=1, and to simplify the resulting
field, we also ensure that the incident field has well defined J,=1. The
wavelength of the light is also fixed and unchanged during the experi-
ment, at 633 nm. In contrast, the z component of the linear
momentum does not have a sharp value since we are focusing the
light. In terms of Bessel beams, our field incident on the nanoaperture
can be written as a superposition of D, functions, which all have
A=1 and J,=1, with different p, values. The transformation of a light
beam interacting with the target can be represented by a transfer
matrix between Bessel modes (C,,, D,y ). Since for our nanopho-
tonics experiment the transformation leaves the angular momentum
invariant, the transfer between Bessel modes is only allowed between
modes with the same index m. We therefore expect that the transmit-
ted light will consist of Dy, (which have A=1, J,.=1) and C,,_ (which
have A=—1, J,=1), and are particularly interested in the mode
consisting of Cy, functions, which we select after collimating the

w
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scattered field by means of a quarter waveplate and polarizer. Such
helicity change observed by the measurement apparatus is attributed
to the interaction of the light beam with the target. The presence of a
vortex of charge two (the mode C,;,_contains an exp (2i0) term as can
be seen from Equation (2) is a signature of angular momentum pre-
serving and helicity changing scattering.®

The experiment was carried out on a set of isolated nanoapertures of
different sizes, which were milled with a focused ion beam in a gold
layer of 200 nm, deposited on top of a 1 mm thick glass substrate. A
total of 212 different apertures with diameters ranging from 150 to
580 nm were used. Using a scanning electron microscope, we carefully
measured the diameters of all the apertures and post selected the
apertures presenting an ellipticity between 0 and 0.1. We individually
probed the nanoapertures with a continuous wave laser (1,=633 nm).
The preparation of the probing beam was done as follows. First, we
collimated the laser beam and then used a set of linear polarizers
(extinction ratio of 5X10~7) and waveplates to ensure a LC polarized
light beam. As detailed previously, when this collimated field is
decomposed in modes that are eigenstates of ], and A, the components
with J,=1, A=1 are dominant. This collimated helicity field was sub-
sequently focused with a microscope objective with a numerical aper-
ture of 0.5. Since the transformation of an aplanatic lens preserves
helicity, we were able to generate a focused electromagnetic field with
a well defined helicity. The focused field was then allowed to interact
with one of the isolated nanoapertures. We carefully positioned the
nanoaperture on the symmetry axis of our optical system by means of a
set of piezo-stages. Subsequently, the scattered light was collected and
collimated with another microscope objective of numerical aper-
ture=0.9. Once again, this lens did not affect the helicity of the beam,
and as such, after collimation, we were able to analyze the helicity with
another set of waveplates and polarizers. In this way, we obtained two
very different spatial profiles for fields with J,=1, A=1 and J,=1,
A=—1. The light was detected with a charge-coupled device camera.

RESULTS AND DISCUSSION

Our results show that the transmitted light always contains a trans-
formed helicity component. This can be seen in Figure 2a, where we
plot the power ratio between the two transmitted helicities, y, as a
function of the aperture diameters, d. The smallest conversion we

measured was for the largest holes, 7550=0.08£0.02. In contrast, the
helicity transformation measured in the same sample through the glass
alone, corresponding to an infinite aperture, is Ygjas™ 1077, Also, the
helicity transformation by the focusing and collimating lenses alone
was even smaller, of the order of Jjens=10"*, which is consistent with
the fact that perfect aplanatic lenses should preserve helicity. In
Figure 2b, we display the typical spatial patterns for the two output
helicities of the light scattered from a perfect cylindrical aperture, as
calculated with a semi-analytical method.'” We numerically checked
that this output conserves angular momentum but, as can be seen,
breaks helicity conservation (duality symmetry).

In order to test that our experimental results are consistent with the
transformation of helicity and simultaneous conservation of angular
momentum, we analyze the charge-coupled device images. In Figure 3,
we show typical experimental results and their comparison with
numerical calculations for two different aperture sizes. In the left
column (Figure 3a and 3d), we show the components of the output
field with the same helicity as the input, A ;.. The observed field pattern
is a typical Airy pattern arising from the subwavelength dimensions of
the nanoaperture and the finite numerical aperture of the collection
microscope objective, as expected from Figure 2b. On the other hand,
the central column (Figure 3b and 3e) shows the corresponding fields
with opposite helicity, A_. The absence of singularities in Figure 3a
and 3d, and the presence of two singularities in Figure 3b and 3e, are
consistent with the theoretical considerations presented in the
Materials and Methods section.

The differences between our experimental results and the ideal case
of Figure 2b for the helicity transformed transmission are due to the
finite extinction ratios of our polarizers. We now discuss this assertion.
First of all, electromagnetic modes that are eigenstates of J, have to be
cylindrically symmetric. Additionally, from Equations (2) and (3), it
can be seen that for collimated beams with eigenvalue of J,=1 there are
two cases, depending on the helicity. In the dominant polarization, the
directly transmitted helicity mode has no phase singularity, and the
helicity transformed mode has a second order singularity. Such a
vortex of charge two is characteristic for an angular momentum
preserving and helicity changing scattering, as explained in more detail
elsewhere.” This is consistent with the experimental images of Figure 3.
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Figure 2 Helicity transformations through nanoapertures. (a) Dependence of the ratio of transmitted helicities on the aperture size. All points correspond to highly
symmetrical apertures, the sizes of which were measured with a SEM. (b) Numerically calculated spatial pattern for the direct and transformed helicity fields
transmitted through a cylindrical aperture of 300 nm. SEM, scanning electron microscope.

Light: Science & Applications

doi:10.1038/Isa.2014.64



Experimental
Unchanged helicity
o]

a
Ay

500 nm aperture

o]
L
A

300 nm aperture

Experimental control of optical helicity
N Tischler et al

Opposite helicity

500 nm aperture

300 nm aperture

Simulation
Opposite helicity

500 nm aperture

300 nm aperture

Figure 3 Projective measurement of helicity. Upper (lower) row shows the results for an aperture of 500 nm (300 nm). (a, d) Experimental results of transmitted light
with helicity identical to the incident light. (b, e) Experimental results of transmitted light with opposite helicity. The cylindrical asymmetries are due to the finite
extinction ratio of the polarizers. This is clearly seen with the numerically simulated patterns (¢, f), where the asymmetry appears only after including the experimental

parameters of the optical components used.

In practice, we could not avoid a small leakage from the unchanged
helicity to the transformed helicity, when imaging the transformed
helicity. As a result of such a superposition, the second order singulari-
ty splits into two singularities of order one. Thus, the intensity pattern
is no longer cylindrically symmetric. In order to prove this point, we
show in Figure 3¢ and 3f the coherent superposition of numerically
calculated images of unmixed modes (as those of Figure 2b), with
relative amplitudes given by the extinction ratios of our set of polari-
zers, 5X107°. Given that the imperfections in the polarization con-
trolling elements are the same for all apertures, one would expect that
its effect should be smaller for those scatterers with a higher y. This is
indeed the case seen in Figure 3, which shows a smaller spatial sepa-
ration of the singularities for the smaller aperture. The helicity transfer
for the 500 nm aperture, 7500=0.07%0.01, is a factor of 2.3, smaller
than that for the 300 nm aperture, y30o=0.1620.03. We conclude that
our measurements are consistent with the fact that in our system the
angular momentum is conserved, but helicity is not.

According to the ideas presented in this paper, the observed helicity
change implies that electromagnetic duality is broken in our samples.
This is to be expected because we do not have equal intrinsic impe-
dances in each subdomain. Light-matter interactions in which duality
is broken, whether the scatterer is a metal or dielectric, would generally
lead to non-conservation of helicity. While the conservation of helicity
only depends on the contrast in the optical properties of the materials,
when the duality symmetry is broken, the amount of helicity trans-
formation depends on all the other characteristics of the scatterer. This
is evident from the results displayed in Figure 2a, where the helicity
transfer is seen to depend on the aperture size, with the material
properties unchanged. In order to identify the exact mechanism of
duality breaking in our experiment, it is instructive to first consider the
multilayer system air—glass—gold—air without the nanoaperture.

doi:10.1038/Isa.2014.64

Duality is obviously broken by just the multilayer alone, but the heli-
city transfer in the absence of the nanoaperture is very small. Our
numerical calculations show helicity transfers around 4X10* for
our collection objective, assuming perfectly helicity preserving lenses.
This value is consistent with the helicity change obtained through the
glass substrate only (yglasszw*’%). The experimental observation of
much higher transformation ratios must hence be tied to the nanoa-
pertures.

The transmission and reflection in a planar multilayer system is best
studied using plane waves. For a single plane wave with momentum k,
the two helicity states are the two states of circular polarization, and
can be obtained by linear combination of its s (transverse electric) and
p (transverse magnetic) components: s*p. See [2, app. A] for a general
derivation of this relationship, which also applies to multipolar fields
and Bessel beams. Different scattering coefficients for s and p will
hence mix the two helicity modes. A similar idea has recently been
applied to the analysis of resonances in spheres,”® where the fields are
most suited to a multipolar decomposition. Returning to the planar
multilayer, if the system presents a resonance for either s or p, the
helicity transfer will be enhanced in its vicinity: a pure s or pure p
mode is mirror symmetric and consists of an equal weight combina-
tion of the two helicities, hence strongly breaking helicity conservation
(duality symmetry) when excited by a field with well defined helicity.
Our system indeed presents several resonances for non-propagating
modes."? In the case of our multilayer structure, surface modes present
such resonances that can be excited through the scattering of the
incident field by the nanoaperture. Since they have equal contribu-
tions from the two helicities, this produces an asymmetric response of
the surface modes with regard to the transmitted s- and p-polarized
components. This additional electromagnetic asymmetry dramatically
enhances the helicity transfer, even in the propagating modes, and

[&)]
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makes it experimentally detectable. According to this explanation, the
helicity transfer should increase for modes in the proximity of the
resonance, i.e., for large transversal momenta. This actually explains
the trend in Figure 2 that smaller holes present a larger y value: smaller
holes have a higher coupling to large transversal momenta, and in
particular to the surface modes. We can then conclude that the nanoa-
perture plays a crucial role for the helicity transfer because it allows the
coupling of the incident field to resonances of the multilayer structure.

An interesting matter of discussion is how the transmitted power
scales with the aperture size. A review of several works covering this
question has been given by Garcia-Vidal et al.*' In our experiment, we
are studying the helicity modes which the transmitted field is com-
posed of. In addition to the ratio of transformed to unchanged helicity
powers from Figure 2, we have also analyzed the scaling of the different
components of the transmitted field Dy, and C,,_, finding a consi-
derably different scaling law for the direct helicity component and the
opposite one, as shown in Figure 4. One of the potential reasons for
this difference between unchanged and changed helicity components
may be the dominant multipolar moments that are at play for each
component. The difference is especially interesting considering the
behavior expected for the limit of very small hole diameters: the scaling
with aperture size of the power transmitted in the limit of very small
holes, albeit for the case of an infinitely thin perfect electric conductor,
was one of the main results of the seminal paper by Bethe.® Bethe
found that in that situation, the hole can be described solely with an
electric dipole moment perpendicular to the plane of the hole and a
magnetic dipole moment lying in the plane of the hole, both of them
scaling as d°. Due to the symmetry of our incoming field with J,=1 we
would be unable to induce an electric dipole moment with such ori-
entation, leaving only the magnetic dipole moment. Since a field emit-
ted by a magnetic dipole is an equal weight superposition of the two
helicities, this model would predict a value of y=1. The scaling of the
total transmitted power, as well as of each of the helicity modes, would
be d°. We did not probe very small holes of the order of 2/10 or below,
but the trend of our smallest holes having large corresponding y values
is already evident in Figure 2. As we have shown, we observe a differ-
ence between the scaling of the two helicity components for larger
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holes within the range of hole sizes we probed experimentally. This
change is due to the higher multipolar moments that start to play a role
with increasing hole size.

While similar experimental set-ups and measurements have been
previously reported,”*2* in all these cases, the results have been ana-
lyzed by means of the spin (S) to orbital (L) angular momentum
conversion mechanism. Yet, considering helicity (A) and total angular
momentum (J) instead, bears significant advantages.>® In particular,
helicity A and the components of the angular momentum J can be
connected with their corresponding symmetries: electromagnetic
duality and rotations, respectively. In this paper, we have shown
how to control the helicity of the light incident on the nanoaperture,
and how to measure the helicity of the transmitted light, so that we are
able to find the helicity conversion that occurs during the scattering
process. This has allowed us to use the generator of generalized duality
transformations, (A), along with the generator of rotations along the z
axis, J,, to analyze our experimental results from the point of view of
symmetries and conserved quantities. Our framework has allowed us
to identify the root cause of the relatively high helicity change by
means of qualitative and quantitative considerations. We have found
a difference in the scaling of the changed compared to the unchanged
helicity with the aperture diameter. In the small aperture limit, we are
able to predict a value of y=100% where the scattered field is equally
distributed between the two helicities. Furthermore, since helicity
preservation is linked with duality symmetry, it is conceivable to tailor
the helicity conversion in a nanophotonics experiment through the
control of the effective duality of the scatterer, for example by employ-
ing metamaterials.

CONCLUSIONS

In this article, we have shown how to prepare, manipulate, and mea-
sure light with well defined helicity. This task requires only very simple
optical elements and standard experimental procedures, but opens up
new possibilities for analyzing light—matter interactions. In particular,
the observables total angular momentum and helicity, linked with the
corresponding symmetries rotational invariance and duality, are use-
ful for the study of nanophotonics experiments that would usually be

Simulation
10-1 T T T T v

102

103}

104

Transmitted power (normalised)

10-5 i e b i
300 400 500 600
Aperture diameter (nm)

-l
200
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labeled as exhibiting conversion between spin and orbital angular
momenta. Armed with this knowledge, we have experimentally investi-
gated helicity transformations in focused light fields that interact with
cylindrical nanoapertures in a gold film over a glass substrate. Analyzing
the results by means of symmetries and conserved quantities, including
duality and helicity, we have been able to conclude that the role of the
nanoapertures is to allow light to couple to resonant modes of the system
where duality is strongly broken: this is what renders the helicity trans-
formation effect observable in our experimental set-up.
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