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ABSTRACT
We present a set of experiments in which the backscattering spectra of 4 µm single TiO2 particles are probed
with circularly polarized vortex beams. The experiment is carried out with a tunable laser at λ = 760 − 810nm.
We observe that the use of vortex beams enables us to tailor the backscattering in different ways. Given a certain
backscattering of a particle (induced by a Gaussian beam or a plane wave), we observe that vortex beams can
tune it and sharpen it. Moreover, we also observe that the level of conservation of helicty can be increased thanks
to the use of vortex beams. We explain the mechanisms that give rise to these effects using Mie Theory. Our
method of backscattering control can be experimentally implemented in most of microscopy set-ups. In addition,
if brought to its limits, the method can be used to excite single multipolar modes from spheres. We believe that
our method could find application in the levitation of particles or the excitation of whispering gallery modes.
Keywords: Mie Theory, multipoles, vortex beams, helicity, angular momentum, phase singularity, whispering
gallery modes

1. INTRODUCTION
Light scattering from particles is an old problem in optics. Different descriptions can be used: ray optics, wave
optics or electromagnetic (EM) optics. In EM optics, in order to get an accurate result, Maxwell equations need
to be solved. This implies that for most problems, the solutions are not analytical and different approximations
are necessary. However, the scattering of a plane wave with a homogeneous sphere was found to have an analytic
solution by Lorenz and Mie in 1898 and 1908 respectively.1, 2 Since then, Mie theory has been used to describe
an innumerable amount of scattering phenomena. In fact, the reach of Mie theory took a big step forward in
the 1990s when the theory was extended to any kind of incident beam of light.3 Thanks to these advances, the
interaction between lasers and particles could be described in a more accurate manner. Also in the 1990s, the
field of the angular momentum (AM) of light took a big leap forward. With the seminal paper of Allen and
co-workers,4 it became clear that the AM of light could be controlled using available elements such as quarterwave plates and computed generated holograms. In the beginning, the AM was specially used in optical tweezers
and in quantum information.5–9 Yet, approximately since 2007, the AM also started to be used to probe the
scattering of spheres10–18 and other nanostructures.19–24 As a result, new discoveries have been made in diverse
fields such as sensing,25–28 chirality,29–32 or even quantum optics.33–35
In this work, we experimentally study the interaction between vortex beams and TiO2 micron-sized single spheres
deposited on top of a microscope slide. We observe that the AM of light of these vortex beams modifies the
backscattering cross section (BCS) of the sphere. We observe that the AM content of the beams shifts and
sharpens the peaks of the BCS, as predicted in Refs. 36, 37. Finally, we observed that the minima and maxima
of a BCS have very different spatial properties, and we will relate them to the helicity38–40 content of the beam.
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Figure 1: Schematics of the experimental set-up. A laser beam of variable wavelength λ = [760 − 810]nm is
expanded with two lenses (L1 , L2 ) and polarized with a linear polariser (LP1 ) and a half-wave plate (HWP) to
match the requirements of the spatial light modulator (SLM). The SLM gives the desired spiral phase to the
beam, and the first diffraction order is selected with the combined use of two lenses (L3 , L4 ) and an iris (I). The
two lenses are simultaneously used to expand the beam and match its size to the back-aperture of the microscope
objective (MO). Later, the polarisation of the beam is modified with a linear polariser (LP2 ) and a quarter-wave
plate (QWP1 ). Then, the beam is focused down to the sample using a MO and the backscattering is collected
using a beam splitter (BS). The backscattered light is imaged onto a CCD camera using L5
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2. EXPERIMENTAL DETAILS
The experimental set-up is schematically displayed in Figure 1. A tunable fibred laser diode yielding a Gaussian
mode is linearly polarized and then it illuminates the chip of a spatial light modulator (SLM). Afterwards, the
SLM modifies the phase of the beam to create a vortex beam with a phase singularity of order l. Because the
SLM position is static but its phase depends on λ, a small correction has to be given at every single wavelength
so that the optical singularity is well-aligned with the propagation axis of the set-up. Then, the first diffraction
order is selected using a pair of lenses and an iris (L3 , L4 and I). The polarization of this first diffraction order
is modified to create a state of well-defined helicity24, 32, 41 with a linear polariser and a quarter-wave plate (LP2
and QWP1 ). Because the beams are paraxial, we consider that a left circularly polarized (LCP) beam has p = 1,
and a right circularly polarized beam (RCP) has p = −1. In addition, it can be demonstrated that a collimated
beam with helicity p and a phase singularity of order l along its axis of propagation has a total AM along the
same axis mz = l + p.24, 32, 41 Note that in order to get a pure state of helicity at every single wavelength of use,
the QWP1 needs to change its position at every single λ. After the QWP1 , our vortex beams have a well-defined
energy, projection of the AM along the direction of propagation, and helicity; and their respective eigenvalues
are 2π/λ, mz = l + p, and p. Then, using a 100x water-immersion microscope objective (MO), the light beam is
focused onto the sample. The MO has an NA= 1.1, and it is attached to a z-translation stage. Due to chromatic
aberrations, we make sure that the plane of the sample is the focal plane for every wavelength. The sample is a
set of single TiO2 (amorphous crystal phase) particles deposited on top a microscope slide. The TiO2 particles
have been deposited via spin-coating yet the separation among them is not constant. In order to avoid any
coupling effects, we have only probed particles which are more than 20µm apart. The titania particles have a
radius R = 2µm, and their index of refraction in air is nr = 1.8. The slide is placed on a sample holder which
is attached to a nano-positioning device. We use these positioning devices to center the optical singularity of
the incident vortex beam with the center of the particle. This process is done in real time by looking at the
reflected intensity pattern with a CCD camera. The same CCD camera is used to measure the backscattering.
The backscattering is collected with the same MO used to focus the light on the sample. Then, a beam-splitter
(BS) is used to separate the backscattered light from the incident beam. Afterwards, the beam goes through a
lens (L5 ) that images the sample onto a CCD camera. In order to measure the backscattering, three different
power measurements are carried out: P0 , Pp , Ps (see their definition below). The three of them are done using
the same CCD camera and integrating the single pixel contributions. Great care has been taken not to saturate
the CCD camera. In order to do that, each wavelength measurement is associated to an exposure time (E) and
a filter value (F ). Then, if a signal SI is obtained after integrating the values of all the active pixels of the CCD,
the real signal is obtained doing SI 0 = SI /(E · F ). The previous formula assumes a linear response of the system,
which is the case in our set-up due to the moderate power of the laser < 50mW . Now, Pp is the measurement
of the backscattering of the particle. Ps is the measurement of the backscattering of the the substrate when the
particle is displaced 10µm from it. And P0 is the noise measured by the CCD camera when the laser is switched
off but all the rest of devices are on. With these three measurements, we compute:
I=

Pp − P0
Ps − P0

(1)

which is a dimensionless number that characterizes the backscattering of the particle that is being probed. In
fact, it is a measurement of the backscattering signal normalized to the backscattering of the substrate and
background corrected.

3. EXPERIMENTAL RESULTS
For this set of measurements, we have used vortex beams with phase singularities of the order l = 0, ±1, ±2, ±6, ±7.
The wavelength of the monochromatic laser has been varied from 760 to 810nm in steps of ∆λ = 4nm. In Figure
2 we show all our spectral measurements. In both Figure 2a and Figure 2b we plot wavelength scans of the
backscattering of the TiO2 particles from λ = 760 − 810nm. As mentioned above, the backscattering is given as
a ratio of the signal with the particle over the signal without the particle, yielding a dimensionless number I.
In order to make the plots clearer, we have divided the spectral measurements in two subfigures, Figure 2a for
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Figure 2: Wavelength scan of backscattering spectra of 4 µm TiO2 particles placed on top of a microscope slide.
The wavelength scan is varied from 760 to 810nm in steps of ∆λ = 4nm. The signal is normalized to the power
of the corresponding reflected beam at the glass-air interface following Eq.(1).

Figure 3: Snapshots of the backscattering of the 4 µm TiO2 particles for incident beams with phase singularities
of l = 0, ±1, ±2. The maxima and the minima are taken at their corresponding wavelength, e.g. at 782nm for
l = 0’s minimum (see Figure 2a). The snapshot taken for the substrate backscattering is taken at the maxima’s
wavelength.
l = 0, ±1, ±2 and Figure 2b for l = ±6, ±7. The helicity of the beam is p = 1 for both cases. In Figure 2a the
plots for vortex beams of l = 0, ±1, ±2 are depicted. All the plots have an oscillating behavior. It is observed
that the Gaussian beam (l = 0) yields a minimum of backscattering at λ = 782nm. In contrast, the beams with
l = ±1, ±2 have both a maximum and a minimum in the probed range. We see that the beams with the same
|l| yield the same backscattering result. In exchange, in Figure 2b, we see some different effects. Firstly, the
beams with the same |l| do not yield the same result - even though they still resemble each other. Furthermore,
in comparison to Figure 2a, we observe that the oscillating behavior is shifted and sharpened.
As mentioned in section 2, all the experimental measurements are done with a CCD camera. Integrating
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over the pixels of the camera, we can measure the dimensionless BCS given by I (see Eq.(1)). Yet the images
captured with the CCD can also be used to obtain some spatial information about the backscattered field. For
that matter, we plot them in Figure 3. Figure 3 has five columns, each of them showing the backscattering
obtained with an incident beam with a given p = 1 and l. The two upper rows of Figure 3 show the signal at
the CCD camera at different λ conditions, namely the maxima and minima obtained in Figure 2a. The third
row shows the backscattering pattern of the substrate, i.e. we obtained them when the particle was moved away
from the incident beam. The substrate images are taken at the maxima wavelength, but it has been verified that
their backscattering pattern remains the same for the whole studied spectral range. Now, by comparing the two
upper rows, it is observed that the spatial properties of the backscattered field vary significantly even in such
a small wavelength range. Moreover, we observe that the images at the maxima and substrate rows are almost
identical.

4. DISCUSSION
Let us discuss the results presented in the previous section. First of all, Figure 2 shows us that the backscattering
presents an oscillating behavior in the studied wavelength range. Furthermore, it is seen that the oscillating
behavior of the Gaussian beam can be shifted and narrowed thanks to the AM content of the beam. Here, it is
important to differentiate between oscillating and resonant behavior. The optical resonances of a system happen
at well-defined wavelengths, λr . Their values entirely depend on the material and geometry of the system, but
never on the excitation.42–44 Thus, none of the peaks observed in Figure 2 can be due to a resonance, as if that
was the case, they would stay fixed at λr . Now, if they are not resonances, and therefore they are oscillations,
one should still wonder what these oscillations are due to, and why they can be shifted and sharpened with the
AM of light. Next, we will argue that the oscillations are a weighted superposition of many different modes
of the sphere, and that their weight can be tailored by the excitation. In order to do that, some theoretical
background needs to be introduced, namely Mie Theory. Due to the substrate where the particles are lying, the
single particles of the experiment do not fulfil the assumptions of Mie theory. Still, Mie Theory proves to be a
good theoretical framework to discuss the results. In Mie theory, the scattered
field off
o a particle is analytically
n
(m)
(e)
found once the illumination has been decomposed into multipolar modes Ajmz , Ajmz .36, 37, 40, 45 That is, if the
X (e)
(m)
(e)
(m)
(m)
(e)
incident beam is expressed as Ei =
αj,mz Ajmz + αj,mz Ajmz , where αj,mz and αj,mz are general coefficients
j,mz

that modulate the multipolar decomposition, then the scattered field is:
i
X h (e)
(m)
(m)
(e)
Es =
αj,mz aj Ajmz + αj,mz bj Ajmz

(2)

j,mz
(e)

(m)

where aj , bj are the so-called Mie coefficients. Due to the orthonormality relations between Ajmz and Ajmz , the
scattering cross section is computed as:
Cs ∝

j
∞

X
X

(e)

(m)

|αj,mz aj |2 + |αj,mz bj |2



(3)

j=1 mz =−j

Now, as mentioned before, we can define the vortex beams used for this experiment as a function of λ, p, mz .
Hence, we will denote Eλp,mz as the incident monochromatic beam with helicity p, and AM mz . It can be proven
that Eλp,mz are cylindrically symmetric.24 Now, in Refs. 36, 37, it was demonstrated that if Ei = Eλp,mz , then
Cs ∝

∞
X

|Cjmz |2 |aj |2 + |bj |2



(4)

j=|mz |

where Cjmz is the only set of coefficients that define the multipolar content of the incident beam. We will use
(e)
(m)
Eq.(4) to discuss the experimental results. Indeed, notice that the coefficients Cjmz (same applies to αj,mz , αj,mz )
do not depend on the wavelength. Therefore, the wavelength dependence seen in Figure 2 needs to come from the
Mie coefficients aj , bj . Moreover, when we modify the AM content of the beam (we change mz ) not only we modify
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the function Cjmz but also we change the amount of modes contributing to the superposition given by Eq.(4).
That is, a given mz of the incident beam ensures that the contribution of the lowest j = (|mz | − 1) multipoles is
suppressed from the scattering.16, 36, 37 Now, here we can distinguish between three scenarios depending on AM
of the incident beam. If mz & 2πnr R/λ, where nr is the ratio between the index of refraction of the sphere and
the medium surrounding it, the scattering of the particle is completely suppressed. Indeed, it can be checked
that the Mie coefficients aj and bj are negligible for orders j & 2πnr R/λ.16, 40 If mz ∼ 2πnr R/λ, a single
multipolar mode can be excited.16, 36, 37 This regime is particularly interesting for the excitation of whispering
gallery modes40, 46, 47 And if mz . 2πnr R/λ, which is the case of our experiment, different modes contribute
to the scattering. That is, given a particle (R, nr ) and a wavelength λ, the lowest j ≈ 2πnr R/λ multipolar
modes will potentially contribute to the scattering. By increasing the AM content of the incident beam (mz ),
the contribution of the first j = (|mz | − 1) is progressively suppressed, until there are no contributing modes.
Now, because Mie resonances are narrow, it follows that the fewer number of contributing modes, the narrower
the response of the system. This effect was theoretically shown in 36, 37, and we experimentally observe it in
Figure 2 as well as in Ref. 18. Clearly, the oscillations depicted in Figure 2a are broader than those shown in
Figure 2b.
The shift of the cross section is a subtle effect due to the superposition of different modes. Mie theory simulations
show that the backscattering spectral response never resembles that of a single multipolar mode. Rather, the
response of the particle is always a superposition of at least five multipolar modes. This feature highlights the
fact that the spectral measurements shown in Figure 2 are oscillations of complex superpositions of Mie modes,
and not resonant peaks. These complex superpositions give rise to local scattering minima and maxima, and
these are the ones that we define as oscillations. When we change the incoming beam, we change the complex
superposition of modes that give rise to oscillations, and hence, their spectral position can vary. In contrast, Mie
resonances are always located in the same spectral position regardless of the incoming beam.
Finally, we set out to explain the root cause of the spatial differences put forward by Figure 3. The images
displayed in Figure 3 are the backscattering recordings of the system (particle + substrate) under an incident
illumination of the kind Ei = Eλp,mz . Here, as in the rest of the paper, backscattering needs to be understood
as the light scattered in the reflection semi-space (see Figure 1). Now, the scattering of a system can be divided
into its two helicity component,24, 38, 41, 48, 49 i.e. Es = Esp + Es−p , where the two components have a well-defined
helicity.24 Next, we are going to argue that the differences in the images stem from the relative difference
between these two helicity components. But before, a point needs to be made about the substrate. As it was
commented on the Results section, the substrate by itself yielded a very constant response as a function of the
wavelength. It basically behaved as a mirror with a very low reflection. That is, the backscattered light off the
substrate is a mirror image of the incident beam. Now, the mirror image of a beam Eλp,mz is Eλ−p,mz . Notice
that a beam like Eλ−p,mz in the backward semi-space yields the same intensity pattern as Eλp,mz in the forward
semi-space.40 That is why the third row of Figure 3 yields an approximate mirror image of the incident beam
Eλp,mz . Now, in general we denote the scattered field off the system as Es . However, because the system is linear,
and cylindrically symmetric, the system must preserve the wavelength λ and the AM of the incident beam, mz .
24, 41
Hence, Es ≡ Es,λ
therefore the
mz . A mentioned before, the system does not preserve the helicity of light,
s,λ
s,λ
scattered field can be decomposed as Ep,mz + E−p,mz . Now, as it is studied in Refs. 24, 41 these two helicity
components have a very different spatial dependence. If we take as the incident beam a Gaussian beam (l = 0)
s,780
s,780
Ei = Eλp,mz = E780
1,1 , then the two backscattered helicity components are E−1,1 , and E1,1 . It can be seen that
s,780
resembles such of
Es,780
−1,1 resembles the reflection of the substrate, whereas the other helicity component E1,1
24, 41
a vortex beam with l = 2.
And this is exactly what is observed at the minimum of the BCS - except for
some experimental imperfections which lead the phase singularity of charge l = +2 split into two singularities
of charge l = +1.24, 50 Thus, it seems as if the minima of the oscillations in the BCS were related to different
relative importance of the two helicity components in the BCS. Mie theory simulations can be used to show that
s,λ
18
indeed the minima in the BCS correspond to approximately maxima in the |Es,λ
That is,
p,mz |/|E−p,mz | ratio.
the minima of BCS are related to maxima in helicity preservation. Here, it is again observed that the AM plays
a key role. Doing some extra Mie theory simulations for incoming beams with mz = 7, 8, one can observe that
it is no longer true that the minima of the BCS are related to approximate maxima of helicity preservation.18
Furthermore, it is observed that as the AM gets increased, the helicity is more and more preserved - and effect
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which was already predicted in Ref. 16.

5. CONCLUSION
In conclusion, we have experimentally shown that the AM of light plays a crucial role in the light scattering of
spherical particles. We have observed that by increasing the AM of the illumination, not only the scattering
response can be tuned and sharpened, but also the preservation of helicity by a sphere can be improved by
orders of magnitude. To show that, the backscattering of TiO2 particles deposited on a glass substrate has been
experimentally measured. The findings of this paper are of relevant to potentially address single multipolar
resonances for systems whose sizes are of the order of the wavelength or smaller.
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